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A B S T R A C T 

We present results from a search for the radio counterpart to the possible neutron star–black hole merger GW190814 with the 

Australian Square Kilometre Array P athfinder. We hav e carried out 10 epochs of observation spanning 2–655 d post-merger 

at a frequency of 944 MHz. Each observation covered 30 deg 
2 , corresponding to 87 per cent of the posterior distribution of 

the merger’s sky location. We conducted an untargeted search for radio transients in the field, as well as a targeted search for 

transients associated with known galaxies. We find one radio transient, ASKAP J005022.3 −230349, but conclude that it is 

unlikely to be associated with the merger. We use our observations to place constraints on the inclination angle of the merger 

and the density of the surrounding environment by comparing our non-detection to model predictions for radio emission from 

compact binary coalescences. This surv e y is also the most comprehensive widefield search (in terms of sensitivity and both areal 

and temporal co v erage) for radio transients to-date and we calculate the radio transient surface density at 944 MHz. 

Key w ords: gravitational w aves – black hole-neutron star mergers. 

1  I N T RO D U C T I O N  

The detection of light and gravitational waves from a neutron star 

merger, GW170817, had profound implications for astrophysics 

(Abbott et al. 2017a , b ). While there were significant results from the 

thermal (‘kilonova’) emission seen in the optical and near-infrared 

(e.g. Cowperthwaite et al. 2017 ; Kasen et al. 2017 ; Kasliwal et al. 

2017 ; Pian et al. 2017 ; Tanvir et al. 2017 ) observations of the 

synchrotron afterglow were uniquely able to shed light on the nature 

of the jet launched by the merger and allowed measurements of the 

total energy released, the circum-merger density and the merger’s 

inclination angle (e.g. Mooley et al. 2018 ; Ghirlanda et al. 2019 ; 

Makhathini et al. 2020 ; Troja et al. 2020 ; Hajela et al. 2021 ). 

While the radio counterpart to GW170817 was only disco v ered as 

part of targeted observations of the optical counterpart (Hallinan 

et al. 2017 ), it would have been possible to discover it (albeit at a 

much later time) as part of a radio-only search (Dobie et al. 2021 ). 

⋆ E-mail: ddobie@swin.edu.au 

Similarly, we expect that some future mergers will be detectable 

with radio observations alone, although this is dependent on the 

typical properties of these afterglows including the jet structure, 

energetics, and microphysics parameters. Here, we illustrate future 

capabilities by presenting a case study of the search for radio 

emission from the potential NSBH merger GW190814. 

GW190814 (Abbott et al. 2020b ) is a compact binary coalescence 

localized to 18.5 deg 2 at 90 per cent confidence during the third 

LIGO/Virgo observing run (O3) at a distance of 241 + 41 
−45 Mpc. The 

primary component is a black hole with mass 23 . 2 + 1 . 1 
−1 . 0 M ⊙, and 

the secondary component has mass 2 . 59 + 0 . 08 
−0 . 09 M ⊙. While current 

understanding suggests that this component was a black hole (e.g. 

Essick & Landry 2020 ; Nathanail, Most & Rezzolla 2021 ; Tews 

et al. 2021 ), a neutron star cannot be completely ruled out (e.g. 

Biswas et al. 2021 ; Godzieba, Radice & Bernuzzi 2021 ; Roupas 

2021 ; Zhou, Li & Li 2021b ). 

Despite a comprehensive multiwavelength follow-up effort, no 

counterparts have been detected in optical/near-IR (Gomez et al. 

2019 ; Ackley et al. 2020 ; Andreoni et al. 2020 ; Antier et al. 2020 ; 

Gompertz et al. 2020 ; Morgan et al. 2020 ; Thakur et al. 2020 ; Vieira 
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ASKAP follow-up of GW190814 3795 

Table 1. ASKAP follow-up observations of GW190814 centred on α = 

00 h 50 m 37 . s 5, δ = −25 ◦16 ′ 57 . s 37 (J2000). All observations were carried out 

with 288 MHz of bandwidth centred on 943 MHz. The epoch 6 footprint was 

rotated by 67.5 degrees with respect to the other observations and centred on 

α = 00 h 58 m 00, δ = −23 ◦45 
′ 
00. 

Epoch SBID Start time � T Int. time σ RMS 
(UTC) (d) (h) ( µJy) 

1 9602 2019-08-16 14:11:27 2.6 10.7 35 

2 9649 2019-08-23 13:42:59 9.6 10.7 39 

3 9910 2019-09-16 12:08:34 33.5 10.6 39 

4 10463 2019-11-07 08:44:10 85.4 10.6 39 

5 12704 2020-04-03 23:00:00 234 15.3 28 

6 13570 2020-04-29 21:41:11 260 10.0 38 

7 15191 2020-07-03 17:01:21 325 10.5 31 

8 18925 2020-11-28 09:18:30 472 9.0 35 

9 18912 2020-11-29 07:15:31 473 7.1 46 

10 27379 2021-05-29 19:23:44 655 10.6 31 

et al. 2020 ; Watson et al. 2020 ; de Wet et al. 2021 ; Kilpatrick et al. 

2021 ), radio (Dobie et al. 2019b ; Alexander et al. 2021 ), or X-ray 

(Page et al. 2020 ; Cenko et al., in preparation) observations. Even if 

the secondary component is a neutron star it is unclear whether this 

event would be expected to produce an electromagnetic counterpart 

as current neutron star–black hole (NSBH) models make a large 

range of predictions spanning no counterpart at any wavelength, to 

kilonovae that are an order of magnitude brighter than neutron star 

mergers (e.g. Hotokezaka et al. 2016 ; Kasen et al. 2017 ; Rosswog 

et al. 2017 ; Zhu et al. 2021 ). Ho we ver, for GW190814 in particular, 

the extreme mass ratio (0 . 112 + 0 . 008 
−0 . 009 ; Abbott et al. 2020b ) suggests 

that the merger likely immediately formed a black hole, ruling out 

the presence of any counterparts associated with the collapse of a 

supramassive neutron star into a black hole, although this does not 

preclude the presence of radio emission produced by relativistic tidal 

debris (e.g. Nakar & Piran 2011 ). 

Se veral e vents detected during O3 had at least one plausible 

neutron star component and were localized to the Southern hemi- 

sphere, making them feasible for follow-up with the Australian 

Square Kilometre Array Pathfinder (ASKAP; Hotan et al. 2021 ). 

Ho we ver, most were localized to hundreds of square degrees and 

while ASKAP is capable of following up these events (Dobie 

et al. 2019a ), we instead focused on events that could be followed 

up with a single pointing. GW190814 was initially localized to 

23 deg 2 (90 per cent credible interval), which has since impro v ed 

to 18.5 deg 2 , and was the only event suitable for single-pointing 

ASKAP follo w-up. 1 Our observ ations co v ered 89 per cent of the 

initial sky location posterior distribution within a single pointing, 

centred on the posterior maximum. 

In Dobie et al. ( 2019b ), we reported an initial search for a 

counterpart spanning 2–33 d post-merger. While no counterpart was 

detected, these observations allowed us to rule out the presence 

of an on-axis relativistic jet which would have been detectable at 

the early times we observed. Ho we ver, the final gravitational wave 

parameter estimates for this event later suggested the inclination 

angle was θobs = 46 + 17 
−11 deg meaning that the radio light curve would 

be expected to peak at much later times. The potential delay between 

the merger, the optical emission, and the radio afterglow is not 

unexpected and has been observed previously in gamma-ray bursts 

and other transient classes, where the GHz-frequency radio emission 

may not peak until months post-event (Horesh, Cenko & Arcavi 

2021 ; Leung et al. 2021 ). 

1 We also performed observations of the candidate binary neutron star merger 

S190510g, but this event was later reclassified as having a terrestrial origin. 

In this paper, we report the results of our continued monitoring 

with ASKAP out to 655 d post-merger. In Section 2, we outline the 

observations that were carried out and describe the details of our 

search for transient and variable sources. In Section 3, we discuss 

the candidate counterparts found in our search and ultimately rule 

them all out as related to GW190814 based on their light-curve 

morphology, archi v al radio data from the Karl G. Jansky Very Large 

Array (VLA), and other multiwavelength observations. We also 

discuss the constraints that our observations place on the properties 

of any jet launched by the merger, the implications of this search 

for the field of radio transient astronomy and e v aluate the various 

follow-up strategies that have been applied to this event. 

2  DATA  A N D  ANALYSI S  

2.1 Obser v ations and data reduction 

Table 1 provides the details of our ASKAP observations, which 

were carried out at 944 MHz and span 2 to 655 d post-merger. 

We used the closepack36 2 footprint with a beam spacing of 0.9 ◦

for all observations, centred on α = 00 h 50 m 37 . s 5, δ = −25 ◦16 ′ 57 . s 37 

(J2000) corresponding to the posterior maximum of the initial 

skymap as seen in Fig. 1 . This footprint covers 89 per cent and 

87 per cent of the sky location posterior distribution for the initial and 

final gra vitational wa v e sk ymaps, respectiv ely, with large e xtraneous 

co v erage. Each observation was approximately 10 h, achieving full 

u-v co v erage along with a typical 1 σ sensitivity of 35–40 µJy and a 

typical beam size of approximately 12 arcsec × 10 arcsec. Ho we ver, 

there are three exceptions to the above specifications: 

(i) Epoch 5 consists of two observations separated by 1 d, as 

a result of technical difficulties encountered 5 h into the initial 

observation. We have combined the good data from each observation 

into a single image consisting of ∼15 h on-source, resulting in better 

sensitivity. 

(ii) The epoch 6 footprint was centred on α = 00 h 58 m 00, δ = 

−23 ◦45 
′ 
00 (offset by ∼2 ◦ relative to the other epochs) and rotated 

with respect to the other pointings by 67.5 ◦ in order to rule out 

instrumental effects as the origin of six rapid scintillators disco v ered 

in the field (Wang et al. 2021 ). The footprint of this pointing has 

a 74 per cent o v erlap with the primary footprint and also co v ers 

89/87 per cent of the initial/final localization. 3 

(iii) Epoch 9 consists of two ∼3.5 h observations with a 3.5 h gap 

between them. We have combined the data from each observation 

into a single image consisting of ∼7 h on source. 

Each observation was reduced using the ASKAPSOFT pipeline 

(Whiting et al. 2017 ) with standard parameters, as described by Dobie 

et al. ( 2019b ). To assess the data quality, we selected all bright (SNR 

> 7), isolated (no sources within 150 arcsec) compact sources, where 

we follow the definition of compactness by Hale et al. ( 2021 ) of an 

integrated to peak flux ratio of S I / S P < 1.024 + 0.69 × SNR 
−0.62 , 

and compared their position and flux density in the first epoch to all 

subsequent observations. We find a median peak flux density ratio 

of 0.99 ± 0.11 and median positional offsets of 0.01 ± 0.70 and 

−0.03 ± 0.61 arcsec in right ascension and declination, respectively. 

2 See Hotan et al. ( 2021 ). 
3 Both pointings have similar total coverage due to the large extraneous area 

co v ered by each. The shifted pointing co v ers the entirety of the 50 per cent 

credible interval for this lobe, and the majority of the 90 per cent credible 

interval. 
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Figure 1. ASKAP imaging of the localization region of GW190814 at 234 (bottom right) and 260 (top left, rotated as discussed in Section 2) d post-merger 

with both footprints outlined in grey. The 50 per cent (dashed) and 90 per cent (solid) credible intervals of the sky location posterior distribution for the initial 

and final skymaps are shown in red and blue, respectively. 

2.2 Transient search 

We have used all 10 epochs to undertake a search for all intrinsically 

transient radio sources in the field. These observations are the 

most sensitive radio imaging of this field to-date, so no pre-merger 

reference image exists. We therefore cannot exclude the possibility 

that the radio counterpart to GW190814 was detected in our first 

observation and as such we, do not require a constraining non- 

detection of a source for it to be considered a candidate counterpart, 

or have a transient origin. This definition also ensures that our search 

is sensitive to all transient sources in the field, independent of our ob- 

serving strategy. Ho we ver, it does mean that our search will initially 

be contaminated with variable sources (either intrinsic variables like 

pulsars and active galactic nucleus (AGN), or steady sources that 

are varying due to scintillation). In addition, we distinguish between 

intrinsic transients (those originating from a one-off, cataclysmic 

event) and observational transients (variable sources that appear 

transient due to our observing sensitivity and cadence). We refer 

to the former simply as ‘transients’ throughout the rest of the text. 

2.2.1 Untargeted radio variability search 

We carried out a transient search of the field using the VAST transient 

detection pipeline 4 (Murphy et al. 2021 ; Pintaldi et al. 2021 ) using 

4 ht tps://vast -sur vey.or g/vast-pipeline/

the standard ASKAPSOFT data products. We used a de Ruiter radius 

of 5.68 (Scheers 2011 ) to associate sources between epochs and 

recalculated the uncertainty estimates produced by the ASKAPSOFT 

source finder, SELAVY , using the equations of Condon ( 1997 ). 

We applied the following criteria to build our variability search 

source sample: 

(i) A ratio of integrated to peak flux density < 1.5 

(ii) Maximum signal-to-noise ratio in a single epoch larger than 5 

(iii) ≥2 selavy detections 

(iv) No relations, i.e. it is not associated with any other source 5 

(v) Distance to nearest source > 1 arcmin 

which reduced our sample size from 66 117 to 10 254. We note 

that the final two criteria mean that this search is not sensitive to 

mergers occurring in radio-loud hosts. While this scenario is unlikely 

(Hotokezaka et al. 2016 ), for completeness we have carried out a 

galaxy-targeted search independent of the abo v e criteria which we 

describe in Section 2.2.2. 

We calculated the standard η (significance of variability) and V 

(proportional flux variability) variability metrics for the peak flux 

density of the remaining sources in our sample, defined as 

V = 
1 

S 

√ 
N 

N − 1 
( S 2 − S 

2 
) , (1) 

5 See ht tps://vast -sur vey.or g/vast-pipeline/design/association/##r elations . 
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ASKAP follow-up of GW190814 3797 

η = 
N 

N − 1 

( 

wS 2 −
wS 

2 

w 

) 

, (2) 

where N is the number of observations, S i and σ i are the flux density 

and uncertainty in the i th epoch and o v erbars denote means (i.e. S ≡
1 
N 

∑ 

i S i ). We then fit a Gaussian to the distribution of the logarithm 

of each metric to calculate the mean, μ, and standard deviation, σ

(see Fig. 2 ). Based on Rowlinson et al. ( 2019 ), we consider sources 

with η > μη + 1.5 σ η and V > μV + 1.0 σ V to be significantly variable, 

corresponding to η > 2.1 and V > 0.24 for this data set. This resulted 

in 186 candidate variable sources. 

We then manually classified all sources via inspection of their 

light curves and images. We found that 81 candidates were clearly 

artefacts. These sources are either sidelobes of bright sources, noise 

spikes incorrectly classified as sources, or sources that are near the 

edge of the epoch 6 footprint and do not pass the variability threshold 

after removing that measurement. We classified an additional 84 

candidates as either potential artefacts or variable sources detected at 

low significance. Finally, we found 10 candidates with light curves 

that are consistent with persistent radio sources exhibiting variability. 

Of these, one is a known pulsar (PSR J0038 −2501), while the 

remaining nine have infrared counterparts in the Wide-field Infrared 

Surv e y e xplorer All-sk y data release (WISE; Cutri & et al. 2012 ). 

This leaves 11 sources with light curves that exhibit a rise and fall 

consistent with expectations for a radio transient. We discuss these 

in detail in Section 3.1. 

2.2.2 Galaxy-tar geted sear ch 

We also carried out an independent galaxy-targeted search using 

version 2.4 of the GLADE catalogue (D ́alya et al. 2018 ). We searched 

for GLADE sources within 20 arcsec of all 66 117 sources found by 

the VAST pipeline. This crossmatch radius corresponds to a physical 

distance of 23 kpc at the estimated distance to the merger (241 Mpc), 

larger than the host galaxy offset of > 90 per cent of known short 

gamma-ray bursts (GRBs; Fong & Berger 2013 ). We then remo v ed 

all GLADE sources with distance estimates that are outside of the 

90 per cent credible interval of the distance to the merger, leaving 

662 unique galaxies, of which 325 have no distance estimate. This 

corresponds to a sample of 799 VAST pipeline sources. Since we 

are using Stokes I total intensity images, any real source must have 

a positive flux density, and therefore must have a positive variability 

index. After applying this constraint we were left with 589 sources. 

We manually inspected the light curves and images of all 589 

sources with the goal of searching for counterparts that may have 

been missed by the search described in Section 2.2.1 due to having 

small offsets from a radio-loud host galaxy. We found two sources 

that are not artefacts and have light curves that are qualitatively 

consistent with the rise and fall expected of an extragalactic radio 

transient, one of which (ASKAP J003537.3 −271844) was already 

disco v ered in the search described in Section 2.2.1. 

3  DISCUSSION  

3.1 Candidates 

Fig. 3 shows the light curves of the 12 candidate sources found in 

our search (11 from our untargeted search, plus one additional source 

from the galaxy-targeted search). We have used a number of archi v al 

surv e ys to help classify each candidate. The first epoch of the Rapid 

ASKAP Continuum Surv e y (RACS; McConnell et al. 2020 ) was at 

Figure 2. Variability metrics ( V and η) for all sources in our sample, coloured 

by kernel density estimate. Grey lines show the cutoffs used for each metric, 

while the shaded quadrant (top right) shows the sources that are considered 

to be statistically variable. These sources were manually vetted to search for 

transient candidates, which are denoted by red stars. 

an observing frequency of 888 MHz and covers the sky south of 

+ 41 ◦ to a sensitivity of ∼ 250 µJy. The fields of interest for our 

work were observed on 2019 April 27 and 2019 April 28 (before 

the gravitational wave event) and there are no crossmatches with 

our candidates. The VLA Sky Survey (VLASS; Lacy et al. 2020 ) 

is an ongoing surv e y at 3 GHz co v ering the sky north of −40 ◦ to a 

sensitivity of 120 µJy in each epoch. The fields of interest for our 

work were observed in epochs 1.1, 1.2, and 2.1 on 2018 February 18, 

2019 July 9, and 2020 October 27, respectively (with the first two 

observed prior to GW190814). Parts of this field were also co v ered 

by the GW190814 follow-up reported by Alexander et al. ( 2021 ) and 

one candidate (ASKAP J005022.3 −230349) is within the primary 

beam of any pointing. 

To compare the variability of the source to the e xpected e xtrinsic 

variability caused by scintillation, we use NE2001 (Cordes & 

Lazio 2002 ) to calculate the Galactic contribution to the electron 

distribution along the line of sight and the equations of Walker ( 1998 ) 

to calculate the expected variability due to scintillation. We find that 

compact sources in this field at our observing frequency will exhibit 

∼ 30 per cent variability on time-scales of ∼10 d. 

We use Data Release 8 of the Dark Energy Spectroscopic Instru- 

ment Le gac y Imaging Surv e ys (De y et al. 2019 ), specifically data 

from the Dark Energy Camera Le gac y Surv e y (DECaLS), to search 

for optical emission associated with our candidates or their potential 

hosts, along with the photometric redshift estimates from Zhou et al. 

( 2021a ). We have also used the WISE All-sky data release to search 

for infrared emission associated with our candidates and calculated 

the standard WISE colours, shown in Fig. 4 . However, no sources 

have a detection in the WISE 12 µm band and therefore any decisive 

classification from colours alone is not possible. 

MNRAS 510, 3794–3805 (2022) 
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Figure 3. Light curves for the 12 candidate afterglows found in our initial search. Source-finder measurements are denoted by solid circles, while open diamond 

markers show forced photometry on images with no detection. 

3.1.1 ASKAP J004114.7 −235714 

ASKAP J004114.7 −235714 is within the 90 per cent credible inter- 

val for the localization of GW190814 and doubles in flux density 

between the first and fourth epochs before remaining relatively 

stable in the remaining observations. The coordinates are co v ered 

by VLASS 1.2, but no radio emission is detected. The source has a 

counterpart in both WISE and DECaLS, with a photometric redshift 

MNRAS 510, 3794–3805 (2022) 
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Figure 4. Colour–colour diagram of the WISE sources associated with the 

candidate variables and transients discussed in Section 3.1. We have also 

included the classification regions from Wright et al. ( 2010 ) for context, 

although we note that any classification of these sources from WISE colours 

alone is limited by a lack of any detection in the 12 µm band. 

of 1.0 ± 0.1. The source has a variability index of V = 0.26, consistent 

with expectations for refractive scintillation along this line of sight. 

We therefore suggest that this source is an unrelated variable and rule 

it out as a counterpart. 

3.1.2 ASKAP J005043.9 −241602 

ASKAP J005043.9 −241602 is within the 30 per cent credible inter- 

val for the localization of GW190814. The source was observed by 

VLASS 1.2, but no radio emission is detected. The closest DECaLS 

source is offset by 14 arcsec, with a photometric redshift of z = 

1.4 ± 0.5 (corresponding to a physical offset of ∼120 kpc) and is 

therefore unrelated to the radio source. While we cannot classify this 

source using existing archi v al data, it is unlikely to be a transient due 

to the low variability index ( V = 0.26) that is consistent with refractive 

scintillation. Ho we ver, we cannot comprehensi vely rule it out. 

3.1.3 ASKAP J004108.5 −255607 

ASKAP J004108.5 −255607 is outside of the 99 per cent credible 

interval for the localization of GW190814 and we therefore rule 

it out as a counterpart. It is spatially coincident with sources in 

WISE and DECaLS, with a photometric redshift of z = 0.88 ± 0.05. 

The source was observed in VLASS 1.2, but no radio emission was 

detected. The source has a variability index of V = 0.29, consistent 

with expectations for refractive scintillation along this line of sight. 

We therefore suggest that this source is likely an unrelated variable. 

3.1.4 ASKAP J003712.3 −274029 

ASKAP J003712.3 −274029 is outside of the 99 per cent credible 

interval for the localization of GW190814 and we therefore rule it 

out as a counterpart. It is spatially coincident with sources in WISE 

and DECaLS, with a photometric redshift of 1.7 ± 0.5. The source 

has a variability index of V = 0.28, consistent with expectations for 

refractive scintillation along this line of sight. There is a flux excess 

of ∼ 800 µJy at the source location in VLASS 1.2, implying that 

the source was significantly brighter prior to our first epoch, unless 

it has an optically thin spectrum. We therefore comprehensively 

rule this source out as a transient and classify it as an unrelated 

variable. 

3.1.5 ASKAP J005022.3 −230349 

ASKAP J005022.3 −230349 tripled in luminosity between epochs 5 

and 6 before slowly declining. While the final epoch shows a slight 

rise compared to the trend of the previous data points, this deviation 

from the trend is consistent with the expected variability due to 

scintillation along this line of sight. 

The candidate position is co v ered by the publicly available VLA 

observations reported by Alexander et al. ( 2021 ) on 2019 September 

22 and 2020 February 29, which we have independently analysed. 

Data were calibrated using the automated pipeline available in the 

Common Astronomy Software Applications ( CASA ; McMullin et al. 

2007 ), with additional flagging performed manually, and imaged 6 

using the CLEAN algorithm (H ̈ogbom 1974 ). Because the source is 

offset from the phase centre we also performed a primary beam 

correction with PBCORR . We find no radio emission to a 3 σ limit of 

36 µJy at 6 GHz in either epoch. 

The candidate is offset by 1.9 arcsec from an optical source that 

has been observed by DECaLS and Gaia (Gaia Collaboration 2016 ). 

The catalogued photometric redshift based on DECaLS data is z = 

0.3 (95 per cent confidence interval 0.09–0.7; Zhou et al. 2021a ), 

which is consistent with the redshift of the merger, and the source 

has no significant parallax measurement in the second Gaia Data 

Release (Gaia Collaboration 2018 ). We obtained spectroscopy of 

the optical source on 2020 December 8 with the Robert Stobie 

Spectrograph (Burgh et al. 2003 ) on the 10m-class Southern African 

Large Telescope (SALT). We find no evidence for any host galaxy 

emission lines. Instead, the spectrum is consistent with that of an M- 

dwarf star. We have since queried the Gaia early DR3 (released after 

our SALT observations had been carried out; Gaia Collaboration 

2021 ) and find a parallax consistent with a distance of ∼400 pc. 

We therefore rule out the optical source as the host galaxy of the 

candidate. We also note that the M dwarf is not the source of the radio 

emission based on the spatial offset and the variability time-scale 

(radio flare stars are generally variable on time-scales of minutes–

hours, see e.g. Zic et al. 2020 ). 

We find that even the most extreme assumption of a highly 

ener getic ( E iso = 10 53 er g) top-hat jet (i.e. a jet with uniform 

velocity profile, as opposed to structured jets) propagating into a 

dense ( n = 2 cm 
−3 ) circum-merger medium cannot reproduce the 

observed steep rise (see Fig. 5 ). We conclude that this source is not 

a viable counterpart to GW190814, but do consider it to be a real 

(but unrelated) radio transient that likely occurred months after the 

merger. Detailed study and classification of this source is beyond the 

scope of this work and will be presented in a separate manuscript 

(Dobie et al., in preparation). 

6 Cell size was 1/10 of the synthesized beamwidth, field size was the smallest 

magic number (10 × 2 n ) larger than the number of cells needed to co v er the 

primary beam. 
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Figure 5. Observations of ASKAP J005022 −230348 in our GW190814 

follo w-up observ ations from 60 d post-merger. The light curve of a top-hat 

jet with an isotropic equi v alent energy of E iso = 10 53 erg propagating into 

a medium with density n = 2 cm −3 viewed at an angle of 67 ◦ off-axis is 

shown in blue. Even this extreme assumption cannot reproduce the rapid rise 

observed for this source. 

3.1.6 ASKAP J010242.7 −251021 

ASKAP J010242.7 −251021 is outside of the 99 per cent credible 

interval for the localization of GW190814 and we therefore rule it 

out as a counterpart. It is spatially consistent with a DECaLS source 

with photometric redshift z = 0.3 ± 0.1. The source has constraining 

non-detections in our first four epochs, although manual inspection 

of the images suggests marginal evidence for a detection in the 

fourth epoch. The source has variability metrics of V = 0.74 and η = 

25. Ho we ver, it is detected in VLASS 1.2 with a flux density of ∼

700 µJy, 270 d before it is detected in our observations. Extrapolating 

the observed trend in the 944 MHz light curve, we find that the source 

would have been a few µJy at the time of the VLASS observation, 

corresponding to a spectral index of α � 5. We therefore rule this out 

as a transient and instead classify it as an intrinsically variable source. 

3.1.7 ASKAP J003537.3 −271844 

ASKAP J003537.3 −271844 was found in both our untargeted vari- 

ability search and our galaxy targeted search. Ho we ver, it is outside 

the 99 per cent credible interval for the localization GW190814 and 

we therefore rule it out as a counterpart. It is offset by 1.1 arcsec from 

a known galaxy with a spectroscopic redshift of z = 0.22436 observed 

as part of the 2-degree Field Lensing Survey (Blake et al. 2016 ). This 

galaxy also has an infrared counterpart detected by WISE. There 

is marginal evidence for emission at the radio source location in 

VLASS at ∼ 480 µJy although we caution that this is only three 

times the local noise level and there are multiple pixels within a 30 

arcsec radius with comparable flux density measurements. While the 

positions of the radio source and the galaxy are marginally discrepant 

( � 1 σ ), the inferred radio luminosity of the radio source if it is at 

the distance of the galaxy is ∼10 30 erg s −1 Hz −1 , consistent with the 

population of AGN (Brown et al. 2011 ). We therefore conclude that 

this source is likely an AGN. 

3.1.8 ASKAP J003809.2 −231751 

ASKAP J003809.2 −231751 is outside the 98 per cent credible 

interval for the localization of GW190814 and is therefore unlikely 

to be a counterpart. There is no evidence for radio emission in either 

VLASS 1.1 or 2.1. The radio light curve consists of a continual rise, 

with the flux density almost tripling across 10 epochs and a variability 

index of V = 0.27. The source is offset from two sources in DECaLS 

with separations of 2.9 arcsec and 3.8 arcsec and photometric 

redshifts of z = 0.2 ± 0.1 and z = 0.8 ± 0.2. These angular 

separations at those redshifts correspond to physical offsets of 10 

arcsec and 30 arcsec, respectively, meaning that either optical source 

could plausibly be the host galaxy if the radio source is a transient. 

Ho we ver, we note that the source exhibits no significant variability 

between epochs 2 and 9. Applying the two-epoch variability metrics 

of Mooley et al. ( 2016 ), only epochs 1 and 10 show significant 

variability when compared to other epochs. Removing either epoch 

from our analysis results in a variability metric, V , lower than the 

cutoff in Section 2.2.1. Based on this and the fact that the variability 

metric of the full radio light curve is comparable to expectations for 

refractive scintillation, we suggest that it is unlikely that this source 

is a transient. Ho we ver, we are unable to classify it with archi v al 

data, nor comprehensively rule it out. 

3.1.9 ASKAP J004150.8 −255512 

ASKAP J004150.8 −255512 is outside of the 99 per cent credible 

interval for the localization of GW190814 and we therefore rule it 

out as a counterpart. It is spatially coincident with a source in both 

WISE and DECaLS, with photometric redshift z = 1.1 ± 0.1. There 

is no counterpart in epoch 1.2 of VLASS, observed on 2019 July 

6. The variability index of this source is V = 0.25, consistent with 

e xpectations for refractiv e scintillation. We therefore suggest that 

this source is likely an unrelated variable. 

3.1.10 ASKAP J004033.2 −274119 

ASKAP J004033.2 −274119 is outside of the 99 per cent credible 

interval for the localization of GW190814 and we therefore rule it 

out as a counterpart. It is spatially coincident with sources in WISE 

and DECaLS, with photometric redshift z = 0.7 ± 0.05. There is 

marginal ( ∼3 σ ) evidence for radio emission of ∼ 400 µJy in VLASS 

1.2, observed on 2019 July 6. While the variability index ( V = 0.4) 

of this source is higher than expectations for refractive scintillation, 

the spatial coincidence with a known optical and IR source suggests 

that it is likely an AGN exhibiting some combination of intrinsic and 

extrinsic variability. 

3.1.11 ASKAP J004545.5 −265643 

ASKAP J004545.5 −265643 is outside of the 99 per cent credible 

interval for the localization of GW190814 and we therefore rule it out 

as a counterpart. There is no coincident optical source in DECaLS, 

and the closest has a photometric redshift of 1.7 ± 0.7. Ho we ver, 

the optical source is offset by 12 arcsec and is therefore unlikely to 

be related to the radio source. The source has a likely counterpart 

in VLASS 1.2 with flux density ∼ 500 µJy suggesting that it was 

brighter prior to our observations and is therefore not a transient. 

The variability index of V = 0.3 is consistent with expectations for a 

compact source exhibiting refractive scintillation. 

3.1.12 ASKAP J010019.1 −234315 

ASKAP J010019.1 −234315 was found in our galaxy targeting 

search and is outside of the 99 per cent credible interval for the 

localization of GW190814 so we rule it out as a counterpart. It 

is offset from PGC 3195680, which has no distance estimate in 

GLADE, by 17 arcsec. After querying WISE and DECaLS we 
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Figure 6. Radio light curve of the candidate near ESO 474-035 reported by 

Alexander et al. ( 2021 ). ASKAP observations at 944 MHz are denoted by 

solid markers, while open markers show VLA observations at 6 GHz and the 

triangle denotes a 3 σ upper limit. The blue line shows the mean flux density in 

our observations, while the maximum expected variability due to scintillation 

at 944 MHz ( ∼30 per cent) is denoted by the blue shaded region. The 6 GHz 

kilonova model from Alexander et al. ( 2021 ) is plotted with a dashed line. 

find that there is a closer source offset by only 1.3 arcsec with 

a photometric redshift of z = 1.2 ± 0.25. The source is co v ered 

by VLASS 1.1 and 2.1 but no radio emission is detected in either 

epoch, which is not unexpected given its low flux density. Similar 

to ASKAP J003537.3 −271844, the offset between the radio and 

optical sources is small, but statistically significant and the inferred 

radio luminosity ( ∼10 30 erg s −1 Hz −1 ) is broadly consistent with 

expectations for an AGN. We therefore suggest that this source is also 

an AGN, but note that the classification is less certain in this instance 

due to the larger spatial offset, alongside the larger uncertainty of the 

photometric redshift. 

3.2 Candidate counterpart associated with ESO 474-035 

Alexander et al. ( 2021 ) reported the discovery of a candidate radio 

counterpart near ESO 474-035 in their galaxy-targeted follow-up 

observations. The observed light curve and spectral energy distribu- 

tion are consistent with a highly energetic ( E iso ∼ 8 × 10 53 ) top-hat 

jet propagating through a dense medium ( n ∼ 0 . 5 cm 
−3 ), or high 

velocity ( β0 ∼ 0.8 c ) kilonova ejecta. The authors suggest that the 

candidate is unrelated to GW190814 as the required energies and 

velocities are high compared to the population of known short GRBs 

and compact object mergers. 

The source is detected in all nine ASKAP observations with a 

mean peak flux density of 1.85 mJy, in good agreement with the 

spectral energy distribution reported by Alexander et al. ( 2021 ). It 

is also detected in RACS (McConnell et al. 2020 ), with a peak 

flux density of 2.3 ± 0.2 mJy at 888 MHz on 2019 April 27. The 

light curve (Fig. 6 ) is consistent with a relatively steady source and 

we measured V s = 0.03, η = 3.04, insufficient to be considered 

significantly variable, and well within the expectations for variability 

due to scintillation. Based on the mean flux density observed with 

ASKAP and the spectral index of α = −1.1 ± 0.06 observed by 

Alexander et al. ( 2021 ), we infer a mean flux density of 0.23 mJy 

at 6 GHz. The expected variability due to refractive scintillation 

at 6 GHz along this line of sight is ∼ 90 per cent (Walker 1998 ; 

Cordes & Lazio 2002 ) and hence, the non-detection (with 3 σ upper 

limit of ∼ 36 µJy) is consistent with refractive scintillation. We can 

therefore comprehensively rule this source out as a counterpart to 

GW190814, independent of any physical arguments. 
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Figure 7. Parameter space ruled out by our radio non-detections for a 

merger with isotropic equi v alent energy 10 51 erg, an initial jet opening angle 

of 10 ◦ and microphysics parameters ǫe = 0.1, ǫB = 0.01, and p = 2.2. 

Shaded regions correspond to the ruled out parameter space for a range of 

distances corresponding to 1 σ on either side of the median as determined 

by gra vitational wa ve measurements, with darker colours corresponding to 

larger distances. The inclination angle and associated 1 σ uncertainties from 

the gravitational wave signal are shown in the solid and dashed vertical lines, 

respectively. 

3.3 Constraints on the properties of a relativistic jet associated 

with GW190814 

Based on a continued non-detection of a radio afterglow from 

GW190814 we can constrain the physical properties of any potential 

outflow from the merger. We do this using two approaches. 

In Dobie et al. ( 2019b ), we constrained the inclination angle and 

circum-merger density of the merger using afterglow light curves 

from an off-axis top-hat jet with isotropic equivalent energy E iso = 

10 51 erg, a jet opening angle of 10 ◦ and microphysics parameters 

ǫe = 0.1, ǫB = 0.01, and p = 2.2. Fig. 7 shows the same procedure 

applied to our more recent results along with the updated gravitational 

wave distance estimate. We find a significant impro v ement o v er 

our previous results, and are able to rule out an additional ∼10 ◦

of parameter space across all values of circum-merger density. 

Comparing our results to the merger inclination angle estimated 

from the gravitational wave signal (45 ◦; Abbott et al. 2020b ) we find 

that our results are only constraining for the lower end of the distance 

estimate, where we are able to constrain n � 0.5 cm 
−3 . 

Alexander et al. ( 2021 ) follow a similar logic using AFTERGLOWPY 

(Ryan et al. 2020 ) for top-hat and Gaussian jet models and two 6 GHz 

non-detections at 38 and 208 d post-merger. Both models assume the 

same microphysics parameters as abo v e with a jet opening angle of 

15 ◦ and are computed for a range of isotropic equi v alent energies 

( E iso = 2 × 10 51 , 5 × 10 51 , 5 × 10 52 erg). The Gaussian jet model 

consists of a core with wings extending to 90 ◦. We have applied 

the same process to our observations and Fig. 8 shows our limits 

which are comparable to Alexander et al. ( 2021 ), albeit with slightly 

better constraints for higher energies. We note that our limits are 

more comprehensive due to the substantially higher fraction of the 

localization area co v ered by our observations. 

3.4 Radio transient rates 

In Dobie et al. ( 2019b ), we noted that our initial three epochs 

of follow-up comprise the best widefield GHz-frequency transient 

surv e y to-date, superseding previous surv e ys by an order of mag- 
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Figure 8. Parameter space ruled out by our radio non-detections to date for a 15 ◦ top-hat (left) and Gaussian (right) jet. Shaded regions show constraints from 

Alexander et al. ( 2021 ), while hatched regions show the constraints from this work, with the areas to the upper left of the region ruled out. The width of the 

region corresponds to the uncertainty in the distance to the merger. The inclination angle and associated 1 σ uncertainties from the gra vitational wa ve signal are 

shown in the solid and dashed vertical lines, respectively. 

nitude in both area and depth. The observations presented in this 

work have more than tripled the number of epochs, although we 

note that epoch 6 only has a 74 per cent o v erlap with the other 

pointings. The total areal co v erage for this search is 262 deg 2 , 

o v er four times larger than the initial search which co v ered 60 de g 2 

(excluding the initial reference epoch in both cases). Anderson et al. 

( 2020 ) report a search for transients with a total areal co v erage of 

∼ 540 deg 2 , but with a detection threshold of 500 µJy. Assuming the 

extragalactic radio transient source count obeys N ∝ S −1.5 as would be 

expected in an Euclidean universe, this makes our observations o v er 

twice as sensitive to radio transients those reported by Anderson 

et al. ( 2020 ), although the difference is statistically negligible at 

such low detection rates, 7 making our observations even more 

sensitive. 

We have detected one radio transient (excluding variable sources 

such as scintillating AGN) that is likely unrelated to GW190814, 

ASKAP J005022.3 −230349, and therefore measure the surface 

density of radio transients abo v e 170 µJy at 944 MHz to be 

0 . 0038 + 0 . 02 
−0 . 0037 deg −2 with uncertainties corresponding to a double- 

sided 95 per cent confidence interval (Gehrels 1986 ). However, 

if ASKAP J005022.3 −230349 is related to GW190814 then we 

have detected no transients in our untargeted search and place an 

upper limit of 0 . 013 deg 2 on the radio transient surface density for 

7 This estimate ignores the different choices of observing frequency (943 MHz 

versus 3 GHz). Ho we ver, the spectral index of most radio transients at late 

times (i.e. typical of their long-term evolution) is generally expected to be 

ne gativ e at late times. 

transients abo v e 170 µJy at 95 per cent confidence. This measurement 

is in good agreement with theoretical estimates for the surface density 

of off-axis long GRBs (Metzger , W illiams & Berger 2015 ), and is 

also consistent with estimates for tidal disruption events and neutron 

star mergers. 

3.5 Ev aluating follo w-up strategies 

While our constraints on the properties of any relativistic afterglow 

produced by GW190814 are comparable to those of Alexander et al. 

( 2021 ), the observing strategies and resources used to achieve them 

differ significantly. 

By targeting potential host galaxies within the localization vol- 

ume, Alexander et al. ( 2021 ) minimize the total area required to 

be observed and thereby the total time per-epoch. The smaller, 

more targeted, areal co v erage results in fewer false-positives in 

general while any transients that are detected are likely associated 

with the targeted galaxy and therefore fall within the localization 

volume of the event. In comparison, our widefield unbiased follow- 

up predisposes our search to a larger number of false-positives. 

Some of these can be ruled out via comparison to galaxy cat- 

alogues that either classify them as variable AGN or as being 

associated with galaxies outside of the localization volume, as we 

have done in this work. Ho we ver, many of these require further 

observations to determine their nature, which could take the form 

of dedicated follow-up (which is not feasible for tens–hundreds 

of candidates) or continued widefield monitoring. To ensure that 

we are left with a manageable number of candidates for human 
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ASKAP follow-up of GW190814 3803 

vetting we therefore require either a larger number of observations 

that will intrinsically decrease the number of false-positives in 

our sample, or more stringent variability cutoffs. While the latter 

option may be suitable for widefield untargeted transient searches 

(e.g. Mooley et al. 2016 ), it is not ideal for gra vitational wa ve 

follow-up where we know the radio counterparts will likely be 

faint. 

While our widefield many-epoch strategy is more resource inten- 

sive, it has a number of advantages to a targeted approach with fewer 

epochs. The lack of deep all-sky galaxy catalogues means that any 

galaxy-targeted approach is only feasible for the closest events and 

simultaneously, the interpretation of any results is al w ays limited by 

the completeness of the galaxy catalogue. For example, the GLADE 

surv e y (D ́alya et al. 2018 ) is 50 per cent complete at ∼ 170 Mpc, 

while a widefield approach with ASKAP will be capable of detecting 

the most on-axis mergers occurring in dense environments to Gpc 

distances (Dobie et al. 2021 ). The fourth LIGO/Virgo observing 

run is scheduled to begin in late-2021 with a maximum range of 

190 Mpc (Abbott et al. 2020a ) and hence, in the absence of an 

electromagnetic counterpart at other wavelengths, widefield searches 

will be necessary to detect radio afterglows from the majority of 

mergers. While planned galaxy surv e ys with instruments such as the 

Dark Energy Spectroscopic Instrument (DESI; DESI Collaboration 

2016 ), Rubin Observatory (Ivezi ́c et al. 2019 ; Schmidt et al. 2020 ), 

SPHEREx (Dor ́e et al. 2018 ), Euclid (Laureijs et al. 2011 ), and the 

Roman Space Telescope (Spergel et al. 2013 ) will greatly impro v e the 

completeness of all-sky galaxy catalogues, they will likely not keep 

pace with impro v ements to gravitational wave detector horizons. 

Hence, galaxy targeting will not be feasible for the more distant 

mergers detected o v er the coming decades. Furthermore, more distant 

events will have a higher areal density of candidate host galaxies 

and combined with the advent of next-generation telescopes that are 

optimized for surv e y speed, it will likely be less efficient to target 

indi vidual galaxies. Ho we ver , a hybrid approach in volving both the 

gra vitational wa v e sk ymap and a galaxy catalogue (e.g. Evans et al. 

2016 ; Rana & Mooley 2019 ) may be suitable for some subset of 

nearby events. 

Observing a small number of epochs necessitates the targeting 

of the expected peak time-scale to maximize the chance of a 

detection. Ho we ver, compact object mergers (even when including 

the population of known short GRBs) are not yet well-understood 

and therefore this strategy risks limiting the detectable sample 

to events that fit canonical models. Additionally, observations 

targeting the peak of the light curve may detect radio emission 

from a merger that does not pass the rele v ant transient detection 

thresholds. F or e xample, if the observations occur either side of 

the light-curve peak and measure similar flux densities, or occur 

with insufficient time between them to detect any source evolu- 

tion. 

Future widefield gravitational follo w-up observ ations with next- 

generation facilities will provide a unique opportunity for serendip- 

itous disco v eries. In Section 3.4, we demonstrated that the observa- 

tions reported in this work comprise an unparalleled data set in terms 

of sensitivity, areal co v erage, and number of repetitions. Wang et al. 

( 2021 ) disco v ered a Galactic plasma filament in a search for short 

time-scale variability in these observations, while Koribalski et al. 

( 2021 ) have combined the first eight epochs of this search to form the 

deepest ASKAP observation to-date and found a new extragalactic 

circular radio source. While the utility of follow-up observations 

for unrelated science goals is short-lived as they will eventually be 

superseded by large-scale dedicated surv e ys, the y will still produce 

useful data in the meantime. 

4  C O N C L U S I O N S  

We have carried out further follow-up observations of the possible 

NSBH merger GW190814 with the ASKAP, building upon the 

work originally reported by Dobie et al. ( 2019b ). Our 10 epochs 

of observation were carried out on an approximately logarithmic 

cadence out to 655 d post-merger and co v er 30 de g 2 , co v ering 

87 per cent of the sky location posterior distribution. 

We used two techniques to search for a radio counterpart to the 

merger. We carried out a widefield transient search of the entire field, 

which found 187 initial candidates that passed our initial search 

criteria and v ariability metrics. A qualitati ve analysis of the images 

and light-curve morphology of all 187 sources found that only 12 

were real sources with light curves resembling those expected from 

extragalactic synchrotron transients. After a more detailed analysis 

including comparison to archi v al multiwavelength data we find that 

only one candidate is likely to be an intrinsically transient source. 

Ho we ver, we are able to rule it out as a counterpart to GW190814 

based on its steep, late-time, rise which is incompatible with even the 

most extreme radio afterglow models. We also carried out a targeted 

search around known galaxies and found no viable counterparts. In 

addition, we have also used our observations to comprehensively rule 

out the candidate counterpart found by Alexander et al. ( 2021 ). 

These observations comprise the most sensitive widefield radio 

transient surv e y to-date, and based on our detection of a single 

transient (likely unrelated to GW190814) we estimate the sur- 

face density of radio transients abo v e 170 µJy at 944 MHz to be 

0 . 0043 + 0 . 02 
−0 . 0042 deg −2 . This surv e y has helped set expectations for 

searches for radio transients that are in their early stages (Fender et al. 

2016 ; Lacy et al. 2020 ; Murphy et al. 2021 ), as well as those that 

will be performed with next-generation telescopes like the Square 

Kilometre Array (Fender et al. 2015 ). 

The continued non-detection of a radio counterpart to GW190814 

allows us to impro v e our previous constraints on the circum-merger 

density, n and merger inclination, θobs . Ho we ver, our limits are not 

sufficiently constraining to confirm that this merger did not produce 

a radio counterpart. 

The fourth gravitational wave observing run (O4) is expected to 

begin in mid-2022 after upgrades to Virgo and both LIGO detectors 

and the Kamioka Gravitational Wave Detector, is also expected to 

join the run. The impro v ed detector network sensitivity will result 

in a higher merger detection rate and better localization capabilities, 

both of which will lead to a larger number of events for which 

electromagnetic follow-up is feasible. We expect ASKAP to take a 

leading role in this effort with a focus on localizing events that do 

not produce a kilonova, or those that are not possible to follow-up 

with optical facilities due to observing constraints. 
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