2008.12488v3 [astro-ph.HE] 12 Oct 2020

arxXiv

Citation

Bhandari, S. and Bannister, K.W. and Lenc, E. and Cho, H. and Ekers, R. and Day, C.K. and Deller, A.T. et al.
2020. Limits on Precursor and Afterglow Radio Emission from a Fast Radio Burst in a Star-forming Galaxy.
Astrophysical Journal Letters. 901 (2): ARTN L20. http://doi.org/10.3847/2041-8213/abb462

DPRAFT VERSION OCTOBER 13, 2020
Typeset using IATEX twocolumn style in AASTeX62

Limits on precursor and afterglow radio emission from a fast radio burst in a star-forming galaxy

SHIVANI BHANDARI,' KEITH W. BANNISTER,! EMIL LENC,' HYERIN CHO,? RON EKERS,"? CHERIE K.Day,*®
ApaM T.DELLER,* CHRIS FLYNN,* CLaNCY W. JAMES,? JEAN-PIERRE MACQUART!,® ELIZABETH K. MAHONY,'
LacHLAN MarnocH,% ™! VaNEssa A. Moss,b® Curis PuiLLips,! J. Xavier Procuaska,?® Hao Qru, 5!
STUART D. RYDER,%” RyaN M. SHANNON,* Nicoras TrJos,!t anD O. Ivy Wong!?

1 Australia Telescope National Facility, CSIRO Astronomy and Space Science, PO Box 76, Epping, NSW 1710, Australia
28School of Physics and Chemistry, Gwangju Institute of Science and Technology, Gwangju, 61005, Korea
3 International Centre for Radio Astronomy Research, Curtin University, Bentley WA 6102, Australia
4 Centre for Astrophysics and Supercomputing, Swinburne University of Technology, John St, Hawthorn, VIC 8122, Australia
5 Australia Telescope National Facility, CSIRO Astronomy and Space Science, PO Box 76, Epping, NSW 1710, Australia
S Department of Physics and Astronomy, Macquarie University, NSW 2109, Australia
7 Macquarie University Research Centre for Astronomy, Astrophysics & Astrophotonics, Sydney, NSW 2109, Australia
8 Sydney Institute for Astronomy, School of Physics, University of Sydney, NSW 2006, Australia
9 University of California, Santa Cruz, 1156 High St., Santa Cruz, CA 95064, USA
10 Kauli Institute for the Physics and Mathematics of the Universe (Kavli IPMU), 5-1-5 Kashiwanoha, Kashiwa, 277-85883, Japan
U Instituto de Fisica, Pontificia Universidad Catdlica de Valparaiso, Casilla 4059, Valparaiso, Chile
12C0SIRO Astronomy & Space Science, PO Box 1130, Bentley, WA 6102, Australia

(Published in ApJL, September 24, 2020)

ABSTRACT

We present a new fast radio burst (FRB) at 920 MHz discovered during commensal observations
conducted with the Australian Square Kilometre Array Pathfinder (ASKAP) as part of the Commensal
Real-time ASKAP Fast Transients (CRAFT) survey. FRB 191001 was detected at a dispersion measure
(DM) of 506.92(4) pc cm™3 and its measured fluence of 143(15) Jy ms is the highest of the bursts
localized to host galaxies by ASKAP to date. The subarcsecond localization of the FRB provided by
ASKAP reveals that the burst originated in the outskirts of a highly star-forming spiral in a galaxy
pair at redshift z = 0.2340(1). Radio observations show no evidence for a compact persistent radio
source associated with the FRB 191001 above a flux density of 15uJy. However, we detect diffuse
synchrotron radio emission from the disk of the host galaxy that we ascribe to ongoing star formation.
FRB 191001 was also detected as an image-plane transient in a single 10 s snapshot with a flux density
of 19.3 mJy in the low-time-resolution visibilities obtained simultaneously with CRAFT data. The
commensal observation facilitated a search for repeating and slowly varying radio emissions 8 hr before
and 1 hr after the burst. We found no variable radio emission on timescales ranging from 1 ms to
1.4 hr. We report our upper limits and briefly review FRB progenitor theories in the literature that
predict radio afterglows. Our data are still only weakly constraining of any afterglows at the redshift
of the FRB. Future commensal observations of more nearby and bright FRBs will potentially provide
stronger constraints.

Keywords: radio continuum: general, instrumentation: interferometers, techniques: polarimetric,
galaxies: star formation

1. INTRODUCTION

Fast radio bursts (FRBs) are energetic bursts of radio
emission that last for tens of microseconds to tens of mil-
liseconds (Lorimer et al. 2007) and originate at cosmo-
logical distances (Chatterjee et al. 2017; Bannister et al.
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2019; Ravi et al. 2019). More than 20 FRB sources have
been observed to emit repeat pulses (Spitler et al. 2016;
Andersen et al. 2019; Kumar et al. 2019), allowing some
of them to be localized to host galaxies via targeted
follow-up with radio interferometers (Tendulkar et al.
2016; Marcote et al. 2020).

The bulk of the ~100-strong population of published
FRBs, however, are single-burst events. The transition
from finding such events with single dishes to with inter-
ferometric arrays capable of imaging the received FRB
emission has resulted in (sub-)arcsecond localization in
recent detections (Bannister et al. 2019; Ravi et al. 2019;
Prochaska et al. 2019; Macquart et al. 2020; Law et al.
2020), revealing their host galaxies and in some cases
even to sites within the hosts (Bhandari et al. 2020).

Analyses of the host environments of localized repeat-
ing and non-repeating FRBs and high brightness tem-
peratures of the bursts tend to favor models involving
compact objects such as white dwarfs (WD), neutron
stars (NS) and black holes (BH) (Liu 2018; Murase et al.
2018; Wang & Lai 2020; Wang et al. 2020). Some of
these models predict radio afterglows accompanying an
FRB with timescales of days to years and apparent lu-
minosities as high as sub-mJy levels in favorable circum-
stances.

Margalit et al. (2019) predicted late-time (months to
years) radio emission accompanying FRBs from mag-
netars born in binary neutron star mergers (BNS) and
accretion-induced collapse (AIC) of a white dwarf (WD)
through the interaction of the ejecta with the surround-
ing local interstellar medium. It is also proposed that
the magnetospheric instability of an isolated or a binary
rotating black hole may result in FRBs and their after-
glows (Liu et al. 2016). If FRBs are related to gamma-
ray bursts (GRBs) (Zhang 2014), the radio afterglow
may last from hours to years as reverse and forward
shocks interact with ejecta and the interstellar medium
(Frail 2003). Yi et al. (2014) also predicted the optical,
radio and high energy afterglow light curves for forward
and reverse shock emission resulting from FRBs. They
concluded that FRB afterglows are too faint to be de-
tected by current detectors.

While theoretical predictions for radio afterglows are
plentiful, observational evidence is scanty. An initially
promising candidate was identified from radio follow-up
conducted within ~ 2hr of the Parkes FRB 150418, re-
porting fading radio emission in the field (Keane et al.
2016). Subsequent observations showed that scintilla-
tion of an unassociated active galactic nucleus (AGN)
was a more plausible explanation (Williams & Berger
2016; Johnston et al. 2017). In 2018, multi-wavelength
follow-up of three real-time FRBs did not detect any af-

Table 1. Measured and derived properties of FRB 191001

and its host galaxy.

Properties

FRB
Arrival time (UT) * at 919.5 MHz

16:55:35.97081

Incoherent S/N 62
Coherent S/N 192
Primary detection beam 24
Detection DM (pc cm™%) 506.92(4)
Structure maximised DM (pc cm™3)  507.90(7)
DMism NE2001 (pc cm™?) 44

DMism YMW16 (pc cm™?) 31
DMeosmic (pc cm™?) 373(NE2001)
RA (J2000) 21:33:24.37(2)
DEC(J2000) —54:44:51.86(13)
Fluence® (Jy ms) 143(15)
Modelled pulse width? (ms) 0.22(3)
Scattering time at 824 MHz (ms) 3.3(2)
Scintillation bandwidth (kHz) ~ 600
Pulse rise time (ps) ~ 640
Rotation measure (RM) (rad m™?) 55.5(9)
Total polarisation fraction (P/I) 58(1)%
Linear polarisation fraction (L/I) 57(1)%
Circular polarisation fraction (V/I) —5(1)%
Spectral energy density (erg Hz %) 2 x 10%2
Persistent source, 2 x102%
radio luminosity at 5.5 GHz (W Hz™')

Host galaxy®

Redshift 0.2340(1)
Stellar mass (M) 5(2) x 10*°
E(B-V) 0.27(16)

2The statistical uncertainty on the burst arrival time assumes a

model for the burst morphology.

Phttps://github.com/danielemichilli/DM_phase/blob/master/

DM _phase.py

¢Derived from 336 MHz bandwidth CRAFT intensity data.

dThe primary pulse component width.

¢See Heintz et al. (2020) for details about optical properties.

terglows in radio or other wavelengths (Bhandari et al.
2018a). Potential explanations include FRBs having
fainter radio afterglows (less than 50pJy at 30), these
afterglows evolving on timescales faster than what had
been surveyed (less than a day), or FRBs not produc-
ing afterglows. Deeper follow-up observations of a larger
sample of FRBs are needed to address the first possibil-
ity, but the second is best addressed through observa-
tions where radio imaging is being performed during the
same observation in which the FRB is discovered.


https://github.com/danielemichilli/DM_phase/blob/master/DM_phase.py
https://github.com/danielemichilli/DM_phase/blob/master/DM_phase.py
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Since mid-2019, FRB searches with the Commensal
Real-time ASKAP Fast Transients Survey (Macquart
et al. 2010, CRAFT) have started to operate simultane-
ously with other survey science projects undertaken with
ASKAP. In contrast to previously reported CRAFT de-
tections (Bannister et al. 2019; Prochaska et al. 2019;
Macquart et al. 2020), during commensal operations, the
regular ASKAP correlator is still running and producing
low-time-resolution visibility products needed for regu-
lar ASKAP imaging. The simultaneous operation of the
ASKAP hardware correlator and ASKAP-CRAFT sys-
tem is powerful in probing long-timescale radio emission
before and after the FRB itself. FRB 191001 was the
first event to be detected during such an observation, fa-
cilitating a deep search for slowly varying (> 10-s) radio
emission within hours before and after the FRB.

In this paper we report the detection and localization
of FRB 191001 to its host galaxy along with a search for
radio emission pre- and post-FRB. The detection and
properties of the FRB and its host galaxy are presented
in Section 2, and the results of our search for radio emis-
sion from the host galaxy at the location of the FRB in
Section 3. In Section 4, we discuss the implications of
our findings, and we conclude and provide a summary
in Section 5.

2. PROPERTIES OF FRB 191001 AND ITS HOST
GALAXY

2.1. Discovery of FRB 191001

The burst was detected on 2019 October 1 UT
16:55:35.97081 at a DM of 506.92(4) pc em~3, dur-
ing observations taken as part of the Evolutionary Map
of the Universe (EMU; Norris et al. 2011) pilot survey
in the frequency range of 752 — 1088 MHz. EMU is
an ASKAP key science project to conduct a deep radio
continuum survey of the entire southern sky. The FRB
was detected in beam 24 (an outer ASKAP beam) of the
closepack36 beam footprint pattern (see Shannon et al.
(2018)) during a ~9 hr observation with 30 antennas in
a 336 MHz band centred on 920 MHz. The properties
of the burst are presented in Table 1. Figure 1 shows
FRB 191001’s pulse profile and dynamic spectrum. The
discussions of the profile are presented in Section 2.5.1.

2.2. Commensal low time resolution observations

The standard ASKAP hardware correlator integrates
and writes out visibilities on a 10-s timescale — here-
after termed “low time resolution” data. The correlator
was operating simultaneously, and independently of, the
CRAFT FRB search. The low time resolution data were
calibrated following the standard data reduction steps as
presented in Bhandari et al. (2018b) and were then used

for imaging. We performed difference imaging of the
consecutive 10-s snapshots around the FRB arrival time
derived from the CRAFT data to check for any signifi-
cant source in the direction of the FRB. FRB 191001 was
detected in a difference image providing a preliminary
position. Once found, we performed the imaging and
deconvolution of that single integration (without differ-
encing) to obtain a better estimate of the flux density.
The FRB was detected with 9o significance with a pri-
mary beam corrected flux density of 19.3 mJy averaged
over 10 s. (see right panel of Figure 2). We note that
the fluence derived from the above flux density is ~ 1.5x
higher than the measured fluence of the FRB. This can
be explained by high uncertainty in the measurement of
FRB fluence because of an outer beam detection.

2.3. Localization of FRB 191001

The real-time detection of FRB 191001 in online
incoherent-sum data triggered the retention of 3.1 s of
raw (voltage) data around the FRB event. Due to a
greater-than-usual latency (2.1 s in this case) between
the FRB arrival and the voltage dump trigger!, only
half the FRB signal was captured (a center frequency of
824 MHz and bandwidth of 144 MHz), with the upper
half of the FRB emission (where the dispersion delay
is less) already falling outside the voltage buffer. We
followed standard CRAFT procedures for calibrating
and imaging both the FRB and background continuum
sources (Day et al. 2020), but flagged channels in which
the FRB was not present for the FRB image only.

To refine the astrometric position of FRB 191001,
we compared the positions of sources identified in the
CRAFT image of the FRB field with reference positions
obtained from the Australia Telescope Compact Array
(ATCA) at 2 GHz, which is the closest we could get com-
pared to ASKAP’s FRB observation at 824 MHz. We
did not use the full ASKAP observation as a reference
due to the known arcsecond level astrometric uncertain-
ties in ASKAP pilot data (Bhandari et al. 2018b). The
process involved observation of three bright calibrators
around the FRB field, namely SUMSS J212104—611125,
SUMSS J213520—-500652, SUMSS J220054—552008,
and three continuum sources detected in the ASKAP
image of the field generated from the 3 s of data con-
taining the FRB, namely J2132—5420, J2134—5450 and
J2140—5455 at 824 MHz. The phase calibration solu-
tions were derived using each of the calibrator sources
and transferred to the background continuum sources
and other calibrators. Out of three calibrators, the solu-

1 This was caused by a software bug that has since been cor-
rected.
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Figure 1. Left : The top panel shows the polarization position angle (above 40), which is observed to be flat across the majority
of the pulse and the bottom panel shows Stokes parameter pulse profiles for FRB 191001 at 824 MHz (see Sec 2.3 for details
about the centre frequency). The profiles represent a time resolution of 32 ps, and overplotted are 20x smoothed profiles. The
FRB shows significant scattering with a scattering time of 3.3 ms at 824 MHz. Right: The dynamic spectrum of FRB 191001.
The data are coherently de-dispersed at a DM of 507.90(7) pc cm™. The scintillation bandwidth for the burst is ~ 600 kHz
at 824 MHz, which is consistent with predictions for diffractive scintillation induced by the Milky Way ISM (Cordes & Lazio
2002) (see Sec 2.5 for details).
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Figure 2. Left: Background g-band VLT/FORS2 image of the host of FRB 191001 at a redshift of 0.2340. The blue ellipse
marks the 1o uncertainty in the position of FRB 191001 which is 165 mas in RA and 127 mas in Dec. Cyan and red are the
contours of radio emission detected with ATCA at 5.5 GHz and 7.5 GHz respectively in levels of [-3, 1.5, 3, 5, 6, 7, 9, 11, 13,
15, 17, 19, 21, 25, 30, 35] times the noise of ~ 6 pJy beam™" (see Sec 2.7 for details). Right: Detection of FRB 191001 in the
image plane with a 10-s ASKAP snapshot obtained during commensal EMU observations. The FRB is the bright source at the
image center with a primary beam-corrected flux density of 19.3 mJy (see Sec 2.2 for details).
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tions derived from SUMSS J213520—500652 resulted in
zero positional offsets between the known and derived
positions (from ATCA image) of calibrators within po-
sitional uncertainties. Thus, SUMSS J213520—500652
was used for the remainder of this analysis.

The position of background sources obtained from the
ATCA radio image were compared with the ASKAP
field source positions, and we obtain a weighted mean
systematic offset (also described in Macquart et al.
(2020)) of 731+£107 mas in RA and —809+99 mas in Dec.
These corrections were applied to the position of the
FRB and final uncertainties were obtained by taking a
quadrature sum of systematic and statistical uncertain-
ties. The FRB position is RA(J2000): 21:33:24.37(2)
and DEC(J2000): —54:44:51.86(13).

2.4. DM excess

The observed DM of the FRB can be broken down
into contributions from various components as

DMobs = DMISM + DMMW,halo + DMcosmic + DMhosta

(1)
where D Mgy is estimated to be 44 pc cm™ and
31 pc cm ™3 from the Galactic models of NE2001 (Cordes
& Lazio 2002) and YMWI16 (Yao et al. 2017), respec-
tively; the contributions from the Milky Way halo and
the host galaxy are DMyw halo = 50 pc cm™3 and
DMyost = 50/(1+ z) = 40 pc ecm ™3 respectively, follow-
ing the assumptions presented in Macquart et al. (2020).
This leaves the budget for DM from the intergalactic
medium (IGM) to be D Mosmic = 373(386) pc cm ™2 us-
ing the NE2001(YMW16) models. Based on predictions
from the Macquart relation (Macquart et al. 2020), we
would expect DM_osmic to be 203 pc cm ™2, which is sig-
nificantly lower than the value of DM osmic inferred from
the observed DM and assumptions for DMyiw halo and
DMy s Thus, as for FRB 190608 (Chittidi et al. 2020)
and FRB 121102 (Tendulkar et al. 2017), it is likely that
FRB 191001 has a larger host contribution than typical,
or lies along a sightline that traces a denser-than-average
path through the cosmic web (Simha et al. 2020). The
host DM contribution can also be probed by optical
studies. We use the relation between optical reddening
E(B—V) and hydrogen column density Ny from Giiver
& Ozel (2009), together with the DM-Ny correlation of
He et al. (2013) to estimate the DM contribution from
the host of FRB 191001. We find D Mg = 61 pc cm ™3,
which is higher than our previous assumption but still
leads to an excess in the cosmic DM. A more detailed
discussion of the breakdown of the excess DM for this
FRB is beyond the scope of this paper, and will be con-
sidered in a future work.

3

2.5. High time resolution analysis

We performed a high-time-resolution analysis of the
FRB using the CRAFT voltage data. Data were beam-
formed (i.e., coherently summed) at the position of the
FRB using the delay, bandpass and phase solutions de-
rived from the calibrator source PKS 0407—658. The
144 1-MHz-bandwidth ASKAP channels that contained
signal from the FRB were then coherently de-dispersed
at the FRB DM before being passed through a synthesis
filter to reconstruct a single 144-MHz channel with ~7 ns
time resolution. A detailed description of the high time
resolution construction process is given by Cho et al.
(2020).

We determined the scintillation bandwidth (dvg) using
a range of time bins in the FRB dynamic spectrum (en-
compassing roughly the half-power points of the pulse),
with frequency resolution of 7.812 kHz, by performing
an auto-correlation function (ACF) analysis following
Cho et al. (2020). We estimate dvg ~ 600 kHz, which is
consistent with expectations for diffractive scintillation
(DISS) from the Milky Way along the burst line of sight
at this frequency using the NE2001 model (~ 860 kHz).

We fit the frequency-averaged pulse profile with scat-
tered Gaussian pulse models using the nested sampling
method presented in Qiu et al. (2020) and Cho et al.
(2020) to compare the evidence for multiple pulse com-
ponents as demonstrated in Day et al. (2020). Model
comparison favors three scattered pulse components
(TG model in Figure 3) by a Bayes Factor of log1oB = 20
to a single pulse model and log;gB =5 to a double
pulse model with significantly lower RMS error. The
pulse width of components in order of appearance are
0.22 £ 0.03, 0.4 = 0.2 and 9 £ 2 ms respectively. We
measure an exponential broadening of 3.3 + 0.2 ms at
824 MHz. The second and third pulse component occur
0.6+0.2 and 5.9+1.2 ms after the first pulse (see Figure
3). The presence of further components or frequency-
dependent structure could plausibly explain the remain-
ing structure in the residuals in Figure 3.

2.5.1. Spectro-temporal polarization properties

The time series was time averaged to a resolution of
32 ps for polarization analysis (Figure 1). The polariza-
tion calibration was performed by comparing an ASKAP
observation of the Vela pulsar with an observation ob-
tained with the Parkes radio telescope for which an accu-
rate polarization calibration exists, as described in Day
et al. (2020). Unlike some earlier FRBs detected by
ASKAP, there is negligible leakage between Stokes U
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Figure 3. Pulse morphology model fit using 64 ps time
series. The best fit model comprises three scatter broadened
components. The residuals are shown in the panel below.
The data points between 0—-6 ms, 6—25 ms and 25-50 ms are
averaged by a factor of 5, 10 and 20 respectively for display.

and V as a result of polarization leakage correction in
the beam weight calculation 2.

We used the RMFIT program in the PSRCHIVE software
package (Hotan et al. 2004) to calculate the rotation
measure (RM) of FRB 191001. RMFIT performs a search
for peak linear polarization as a function of trial RM.
We find the best fit RM for FRB 191001 to be 55.5 £
0.9 rad m—2.

In addition, we estimated polarization fractions inte-
grated over the FRB pulse using the PSRCHIVE software
package. The values for total, linear and circular polar-
ization fractions are presented in Table 1. These values
are lower than the values observed for the sample of
ASKAP FRBs discussed in Day et al. (2020) and Cho
et al. (2020). We also note that the circular (Stokes V)
peaks later than the linear polarization.

The left panel of Figure 1 shows the Stokes param-
eter profiles and polarization position angle (PA) for
FRB 191001, with a time resolution of 32 us. As noted
above, the pulse is not consistent with a single Gaus-
sian component convolved with an exponential scatter-
ing tail — indicating the presence of multiple components
blended in the scattering tail (as proposed in Day et al.
2020 for FRB 180924 and FRB 190608). We observe a
pulse rise time of ~ 640 pus by counting the number of
samples from 1o to the peak value. Also, the PA is ini-
tially flat across the majority of the pulse (as shown in
the top left panel of Figure 1), which is possibly a con-
sequence of scattering that not only affects the shape of

2 https://www.atnf.csiro.au/projects/askap/ASKAP _com_

update_v32.pdf

Host Western Source

Freq. rms Sint Sint
(GHz) (wJy beam™")  (uJy) (1Jy)
2 30 241 £ 2 509 £ 2
5.5 11 103 +1 246 + 2
7.5 10 123 +£2 208+1
Table 2. Integrated flux densities for the host of

FRB 191001 and neighbouring western source derived from
epoch 4. The flux densities and uncertainties were estimated
using imfit in miriad at 5.5 and 7.5 GHz images, smoothed
to a common resolution (4.7” x 34", PA=-18 deg)

the total intensity pulse profile but also measured polar-
ization properties (Caleb et al. 2018). At later times, the
noise in the PA makes it difficult to establish whether
the second component has a position angle that differs
substantially from the scattering tail of the first compo-
nent. It is suggestive that the largest deviations from a
constant PA are seen at this time.

The absence of variation in the PA across the main
pulse and the scatter-blended multiple components ob-
served in FRB 191001 bear a remarkable resemblance to
FRB 180924 and FRB 190608 (Day et al. 2020). The
separation between the three modeled components for
FRB 191001, however, greatly exceeds that of the other
bursts. Of note, although observed at different frequen-
cies, the three FRBs exhibit similar substructure in the
residuals in the scattering tail.

2.6. Host galaxy of FRB 191001

The host galaxy of FRB 191001 was identified as
DES J213324.44—544454.18, a galaxy catalogued in the
Dark Energy Survey (Abbott et al. 2018, DES). Spec-
troscopic observations conducted on 2019 October 4 UT
using the Gemini Multi-Object Spectrograph (GMOS)
on the Gemini-South telescope established the redshift
of the host to be z = 0.2340(1) using the HS spectral
line (see Heintz et al. 2020, for further details). On 2019
October 05 UT deep optical imaging observations were
performed with the FOcal Reducer and low dispersion
Spectrograph 2 (FORS2) instrument on the Very Large
Telescope (VLT). The left panel of Figure 2 shows the g-
band image of the host, which is clearly a spiral galaxy.
The neighbouring galaxy, DES J213323.65—544453.6, is
also at a similar redshift (z = 0.2339(2)), hence the sys-
tem is a double and possibly interacting pair of galaxies.
Detailed optical properties of the host are described in
Heintz et al. (2020).

2.7. Radio properties of the Host galazy

We conducted observations with ATCA (project code
C3211) in a 6-km array configuration to search for radio


https://www.atnf.csiro.au/projects/askap/ASKAP_com_update_v32.pdf
https://www.atnf.csiro.au/projects/askap/ASKAP_com_update_v32.pdf
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Figure 4. The 1.4 GHz SFR—M* relation. We show the
relation derived from GAMA galaxies, derived using free-fit
luminosity-to-SFR relation for MAGPHYS. The black star is
the host of FRB 191001 overplotted on a sample of galaxies
at various redshifts detected in the GAMA survey. Figure
adapted from Figure 5 of Davies et al. (2017)

emission from the FRB 191001 host galaxy at 5.5 GHz
and 7.5 GHz. Observations were performed in three
epochs starting 2020 January 24, 2020 March 06 and
2020 March 12 at different hour angles to maximise
(u,v)-coverage. Epoch 1 was badly affected by weather
and therefore discarded. We later obtained a fourth
epoch on 2020 April 16 (project code C3347) at 2 GHz,
5.5 GHz and 7.5 GHz. We combined epoch 2, epoch 3
and epoch 4 data in the 4 cm band for deep imaging.
However, we use only epoch 4 data for estimating source
flux densities.

2.7.1. Search for persistent emission

We used the obtained ATCA data to search for a com-
pact persistent radio source that may be associated with
FRB 191001. We detect low level diffuse radio emission
with a peak flux density of ~ 15 pJy beam™! at the
FRB position pixel, corresponding to a luminosity of
2.1 x 102! W Hz~! at 5.5 GHz. This luminosity is an
order of magnitude less than the luminosity of persistent
source observed for FRB 121102 (Chatterjee et al. 2017).
We did not find a compact persistent radio source co-
located with FRB 191001 above a flux density of 15uJy.

2.7.2. Star-formation in the host galazy

We detect radio emission from the host of FRB 191001
(H) and the western source (W) as shown in the left
panel of Figure 2. For estimating the integrated flux

densities, we smoothed the images at respective fre-
quencies to the same angular resolution — smoothing
beam resolution at 7.5 GHz (1.7" x 1.2, PA = 2.1 deg)
and 5.5 GHz (2.3" x 1.7°, PA = 2.2 deg) to 2 GHz
(4.7" x 3.4", PA = —1.8 deg) resolution. The flux den-
sities for both sources were measured using the miriad
task imfit on the smoothed version of radio images and
fixing the beam to the size of the common resolution,
ie., 47" x 3.4”, PA = —1.8 deg. Flux densities are pre-
sented in Table 2. We note an excess emission at 7.5 GHz
to the south-east of the host galaxy. This resolved flat-
spectrum component overlaps with the south-east spi-
ral arm of the galaxy (See Figure 2) could indicate the
presence of thermal emission associated with (possibly
ongoing) star-formation along the spiral arm. Further
discussion will be presented in an upcoming paper.

Next, a spectral index map was obtained using the
same resolution images at 2 GHz and 5.5 GHz. We
find the spectral index («), where S, o v®, for the
host vary from —1.0 at the outer edges to —0.8 at the
center. Hence, the lack of much flattening (o > —0.7)
of the spectral index near the nucleus suggests no evi-
dence for a dominant compact AGN. We further fit a
power law to the integrated flux densities (excluding
7.5 GHz for the host) and find their spectral indices to be
ag = —0.8 and ay = —0.7, respectively. The diffuse
morphology and steep negative spectral index suggest
that the radio emission (or most of the emission seen
in the host) is dominated by synchrotron emission due
to star-formation (SF) in the galaxy. We note that the
current resolution observations do not rule out contam-
ination from a low level AGN emission.

Furthermore, we estimate an inferred SFR using a new
1.4 GHz luminosity-to-SFR. relation derived combining
the data from the Galaxy And Mass Assembly (GAMA)
survey and the Faint Images of the Radio Sky at Twenty-
cm (FIRST) survey (Davies et al. 2017). The new robust
calibration to the 1.4 GHz—SFR relation is given by

log10[SFR(Mg yr )] = Mxlogio[L1.4 ci, (W Hz 1)|4-C

(2)
where parameters, M = 0.75 + 0.03 and C = —15.96 +
0.58 for correction based on the MAGPHYS SFRs in
GAMA work and L; 4 is the radio luminosity at 1.4 GHz.
We find the star formation rate of the host to be
SFRyacp = 11.2 Mg yr~! and that the host of
FRB 191001 is consistent with the underlying popu-
lation of galaxies at a similar redshift in the GAMA
sample (see Figure 4). A possible caveat is the poten-
tial for contamination of a low level AGN in our star
formation rate calculations. Assuming the source is
dominated by SF, gives us an upper limit on the SFR.
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A high SFR qualifies this galaxy as starburst or ex-
periencing interaction triggered bursts of star formation
similar to the NGC4038/4039 pair of galaxies a.k.a The
Antennae (Whitmore et al. 1995). We note that the host
of FRB 191001 has the highest SFR in the ASKAP sam-
ple (Heintz et al. 2020), suggesting diversity in galaxies
hosting FRBs.

3. SEARCH FOR RADIO AFTERGLOWS
3.1. Low time resolution data

We performed a search for repeats and afterglows at
the position of FRB 191001. Firstly, a deep image of
the field was made using ASKAP low time resolution
data taken ~ 8 hrs prior to the FRB observation. A
model of background sources was created using the CASA
task TCLEAN and subtracted from all ASKAP data using
UVSUB. Secondly, the visibilities were rotated in phase to
the position of the FRB to extract the dynamic spectra.
Finally, we obtained a light curve for ~9 hrs of data
(see left panel of Figure 5) by averaging baselines of the
source-model-subtracted and phase-rotated data. We
also subtracted the underlying host radio emission from
the light curve. The peak in the light curve (Stokes I)
is the emission from the FRB.

We averaged the light curve over boxcar widths of 2%V,
where N varies from 0 — 9, to search for slowly varying
radio emission on timescales ranging from 10 s to 1.4 hr.
The data shows red noise either due to contamination
by sidelobes of poorly subtracted faint sources in the
image domain, radio frequency interference (RFI), or
residual emission from the host of FRB 191001 (see top
panel of Figure 6), and is therefore not amenable to
a chi-square test that assumes statistically independent
(white) samples. By eye, we find no evidence for slowly
varying radio emission at the FRB position ~ 8 hr before
and ~ 1 hr after FRB 191001 above a 50 flux density
limit at respective timescales as presented in Table 3.

3.2. High time resolution data

We also performed a search for dispersed radio emis-
sion pre/post-FRB in ~3 s of CRAFT high time resolu-
tion data (presented in Section 2.5). We time-averaged
the beam-formed data to 1 ms (see right panel of Fig-
ure 5) to obtain an initial time series, which was further
averaged over boxcar widths 2%,
0 — 9. This allowed a search for varying radio emission
on timescales ranging from 1 ms — 512 ms. Analysis of
the noise showed it to be Gaussian-distributed with no
frequency dependence (i.e., white noise). Therefore, we
performed a chi-square analysis to test the null hypoth-

where N varies from

Timescale Flux-limit luminosity
(sec) (mJy beam™*) (W Hz™')
10 10.64 1.50 x10%*
20 8.87 1.25%10%*
40 7.44 1.05x10%*
80 6.14 8.67x10%3
160 4.93 6.95%10%3
320 3.23 4.56x10%3
640 2.14 3.02x10%3
1280 1.44 2.03%x10%
2560 0.74 1.04x10%3
5120 0.34 4.85x10%2

Table 3. 50 flux density and limits on luminosities for radio
emission at different timescales at the position of the FRB.

esis that there is a slow varying radio emission pre/post-
FRB. The measured chi-square (x3;) is given by

== (Y; - Yrmean)2
=) g (3)
i=0 i

where Y; is the flux density for boxcar width i, Yiean
is the mean flux density of the time series and o; is the
standard deviation of the off-pulse time series scaled as
o; = 00/Vi (0p is the standard deviation of the sub-
tracted FRB time series with zero boxcar width and
i = 2NV, where N varies from 0 — 9). We calculated
the cumulative distribution function (CDF) and the
probability P of obtaining a measured chi-square (x3;)
by chance and compared it with the critical chi-square
(x2%;,) for N degrees of freedom. Variable radio emission
exists if x3; > x2; for P < 0.02 (98% confidence level).
In our data, the x3; for each boxcar width was less than
X2.i.- Therefore, we rejected the null hypothesis that
varying radio emission exists at the 98% confidence level.

4. DISCUSSION
4.1. FRBs as image plane transients

Here we consider the viability of detecting FRBs
as image-plane transient in 10-s snapshot images with
ASKAP. A 50 detection in a 10-s ASKAP snapshot
would be very difficult to confirm. We use 100 or flux
density greater than 20 mJy (robust=0.5 weighting) as
a reasonable threshold, which should lead to minimal
false positives. Of the CRAFT sample of 25 FRBs dis-
covered in fly’s-eye mode (Shannon et al. 2018; Bhan-
dari et al. 2019; Qiu et al. 2019), 3 have flux densities
greater than 20 mJy, when diluted to 10 s integration
time. Thus, three out of 25 FRBs would have been de-
tected as reliable image plane transients. Scaling the
ASKAP all-sky rate, R(> 26 Jy ms (w/1.26 ms)~'/2)
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Figure 5. Left: ASKAP lightcurve obtained at the position of the FRB on a timescale of 10 s for an ~9 hr observation of the
EMU field. FRB 191001 was detected at UT 16:55:35.97081 in ASKAP low time resolution data. Right: ASKAP lightcurve on
a timescale of 1 ms derived by beamforming CRAFT data, de-dispersed at the DM of the FRB.

of 37 sky~! day~! (Shannon et al. 2018), we derive an
FRB rate, R(> 20 mJy, 10 s) of 4.4 FRBs sky ! day~!
or 0.00011 deg=2 day~!. We compare this rate with
other slow transients in Table 4. A scaling of N oc S~3/2
has been used to scale the rate of various slow transients
above a flux density threshold of 0.3 mJy in Mooley et al.
(2016) to the ASKAP flux density limit of 20 mJy. The
FRB transients are more common than all other slow
transients except the AGN(ISS) and the only transients
expected on 10-s timescale.

How useful is a 10-s search of ASKAP data? The
10-s data search is affordable as compared to searching
at different DM trials. However, DM searching would
not be possible to confirm candidates as the dispersion
delay is typically <« 10 s for FRBs less than a DM of
~ 2000 pc cm ™2 at 920 MHz. Additionally, the existing
incoherent sum (ICS) CRAFT search system can find
FRBs more effectively. The S/N in the 10-s data is im-
proved by v/N, where N is the number of antennas, but
diluted by /(10 s/FRB_width). For instance, a 1000
FRB of width 1 ms in ICS mode with N = 36 anten-
nas will be a 60 detection in ASKAP low-time-resolution
imaging mode; hence ICS mode is significantly more sen-
sitive than the ASKAP imaging mode. Nevertheless, we
encourage searches for transients at shorter timescales at
other interferometric sites which lack CRAFT-like sys-
tem for potential FRB detection.

4.2. Constraints on afterglows

Wang & Lai (2020) have predicted radio afterglows for
models involving a NS, WD or BH as the central engines,
finding that sub-mJy level afterglows for non-repeating
FRBs peak around 10 days post-burst at 1 GHz. For a
binary NS merger scenario, the wJy level peak of the ra-

Object Timescale Rate (>20 mlJy)
(deg™)
AGN (ISS) mins—days 0.110

Active star (flaring) hrs—days 3.7x 107°

Active binary (flaring) hrs—days 1.8 x 1075

CV (Dwarf nova/jet) hrs—days 1.8 x107°
YSO (mass accretion/flare) hrs—weeks <9.1x1075
Brown Dwarfs (pulsing) sec—hrs <9.1x1075

Table 4. Rates of the slow radio transients at ASKAP snap-
shot sensitivity modified from Mooley et al. (2016). The slow
transient sources include interstellar scintillation (ISS) of an
AGN, active star flaring, cataclysmic variables (CV), young
stellar object (YSO) and brown dwarfs. These transients
may vary on timescales of seconds to weeks.

dio afterglow light curves of the jet (at different viewing
angles) and isotropic ejecta at 1.4 GHz from a source
at z = 0.5 may vary on time scales of a few days to
years (Lin & Totani 2020). For a magnetar produced
in a binary NS merger and AIC of a white dwarf, a
late-time radio emission (from months/years to decades
depending on the triggering mechanism) is anticipated
(Margalit et al. 2019).

Most of these models predict FRB afterglows on
timescales of months to years, longer than our obser-
vations probe. More interestingly for our study, Yi
et al. (2014) present light curves for both forward- and
reverse-shock afterglows on timescales of seconds to days
post-burst. They used the standard fireball model for
GRB afterglows to estimate luminosities of FRB radio
afterglows for a range of assumed total kinetic energies
and redshifts. Their models predict radio emission with
post-burst flux densities < 1 mJy for burst redshifts be-
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Figure 6. Top Panel: Plot of variance versus boxcar width
for ASKAP low time resolution series (red) and CRAFT high
time resolution series (blue) after subtracting FRB 191001.
This plot shows that the Gaussian noise in low time reso-
lution series data does not vary linearly with boxcar width
(as expected for white Gaussian noise). Bottom Panel: Plot
of reduced chi-square vs. timescales under investigation as-
suming a white Gaussian noise. No varying radio emission
was observed in low time resolution data lightcurve above
50. The high value of reduced chi-square is due to system-
atics. A chi-square test on high time resolution series data
rejects the hypothesis that varying radio emission exists at
98% confidence.

tween 0.01 to 0.5 at 1 GHz. Our 920 MHz ASKAP data
probe these timescales but the predicted fluxes are well
below our search threshold of 10 mJy for a 50 detection
of radio emission from an FRB at z = 0.2340(1), con-
sistent with our non-detection of afterglows in low time
resolution data spanning the hour after the FRB.

Our luminosity limits are presented in Table 3. Detec-
tion of energetic and low redshift FRBs (z = 0.1 —0.01)
in commensal ASKAP-CRAFT observations will place
stronger constraints on the radio radiative efficiency of
this model or could lead to detection. Constraints on
long-lasting, persistent or variable radio emission associ-
ated with FRBs will require a long term monitoring pro-
gram of FRB host galaxies on a day to year timescales.

5. SUMMARY

We report the detection of the first commensal FRB
with ASKAP, FRB 191001, at 920 MHz. Simultane-
ous imaging with the ASKAP hardware correlator led
to a search for slowly varying radio emissions before,
during and after the FRB. We did not find a varying ra-
dio emission and report luminosity limits on timescales
from 10 s to 1.4 hrs, which could potentially be used to
constrain progenitor models predicting FRB afterglows.
We also demonstrate that bright FRBs can be detected
as image-plane transients.

FRB 191001 is the brightest burst which has the best
localisation among the sample of seven ASKAP localised
FRBs (Macquart et al. 2020). The FRB originates from
the outskirts of a star-forming spiral galaxy in a possi-
bly interacting double system at a redshift of 0.2340(1).
Radio observations of the host galaxy reveal no com-
pact persistent radio source associated with FRB 191001
above 15uJy. However, the host is radio luminous with
most of the synchrotron radio emission occurring due to
high star-formation in the galaxy.

FRB 191001 shows multiple burst components, a large
scattering tail and a flat polarisation position angle.
These properties bear similarities with FRB 180924 and
FRB 190608 (Day et al. 2020). While the FRB is hosted
in a star-forming galaxy, the low Faraday rotation hints
at a progenitor environment not dominated by high
magnetic fields.

The commensal observations of ASKAP-CRAFT with
the imaging mode will continue to explore prompt radio
emissions and afterglows associated with FRBs (if any),
making ASKAP a unique and a powerful instrument in
the studies of FRBs and their progenitor systems.
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