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A B S T R A C T 

We report on a search for persistent radio emission from the one-off fast radio burst (FRB) 20190714A, as well as from 

two repeating FRBs, 20190711A and 20171019A, using the MeerKAT radio telescope. For FRB 20171019A, we also 

conducted simultaneous observations with the High-Energy Stereoscopic System (H.E.S.S.) in very high-energy gamma rays 
and searched for signals in the ultraviolet, optical, and X-ray bands. For this FRB, we obtain a UV flux upper limit of 
1 . 39 × 10 

−16 erg cm 

−2 s −1 Å−1 , X-ray limit of ∼ 6 . 6 × 10 

−14 erg cm 

−2 s −1 and a limit on the very high energy gamma-ray flux 

� ( E > 120 GeV ) < 1 . 7 × 10 

−12 erg cm 

−2 s −1 . We obtain a radio upper limit of ∼15 μJy beam 

−1 for persistent emission at 
the locations of both FRBs 20190711A and 20171019A with MeerKAT. Ho we ver, we detected an almost unresolved (ratio of 
integrated flux to peak flux is ∼1.7 beam) radio emission, where the synthesized beam size was ∼ 8 arcsec size with a peak 

brightness of ∼ 53 μJy beam 

−1 at MeerKAT and ∼ 86 μJy beam 

−1 at e-MERLIN, possibly associated with FRB 20190714A at 
z = 0.2365. This represents the first detection of persistent continuum radio emission potentially associated with a (as-yet) non- 
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repeating FRB. If the association is confirmed, one of the strongest remaining distinction between repeaters and non-repeaters 
would no longer be applicable. A parallel search for repeat bursts from these FRBs revealed no new detections down to a fluence 
of 0.08 Jy ms for a 1 ms duration burst. 

Key words: radiation mechanisms: non-thermal – radio continuum: galaxies – (transients:) fast radio burst. 
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 I N T RO D U C T I O N  

ast radio bursts (FRBs) are luminous transients that last for mi-
roseconds to milliseconds and occur at extragalactic to cosmological
istances (e.g. Lorimer et al. 2007 ; Thornton et al. 2013 ; Macquart
t al. 2020 ). The estimated high radio luminosities and associated
rightness temperatures required to produce these short-timescale
nergetic events at such distances are what makes them intriguing
Caleb & K eane 2021 ; Petrof f, Hessels & Lorimer 2022 ). They have
een observed to emit from ∼ 110 MHz − 8 GHz , though not yet
cross a wide and continuous frequency band due to the variable
and-limited spectra of the single pulses. Over 600 FRBs have been
eported 1 of which ∼20 have been seen to repeat, and it is presently
ncertain whether they all do (Caleb et al. 2019 ; James et al. 2020 ).
he extraordinary observed characteristics of the repeating and non-

epeating FRBs have led to various progenitor models with the
ulk of them favouring neutron stars. Progenitor theories include
inary neutron star mergers and collisions (Totani 2013 ; Yamasaki,
otani & Kiuchi 2018 ), giant pulses from extragalactic pulsars
Cordes & Wasserman 2016 ; Popov & Pshirkov 2016 ), hyperflares,
nd giant flares from magnetars (Popov & Postnov 2013 ; Popov,
ostnov & Pshirkov 2018 ), binary white dwarf mergers (Kashiyama,
oka & M ́esz ́aros 2013 ), neutron star ‘combing’ (Zhang 2018 ) and
nteractions of neutron stars with active galactic nuclei (Vieyro et al.
017 ) [see Platts et al. ( 2019 ) for a list of potential progenitors].
ome of these models predict radio afterglows accompanying an
RB with time-scales of days to years. Liu et al. ( 2016 ) propose

hat the merger of a K err–Ne wman black hole binary is one of the
lausible central engines for FRBs and their afterglows. Dai, Wang &
u ( 2017 ), ho we ver, suggest that the persistent emission is due to an
ltra-relativistic pulsar wind nebula sweeping up its ambient medium
ith FRBs repeatedly produced through one of several potential
echanisms. In the magnetar model by Metzger, Berger & Margalit

 2017 ) and Mar galit, Ber ger & Metzger ( 2019 ), FRBs produced
y binary neutron star mergers and accretion induced collapse
re expected to be accompanied by persistent radio continuum
mission on timescales of months to years. The persistent emission
s powered by the nebula of relativistic electrons and magnetic fields
nflated by the magnetar flares (Margalit et al. 2019 ). The existence
f persistent emission associated with FRBs could provide vital
lues to their origin. Moreo v er, potential candidates and models for
RB progenitors predict counterparts in the X-ray and TeV bands.
 or e xample, a model by Lyubarsk y ( 2014 ) predicts millisecond
utbursts of TeV emission accompanying FRBs from magnetars.
n 2020, FRB 20200428 was disco v ered for the first time from
 galactic magnetar, SGR 1935 + 2154. Furthermore, an X-ray
ounterpart to this FRB was detected for the first time by several
nstruments (Insight-HXMT 2020 ; Mereghetti et al. 2020 ; Ridnaia
t al. 2021 ; Tavani et al. 2021 ). 

Of the 20 FRBs that have been associated with host galaxies 2 (Niu
t al. 2022 ), the subarcsecond localization of the first repeating FRB
0121102A to a host galaxy at a redshift of z = 0.19273 ± 0.0008
NRAS 515, 1365–1379 (2022) 
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Bassa et al. 2017 ; Chatterjee et al. 2017 ; Tendulkar et al. 2017a )
howed that it is physically associated with a compact ( � 0.2 mas an-
ular extent at 5.0 GHz), persistent radio source of luminosity νL ν ∼
0 39 erg s −1 at a few GHz (Chatterjee et al. 2017 ; Marcote et al. 2017 ).
his source is detectable from 300 MHz to 26 GHz (Chatterjee et al.
017 ; Resmi, Vink & Ishwara-Chandra 2021 ) and is seen to exhibit

10 per cent variability on day time-scales. In contrast, a similar
ubmilliarcsecond localization of another repeating FRB 20180916B
o a nearby massive spiral galaxy at z = 0.0337 ± 0.0002 (Marcote
t al. 2020 ) showed no associated persistent radio emission. This
laces a strong upper limit on the persistent source luminosity of νL ν

 7.6 × 10 35 erg s −1 at 1.6 GHz, which is three orders of magnitude
ower than that of FRB 20121102A. Recently, the CHIME/FRB
ollaboration announced heightened activity in the repeating FRB
0201124A (Chime/FRB Collaboration 2021 ), which was localized
o a host galaxy at a redshift of z = 0.0979 ± 0.0001 (Fong et al.
021 ; Ravi et al. 2022 ). Persistent radio emission was detected by
he upgraded Giant Metrewave Radio Telescope (uGMRT) (Wharton
t al. 2021 ) and the Karl G. Jansky Very Large Array (VLA;
icci et al. 2021 ) on angular scales of a few arcseconds. The
mission was ho we v er resolv ed out on scales of ∼0.1 arcsec with
he European VLBI Network (Marcote et al. 2021 ) indicating that
t was not compact, and consequently different from that associated
ith FRBs 20121102A. More recently, a second repeating FRB, FRB
0190520B is seen to have similar characteristics to FRB 20211102A
n terms of host galaxy properties, burst activity and association with
 persistent radio source (Niu et al. 2022 ). This suggests that such
ersistent emission may be present in at least some FRBs and may
lay a vital role in their evolution (Law, Connor & Aggarwal 2022 ).
Localizations of four one-off FRBs through imaging of buffered

aw voltage data at 1.4 GHz (Bannister et al. 2019 ; Prochaska et al.
019 ; Macquart et al. 2020 ) by the Australian SKA Pathfinder
ASKAP) telescope resulted in non-detection of persistent radio
ontinuum emission from the host galaxies (Bhandari et al. 2020 ).
ustralian Telescope Compact Array (ATCA) observations of FRBs
0180924B, 20181112A, 20190102C and 20190608B were con-
ucted at a centre frequency of 6.5 GHz. No persistent emission as
uminous as the one associated with FRB 20121102A was detected
or the ASKAP FRBs (Bhandari et al. 2020 ). While the true age
f FRB 20121102A is unknown, models based on polarization
tudies predict the age to be ∼6 − 17 years (Hilmarsson et al.
021 ). It is possible that younger, more active FRBs like FRB
0121102A and FRB 20190520B are associated with compact
ersistent radio emission while the emission might have faded over
ime for the older ones. The possibility of repeating FRBs not being so
ncommon after all (Ravi 2019 ) along with the increasing arcsecond
ocalizations of FRB from radio interferometers suggests that we
re entering an era where we can begin to look for evidence of
ultiple classes by studying FRB host galaxies and multiwavelength

ounterparts. 
In this paper, we report on the search for persistent radio emission

n the host galaxies of one apparent one-off source (FRB 20190714A)
nd two repeating sources (FRBs 20171019A and 20190711A)
Kumar et al. 2019 , 2021 ) using MeerKAT. In case of the latter,
e also conducted simultaneous observations with the High Energy
tereoscopic System (H.E.S.S.) in very high-energy gamma-rays.

https://www.wis-tns.org/
https://frbhosts.org/
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Table 1. Details of the FRB fields observed with MeerKAT. 

Field name Observation date 
Synthesized 

beam 

rms 
( μJy beam 

−1 ) Detected? 

FRB 20171019A 2019 September 28 – No (calibration failure) 
FRB 20171019A 2019 October 18 6 . ′′ 8 × 5 . ′′ 0 5.2 < 15 μJy beam 

−1 

FRB 20190711A 2019 August 23 11 . ′′ 7 × 4 . ′′ 9 4.9 < 15 μJy beam 

−1 

FRB 20190711A 2019 September 09 12 . ′′ 5 × 4 . ′′ 9 4.6 < 15 μJy beam 

−1 

FRB 20190714A 2019 September 14 7 . ′′ 1 × 6 . ′′ 2 4.2 54.4 μJy beam 

−1 

FRB 20190714A 2019 September 28 6 . ′′ 5 × 5 . ′′ 1 5.8 52.0 μJy beam 
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n addition, we searched for signals in the ultraviolet, optical, and 
-ray bands. The paper is structured as follows. In Section 2 , we
iscuss our observations and data reduction; in Section 3 , we discuss
he single radio continuum detection and derived multi-wavelength 
pper limits. Our discussion and conclusions follow in Sections 4 
nd 5 . 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

.1 MeerKAT obser v ations 

he MeerKAT 64-parabolic-dish array (Jonas & MeerKAT Team 

016 ; Mauch et al. 2020 ) is located in the Northern Karoo desert
ear Carnarvon, South Africa. Each ‘offset Gregorian’ parabolic 
ish antenna has an ef fecti ve diameter of 13.5 m. The inner core of
he array contains 48 of the 64 dishes in a 1 km radius, while the
emaining 16 dishes are spread outward up to 8 km. The shortest
nd longest baselines of the MeerKAT array are 29 m and 8 km,
espectively, yielding angular scales of 5 arcsec to 27 arcmin at the
entral frequency, of the L -band receiver used here, of 1283 MHz.
ulti-epoch observations of the FRB fields were conducted with 

he MeerKAT array (Project ID: SCI-20190418-VC-01) at L -band 
856–1712 MHz). The total integration time on-source for the FRB 

argets was 90 min, and a phase calibrator was observed for 2 min
or every 15 min on the target FRB. J2225 − 0457, J1215 − 1731,
nd J1619 − 8418 were used as phase calibrators, while J1939 −
342, J0408 − 6545 were used as bandpass and flux calibrators 
observed for 5 min in the beginning and the end of the observations).
etails of the MeerKAT observations are presented in Table 1 . Only
tokes I (total intensity) of the MeerKAT observations are considered 

n this paper. The data correlation was done with the SKARAB
orrelator (Hickish et al. 2016 ) in 4k mode which gives 4096 channels 
cross the 856 MHz bandwidth resulting in a frequency resolution 
f ∼209 kHz. The data were reduced using the semi-automated 
eerKAT data analysis pipelines – oxkat 3 (Heywood 2020 ). 

.1.1 Imaging 

he OXKAT pipeline employs a collection of publicly available radio 
nterferometric data reduction software. The final data products, 
ncluding reduced and calibrated visibility data (including self- 
alibration), continuum (including subband) images as well as di- 
gnostic plots, are provided by the pipeline. The customary configu- 
ation of the OXKAT pipeline incorporates flagging, cross-calibration 
nd self-calibration processes. In the flagging process, the low-gain 
andpass edges (856 –880 MHz and 1658–1800 MHz) are flagged 
n all baselines, along with the location of the Galactic neutral 
 ht tps://ascl.net /code/v/2627 4
ydrogen line at 1419.8–1421.3 MHz to exclude line contamination 
f the continuum imaging process. Several other radio frequency 
nterference (RFI) prone regions of the spectrum are then flagged 
n baselines shorter than 600 m. Then, other possible RFI affected
ata are flagged out using the CASA (McMullin et al. 2007 ) routines
FLAG and TFCROP for the calibrators, and using the TRICOLOR
ackage for the target fields. 

The cross-calibration steps using OXKAT were standard, including 
etting the flux scale and deriving corrections for residual delay 
alibration, bandpass, and time-varying gain. The OXKAT pipeline 
ses the customary tasks from the CASA (McMullin et al. 2007 )
uite for cross-calibration. After applying all the corrections to the 
arget field, we averaged every five channels of the data before
 xtracting (i.e. e xtracting only the calibrated visibilities from the
cience target field) the science target. To deconvolve and image 
he target data, the WSClean imager (Offringa et al. 2014 ) was
sed, with the multiscale and wideband deconvolution algorithms 
nabled to better allow imaging of the diffuse emission present in our
elds. Deconvolution was performed in ten subband images (dividing 

he full bandwidth into 10 chunks of subbands) of each 82 MHz
ide-band (10 × 82 MHz). WSClean generates the multifrequency 

ynthesis (MFS) map, in joined-channel deconvolution mode, with 
 central frequency of 1283 MHz. In other words, the MFS map
s a full bandwidth map. In WSClean , each of the subbands is
econvolved separately with an initially high mask of 20 σ rms (using 
he auto masking function provided by WSClean ), to generate an
rtefact-free model of the target field for the self-calibration process. 
his masking threshold was iteratively reduced to a value of 3 σ rms 

n the final iteration of imaging. The OXKAT pipeline uses the
ustomary tasks from the Cubical software (Kenyon et al. 2018 )
or self-calibration. The achieved rms and synthesized beam sizes 
re shown in Table 1 . 

.1.2 Single pulse searches 

n addition to obtaining correlated data, the output data stream of
he F-engine are captured, delay corrected, phased and channelized 
efore being sent o v er the central beamforming network to the beam-
orming User Supplied Equipment (FBFUSE) that was designed and 
eveloped at the Max Planck Institute for Radio Astronomy in Bonn.
or this project, FBFUSE combined the data into 764 total-intensity 

ied-array beams which were used to populate the primary beam 

f ∼1 deg 2 of the array. The data are then captured at 306.24 μs
ime resolution by the Transient User Supplied Equipment (TUSE), 
 real-time transient detection backend instrument developed by 
he MeerTRAP 

4 team at the University of Manchester. More de- 
ails on TUSE will be presented in an upcoming paper (Stappers
MNRAS 515, 1365–1379 (2022) 
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Table 2. Details of the radio continuum source associated with FRB 20190714A. 

Field name Observation date Telescope νcentre (GHz) αJ2000 δJ2000 

Maj. × min. 
axis Pos. angle 

Integrated flux 
( μJy) 

FRB 20190714A 2019 September 14 MeerKAT 1.283 12 h 15 m 55 . s 154 −13 ◦01 
′ 
17 . ′′ 30 9 . ′′ 6 × 7 . ′′ 4 88.7 ◦ 93 

FRB 20190714A 2019 September 28 MeerKAT 1.283 12 h 15 m 55 . s 193 −13 ◦01 
′ 
17 . ′′ 18 8 . ′′ 2 × 6 . ′′ 4 12.2 ◦ 94 

FRB 20190714A(N) 2021 January 13 e-MERLIN 

7 1.510 12 h 15 m 55 . s 116 −13 ◦01 
′ 
14 . ′′ 51 0 . ′′ 65 × 0 . ′′ 15 17.6 ◦ 86 

FRB 20190714A(S) 2021 January 13 e-MERLIN 

8 1.510 12 h 15 m 55 . s 118 −13 ◦01 
′ 
16 . ′′ 32 0 . ′′ 64 × 0 . ′′ 26 6 ◦ 123 

7 Natural. 8 Tapered. 
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t al. in preparation). The GPU-based single-pulse search pipeline
stroAccelerate 5 (Dimoudi & Armour 2015 ; Ad ́amek & Armour
016 ; Ad ́amek et al. 2017 ; Dimoudi et al. 2018 ; Ad ́amek & Armour
019 ) was used to search for bursts in real-time after incoherently
e-dispersing the data in the DM range 0–5118.4 pc cm 

−3 (see Caleb
t al. 2020 for more details). 

.2 e-MERLIN obser v ations 

o constrain the position of the persistent continuum emission associ-
ted with FRB 20190714A, we conducted L -band (centre frequency
f 1.51 GHz) observations of the target with the enhanced Multi-
lement Remote-Linked Interferometer Network, e-MERLIN array

n the United Kingdom (project code: CY10003) on 2021 January 13
see Section 3.1.2 ). Six antennas were used including the 75-m Lo v ell
elescope and the target pointing centre was RA = 12 h 15 m 55 . s 12,
ec. =−13 ◦01 

′ 
15 . ′′ 7. The quasar J1407 + 2827 was used as the

andpass calibrator, the quasar J1331 + 3030 as the flux calibrator
nd the quasar J1216 − 1033 as the phase calibrator. The angular
eparation between the target and the phase calibrator is 2.47 ◦. The
ata reduction was done following standard e-MERLIN calibration
rocedures 6 with additional flagging of bad visibilities followed by
maging. We found two confusing sources in the field, at RA =
2 h 15 m 44 . s .669, Dec. =−12 ◦57 

′ 
59 . ′′ 56 and RA = 12 h 15 m 37 . s 216,

ec. =−13 ◦09 
′ 
33 . ′′ 44 at 4.1 and 9.4 arcmin from the pointing centre,

espectiv ely. The y had apparent flux densities of 4 and 1.3 mJy
ithout primary beam correction. We used these for self-calibration
f the field and then subtracted them from the visibility data. We made
 first image with Briggs weighting parameter robust = 1, hereafter
natural weighting’ (in which the visibilities are given similar weight
t any position in the visibility plane) using the beam parameters
s in Table 2 , elongated in the Declination direction due to the low
arget ele v ation from the UK. We made a second ‘tapered’ image for
hich the contribution of the longest baselines was weighted down

o mitigate the foreshortening of the synthesized beam (applying a
aussian uv taper equi v alent to 0 . ′′ 2) by broadening the minor axis

nd also increasing the sensitivity to extended flux. The results of the
etection of compact emission is given in Section 3.1.2 . 

.3 The Swift satellite: UVOT and XRT obser v ations 

eil Gehrels Swift Observatory ( Swift ) is a multiwavelength NASA
pace mission operating in soft-X-rays and optical/UV. Here, we use
ata from the X-ray Telescope (XRT) (Burrows et al. 2005 ) which
perates in the soft X-ray domain of 0.3 −10 keV as well as data
aken by the UV/Optical Telescope (UV O T) (Roming et al. 2005 )
perating in the UV to optical domain (170 −600 nm). During the
NRAS 515, 1365–1379 (2022) 

 ht tps://github.com/Ast roAccelerateOr g/astr o-accelerate 
 https:// github.com/e-merlin/ eMERLIN CASA pipeline 

3

T

S

RB 20171019A multiwavelength (MWL) observing campaign, two
 ks target-of-opportunity (ToO) observations were performed with
wift from 2019-09-28 18:37:02 to 2019-09-28 21:52:54 and 2019-
0-18 18:03:00 to 2019-10-18 20:03:00 on the FRB 20171019A
ocalization region. Simultaneously with Swift -XRT, five UV O T
mages were taken with the UVM2 filter (central wavelength
 2246 Å) o v er the 2 epochs with a total exposure of 4 ks. The

mages are aspect-corrected and summed with the uvotimsum tool
 HEASOFT 6.26 ). Observations were performed with Swift -XRT
n the standard Photon Counting observing mode (PC). The XRT
C data are processed with xrtpipeline ( HEASOFT 6.26 ). A
ummed image is extracted with xselect . 

.4 Very high energy gamma-ray observations with H.E.S.S. 

bservations of FRB 20171019A were also obtained in the very high
nergy gamma-ray domain with the H.E.S.S. imaging atmospheric
herenko v telescope array, sensitiv e in the range between a few

ens of GeVs and 100 TeV. H.E.S.S. is located on the Khomas
ighland plateau of Namibia (23 ◦16 

′ 
18 

′′ 
south, 16 ◦30 

′ 
00 

′′ 
east), at

n ele v ation of ∼1800 m abo v e sea lev el. Observations took place
ontemporaneously to the first epoch of MeerKAT observations of
RB 20171019A described abo v e. The data set was obtained with the
.E.S.S. phase II array, including the upgraded 12 m-diameter CT1-
 telescopes (Ashton et al. 2020 ) and the large 28 m-diameter CT5
elescope (Bolmont et al. 2014 ). A standard data quality selection
as applied to the data (Aharonian et al. 2006 ). The ev ents hav e then
een selected and their direction and energy reconstructed using a
og-likelihood minimization comparing the recorded shower images
f all triggered telescopes (requiring at least two telescopes to see the
ame gamma-ray event) to a semi-analytical model of air showers (de
aurois & Rolland 2009 ). 
We define a circular region-of-interest centered on the position

f FRB 20171019A with a radius of 0.12 ◦, optimal for a point-
ike source of emission as expected from FRB 20171019A. The
ackground level in this ON region was determined using the
tandard ‘ring background’ technique (Berge, Funk & Hinton 2007 )
ased on a radially symmetric ring around the source position. This
echnique allows us to derive the background level from the same field
f view and assures that the gamma-ray signal and background are
stimated with the same acceptance and under the same observation
onditions. 

 RESULTS  

.1 MeerKAT 

he theoretical thermal noise of the MeerKAT can be calculated as 

 rms = 

1 

ηc 

SEFD 

√ 

n pol × N ( N − 1) × 	ν × t int 
. (1) 

https://github.com/AstroAccelerateOrg/astro-accelerate
https://github.com/e-merlin/eMERLIN_CASA_pipeline
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Figure 1. (top) Histogram of the cross-match separations between 2532 discrete compact sources from our MeerKAT FRB 20190714A field and WISE point 
source catalogue of the same field. The distribution of the histogram peaks at ∼1 . ′′ 5. (inset) A scatter plot of the angular distance from the phase center of the 
MeerKAT pointing against the cross-match separation up to 5 arcsec. 
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he system equi v alent flux density (SEFD) of MeerKAT at the
.28 GHz is 443 Jy and ηc is the correlator efficiency. We used n pol 

 2 polarization products (XX and YY), N = 64 telescopes, 	ν

 856 MHz bandwidth and t int = 21600 s observing time for one
poch. This gives the theoretical rms of ∼ 2 μJy beam 

−1 . The typical
mage rms obtained from our residual images is ∼ 5 μJy beam 

−1 ,
hich is 2.5 times the expected theoretical rms. The wideband MFS

mage does not allow primary beam correction procedure as this can 
nly be done on the subband images with limited rms for detection
f the sources. Ho we ver, our sources are at the phase centres of our
elds and thus unaffected by the effect of the primary beam. 
We extracted and cross-matched discrete compact (smaller in size 

ompared to the ∼8 arcsec synthesized beam) sources from our 
eerKAT FRB 20190714A 14 September epoch with the Wide- 

eld Infrared Surv e y Explorer ( WISE ) point-source catalogue. Fig. 1
top panel) shows a histogram of the 2532 cross-match separations 
hich peaks at ∼1 . ′′ 5. We found no correlation between the position
ncertainty and angular distance from the phase centre of our 
eerKAT observations (see Fig. 1 insert). 

.1.1 Looking for persistent continuum emission associated with 
he FRB fields in the MeerKAT data 

ased on the results of the cross-match with WISE (see Fig. 1 ),
e considered potential associations of continuum sources in the 
eerKAT observations with the FRB location to sources within 

 arcsec. Using this spatial coincidence criterion, we identified 
 persistent 1283 MHz continuum source near FRB 20190714A, 
etected in both the 2019 September 14 and the 2019 September 
8 epoch. The peak of the MeerKAT radio emission is offset by
2.1 arcsec from the peak of the i -band magnitude of the optical

alaxy J121555.0941 − 130116.004 identified in the Panoramic 
urv e y Telescope and Rapid Response System (PanSTARRS, located 
t Haleakala Observatory) image (shown as contours in Figs 2 and
 ). We identified the PanSTARRS optical source as the host of the
RB 20190714A based on their spatial coincidence. The MeerKAT 

adio source is offset by 1 . ′′ 68 from the localization region of FRB
0190714A (light green star in Figs 2 and 3 ). 

.1.2 e-MERLIN detection of compact emission towards 
RB 20190714 

e detect two different sources of emission in our e-MERLIN data,
o the north and south of the FRB position, depending on the image
eighting used: 

(i) Northern source : Compact emission was detected in the 
.51 GHz e-MERLIN ‘natural’ image with a peak of 86 μJy
eam 

−1 at the position and beam size given in Table 2 (see light
reen filled circle (N) in Figs 2 and 3 ). The rms in this region
of full primary beam sensitivity) is 20 μJy, making this a 4.3 σ rms 

etection. Although the e-MERLIN flux scale nominal uncertainty 
s ∼5 per cent, in these data it is possibly higher due to the low
eclination of the phase-reference source and to the strong RFI 
hich were remo v ed from the data but may have affected the

inearity of the receiver response. We conservatively adopt a flux 
ensity scale error of 10 per cent. Combined with the stochastic
rror this gives a peak flux density uncertainty of 22 μJy beam 

−1 
MNRAS 515, 1365–1379 (2022) 
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Figure 2. Top: MeerKAT image of FRB 20190714A from 2019 September 14 (bottom) and the zoom-in image centered around the position of FRB 20190714A. 
Contours (levels: 300, 500, 900, 1200, 1600 counts) represent the PanSTARRS i -band optical counterpart of the spiral galaxy coincident in position with the 
persistent radio emission. The black ellipse in the lower left corner represents the MeerKAT beam size. The light green star and cyan circle represent the position 
of the FRB and the 2 σ total uncertainty in the position as determined by the ASKAP detection (Day et al. 2021 ). The two light green filled circles represent 
the peak of the two compact persistent emission (north and south indicated with orange N and S) detected with e-MERLIN. The yellow cross and yellow circle 
represent the peak of the MeerKAT emission and the 2 σ uncertainty on the position, respectively. 
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Figure 3. Top: MeerKAT image of FRB 20190714A from 2019 September 28 (bottom) and the zoom-in image centred around the position of FRB 20190714A. 
Contours (levels: 300, 500, 900, 1200, 1600 counts) represent the PanSTARRS i -band optical counterpart of the spiral galaxy coincident in position with the 
persistent radio emission. The black ellipse in the lower left corner represents the MeerKAT beam size. The light green star and cyan circle represent the position 
of the FRB and the 2 σ total uncertainty in the position as determined by the ASKAP detection (Day et al. 2021 ). The two light green filled circles represent 
the peak of the two compact persistent emission (north and south indicated with orange N and S) detected with e-MERLIN. The yellow cross and yellow circle 
represent the peak of the MeerKAT emission and the 2 σ uncertainty on the position, respectively. 
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M

Figure 4. UV O T summed image of FRB 20171019A region taken during the MWL observation campaign in 2019 September–October. The white circles 
indicate sources detected abo v e 5 σ . The c yan dot denotes the location of FRB 20171019A, the circle around it indicates the region used to derive the upper 
limits while the magenta region indicates the background region used. The green box indicates FRB 20171019A 90 per cent localization region as reported in 
Kumar et al. ( 2019 ). 
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nd integrated flux density uncertainty of 23 μJy. This makes
he e-MERLIN and MeerKAT flux densities consistent at ∼1 σ
lthough (as discussed below and in Section 4 ) this may be a
oincidence. This e-MERLIN source at RA = 12 h 15 m 55 . s 116 and
ec = −13 ◦01 

′ 
14 . ′′ 51 is offset from the FRB position by 0 . ′′ 06 in

A and 1 . ′′ 2 in Dec. in a northerly direction. Ho we ver, it is of fset
rom the MeerKAT position by 2 . ′′ 8. The e-MERLIN stochastic
osition uncertainty is (0.04, 0.16) arcsec and the uncertainty due
o the angular and time separation between phase-calibrator and
arget, and antenna position errors is (0.02, 0.07) arcsec. Including
n allowance for residual ripples due to imperfect subtraction
f confusing sources from e-MERLIN’s heterogeneous primary
eams, as discussed by Muxlow et al. ( 2005 ), we estimate a total
strometric uncertainty of (0.1, 0.25) arcsec in RA and Dec.,
espectively. 

(ii) Southern source : A source with higher integrated flux density
s revealed in the e-MERLIN ‘tapered’ image at 5.3 σ rms as given in
able 2 , at 12 h 15 m 55 . s 118 − 13 ◦01 

′ 
16 . ′′ 32 (see light green filled circle

S) in Figs 2 and 3 ). This source is 0 . ′′ 6 south of the FRB position and
1 . ′′ 4 from the MeerKAT position. The total astrometric position

ncertainties are (0.2, 0.25) arcsec. The rms noise in the tapered
mage is higher, 23 μJy, and the Northern compact source discussed
bo v e is reco v ered but at a lower significance. 

The Northern source must have an area less than 0.1 arcsec 2 (the
ynthesized beam), to be only detected at the higher resolution, whilst
he Southern source must have a lower surface brightness but a larger
rea, ∼0.16 arcsec 2 abo v e the detection threshold. 
NRAS 515, 1365–1379 (2022) 
We estimate the probability of a chance alignment of a background
ersistent MeerKAT radio source and the host galaxy, following
he procedure of Eftekhari et al. ( 2018 ). Instead of using the FRB
ocalization region, we use the area of the galaxy, which is taken as
 arcsec × 2 arcsec, twice the half light radius from Heintz et al.
 2020 ). Given the source has a flux density of ∼90 μJy we estimate
he chance alignment probability of 0.0008, which corresponds to
.4 σ . The flux density threshold, assuming 3 σ , for an unresolved
adio source is ∼ 15 μJy. If instead we consider the probability
f detecting any radio source abo v e our flux density threshold
f 15 μJy, the probability of a chance alignment is, therefore,
pproximately 0.8 per cent, making the statistical significance of
ur detection 2.6 σ . This represents the first detection of radio
ontinuum emission associated with the host (galaxy) of FRB
0190714A (see Figs 2 and 3 ). We note that ‘look-elsewhere’ effect
s not taken into consideration in our chance alignment probability
stimation. 

.1.3 MeerKAT non-detections 

o continuum emission was detected near FRBs 20171019A and
0190711A. As each of the images of these sources has an rms
f ∼ 5 μJy beam 

−1 , the 3 σ intensity upper limit of any emission
ssociated with FRBs 20171019A and 20190711A will be ∼ 15 μJy
eam 

−1 (see Table 1 ). 
Candidate pulses abo v e a signal-to-noise ratio (S/N) of 10 from the

ingle-pulse search with MeerTRAP were visually inspected offline.
o new FRBs or repeat bursts from the known FRBs were detected

art/stac1601_f4.eps
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Figure 5. XRT summed image of FRB 20171019A region taken during the MWL observation campaign in 2019 September–October. The position of the Wolf 
1561 star is indicated with the black open circle and labelled. The black box indicates FRB 20171019A 90 per cent localization region as reported in Kumar 
et al. ( 2019 ). 
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bo v e a fluence threshold of 0.08 Jy ms assuming a 1 ms duration
urst. 

.2 Swift 

he UV O T summed image is presented in Fig. 4 . The UV O T
eld of view corresponds roughly to the uncertainty 9 of the local- 

zation region of FRB 20171019A (RA = 7.5 arcmin and Dec. 
 7 arcmin). Using uvotdetect , we find 30 sources abo v e

he 5 σ level and within the FRB 20171019A uncertainty region. 
sing a 3 arcsec maximum separation, which is slightly larger than 

he UV O T PSF (Breeveld et al. 2010 ), these sources are cross-
atched with known catalogue sources. We find that out of the 

0 sources detected by UV O T, 28 are spatially coincident with stars
atalogued in the SDSS catalogue (DR12; Alam et al. 2015 ), and
ne source is coincident with a galaxy (AGN broad-line SDSS ID: 
237652599570890948 at z ∼ 0.156). This galaxy is also detected 
y the MeerKAT radio observations. 
We use the NASA/IPAC Extragalactic Database (NED) 10 to search 

or known galaxies in the FRB 20171019A uncertainty regions. 
e find multiple galaxies with unknown redshifts; therefore, we 

annot draw conclusions on the host galaxy from our observations. 
 https:// www.wis-tns.org/ object/20171019a 
0 https://ned.ipac.caltech.edu ; NED is funded by the National Aeronautics 
nd Space Administration and operated by the California Institute of Tech- 
ology. 

c
A

1

1

sing a 50 arcsec circular ON region centred on the position of
RB 20171019A and a 50 arcsec OFF region that does not con-

ain any of the detected sources, we run the uvotsource tool 
ith a 5 σ background threshold and obtain a flux upper limit of
 . 4 × 10 −16 erg cm 

−2 s −1 Å−1 without applying a Galactic extinction 
orrection. 

The XRT-summed image is shown in Fig. 5 . At the edge of the field
f view, we detect a source spatially coincident with the Wolf 1561
tar. As we consider this source unrelated to the FRB, we use the
nline Swift -XRT data products generator (Evans et al. 2007 , 2009 )
o derive upper limits in the 0.3–10 keV range on the count rate of
.001885 counts s −1 . Using WebPIMMS 11 (v4.11a) and assuming a 
eighted average N H = 5 . 12 × 10 20 cm 

−2 from the direction of the
ource estimated from the NASA’s HEASARC 

12 online tools (HI4PI 
ollaboration et al. 2016 ) and a power-law model with a photon

ndex = 2, this upper limit translates to an energy flux of 6 . 6 ×
0 −14 erg cm 

−2 s −1 (8 . 3 × 10 −14 erg cm 

−2 s −1 unabsorbed). 

.3 H.E.S.S. 

o significant gamma-ray e xcess abo v e the e xpected background
s detected from the direction of FRB 20171019A, with 52 gamma
andidate events from the source region and 524 background event. 
 second analysis using an independent event calibration and 
MNRAS 515, 1365–1379 (2022) 

1 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3pimms/ w3pimms.pl 
2 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3nh/w3nh.pl 
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Figure 6. Map of upper limits on the VHE gamma-ray energy flux derived from the H.E.S.S. observations. The limits are valid abo v e 120 GeV and assume a 
photon flux distribution following an E 

−2 dependence. The green box indicates the FRB 20171019A 90 per cent localization region as reported in Kumar et al. 
( 2019 ).The o v ersampling radius is 0.1 ◦. 

Figure 7. FRB 20171019A MeerKAT image and a zoom-in (insert) around the position of the FRB. The black ellipse on the bottom left corner of the insert 
represent the beam size of MeerKAT. 
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Figure 8. FRB 20190711A MeerKAT epoch I image and a zoom-in (insert) around the position of the FRB. The black ellipse on the bottom left corner of the 
insert represent the beam size of MeerKAT. 
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econstruction (Parsons & Hinton 2014 ) confirms this result. A search
or variable emission on time-scales ranging from milliseconds to 
everal minutes with tools provided in Brun et al. ( 2020 ) does not
ev eal an y variability abo v e 2.2 σ . F or the total data set of 1.8 h,
5 per cent confidence level (CL) upper limits on the photon flux
re derived using the method described by Rolke, L ́opez & Conrad
 2005 ). The energy threshold of the data is highly dependent on
he zenith angle of the observations. For these observations, the 
enith angles range from 15 to 25 deg, which leads to an energy
hreshold for the stacked data set of E th = 120 GeV. The upper
imit on the Very High Energy (VHE) gamma-ray flux abo v e that
hreshold and assuming an energy dependence following E 

−2 is 
 ( E > 120 GeV ) < 2 . 10 × 10 −12 cm 

−2 s −1 or � ( E > 120 GeV ) <
 . 7 × 10 −12 erg cm 

−2 s −1 . A variation of ± 0.5 of the assumed
pectral index leads to a variation in the upper limit of less than

19 per cent. A map of energy flux upper limits co v ering the full
egion accessible within the H.E.S.S. field of view abo v e 120 GeV
s given in Fig. 6 . 

 DISCUSSION  

f the targeted FRB fields reported here, only FRB 20190714A is
bserved to be possibly associated with a persistent radio continuum 

ource in the MeerKAT data. We obtain an upper limit of ∼ 15 μJy
eam 

−1 for FRBs 20190711A and 20171019A, respectively, and a 
eak intensity of ∼ 53 μJy beam 

−1 for the emission coincident with 
RB 20190714A. This source is detected at both epochs with similar
ntensities within the measured rms of the MeerKAT images (see 
ables 1 and 2 for details). The values in the Table 2 are derived
y carrying out 2D Gaussian fit using similar ellipses enclosing the
etected persistent emission. The average flux density is ∼3 times and 
4 times less than that of the persistent sources associated with two

f the most prolific repeaters, FRBs 20121102A and 20190520B, 
espectively. Persistent radio emission from FRB 20201124A was 
esolved out on scales of ∼0.1 arcsec with the European VLBI
etwork (Marcote et al. 2021 ), suggesting that it is not a compact

ource directly associated with the FRB. In contrast, the other 
ocalized, prolific repeating FRB 20180916A has no persistent radio 
ounterpart. 

We find that the Southern e-MERLIN source is most likely asso-
iated with the optical host galaxy/FRB. We find that the MeerKAT
ource is probably associated with this Southern e-MERLIN source. 
t should be noted that our positive chance alignment probability 
oes not take ‘look-else where’ ef fect into consideration. In Fig. 3
ne can see that the MeerKAT persistent radio source lies at the
dge of the optical extent of the host galaxy as seen in PanSTARRS
bservations (Heintz et al. 2020 ). Our derived 1283 MHz peak
osition with MeerKAT places it just 1 . ′′ 7 away from the position
f FRB 20190714A ( αJ 2000 , δJ 2000 = 12 h 15 m 55 . s 13, −13 ◦01 

′ 
15 . ′′ 60;

ay et al. 2021 ). The positional uncertainty on the FRB position is
 . ′′ 4 (Day et al. 2021 ). The natural e-MERLIN source North of the
RB is compact and, if the position errors are underestimated, it could
e associated with the FRB but this is a very tentative possibility. The
ositions of the FRB and the Northern compact source are consistent
MNRAS 515, 1365–1379 (2022) 
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ithin their 2 σ uncertainties. The source appearing further South
n the tapered image is closer to the FRB (0 . ′′ 7) and the MeerKAT
ource (1 . ′′ 4). It is very likely that it and the MeerKAT source are the
ame (i.e. radio emission from the host galaxy), as the typical size
f a fairly nearby star-forming galaxy is of order 2 arcsec, and the
ominal position determined by fitting a 2D Gaussian component has
n additional uncertainty as the true brightness distribution is likely
o be non-Gaussian. This emission from the Galaxy itself is resolved
n the longest e-Merlin baselines and so is not compact. 
The Northern source detected by e-MERLIN has an upper size

imit of 0.1 mas 2 but the Southern source is more extended, and
hus must be larger than the very compact persistent radio source
ssociated with FRB 20121102A (which is at a lower redshift than
RB 20190714A). We are unable to definitively state whether the
orthern source is truly compact or just 0.1 mas 2 . Higher resolution

maging is required to confirm this. If the Northern source is resolved
ut in higher resolution images, it may be more similar to the
ontinuum emission detected in FRB 20201124A by the uGMRT
nd VLA. At the angular diameter distance of FRB 20190714A (780
pc), an unresolved source with an angular size of 0 . ′′ 6 corresponds to

 physical extent of � 2.3 kpc. For 20201124A, the uGMRT reported
he detection of an unresolved radio emission at 650 MHz with a
ux density of 700 ± 100 μJy (Wharton et al. 2021 ), while the VLA
etected persistent emission with a flux density of 340 ± 30 μJy at
 GHz (Ricci et al. 2021 ). Assuming the estimated spectral index
etween these frequencies ( ∼−0.5, Ricci et al. 2021 ), the 1.3 GHz
ux density would be ∼ 500 μJy (similar to the 3 σ upper limit on
bservations from 1 to 2 GHz; Law et al. 2021 ). The flux density
e measured for FRB 20190714A is a factor of ∼10 lower than
RB 20201124A, but FRB 20190714A is also a factor of 2.6 more
istant. Therefore, the flux densities would be comparable if they
ere at similar distances. 
Given the resolution of MeerKAT, we are unable to definitively

tate whether the persistent emission is associated with a star-forming
egion or the FRB itself. The host star formation rate of 0.65 M �
r −1 (Heintz et al. 2020 ) is expected to produce a radio continuum
ounterpart with luminosity of L r ∼ 10 28 erg −1 s −1 Hz −1 (Kennicutt &
v ans 2012 ; Condon, Matthe ws & Broderick 2019 ). This is about
0 times lower than the observed radio luminosity of the source,
otentially indicating a persistent radio source like that seen toward
ther repeating FRBs like FRB 20121102A and FRB 20190520B.
o we ver, the relations used to estimate L r usually have an order of
agnitude scatter, so new observations are required to strengthen the

rgument. Additionally, after accounting for the Galactic contribution
o the measured FRB DM of 504.1 pc cm 

−3 , we estimate an excess
M of ∼460 pc cm 

−3 , which suggests an inferred redshift of z ∼ 0.4
ased on the Macquart relation (Macquart et al. 2020 ). The measured
edshift of z = 0.2365 (Heintz et al. 2020 ) for the spiral host galaxy
uggests that a significant contribution of ∼180 pc cm 

−3 must either
e accounted for by the host galaxy itself, an intervening foreground
alaxy or cosmic structure along the line of sight. Interestingly, both
epeating FRBs 20121102A and 20190520, which are associated
ith persistent radio emission, also have significant DM excesses

rising from their respective host galaxies (Tendulkar et al. 2017b ;
iu et al. 2022 ). 
One of the leading models to explain the bursts from, and

adio counterpart to FRB 20121102A, is a young, nebula powered
aring magnetar embedded in a 20–50-yr-old supernova remnant
Beloborodov 2017 ; Metzger, Margalit & Sironi 2019 ). The lack of
 bright persistent radio source associated with the repeater FRB
0180916A suggests that it is comparatively older at � 200 −500 yr
nd the persistent radio source may have faded. In the model
NRAS 515, 1365–1379 (2022) 
y Metzger et al. ( 2019 ), the nebula is suggested to contribute
ignificantly to the rotation measure and dispersion measure (DM), as
ell as to the persistent radio luminosity. These values are expected

o decrease on a time-scale of a few decades to centuries. Given
he association of a comparatively fainter persistent source, FRB
0190714A may potentially be a repeating FRB whose age lies
etween that of FRB 20121102A and FRB 20180916A. Millisecond
agnetars formed through standard astrophysical channels such as

ydrogen poor superluminous supernovae and long-duration gamma-
ay bursts are consistent with the progenitors of FRBs expected
n low-metallicity dwarf galaxies with high specific star formation
ate such as for FRB 20121102A. Ho we ver, Margalit et al. ( 2019 )
ote that it is also possible to form such sources through a variety
f channels, including binary neutron star mergers and accretion-
nduced collapse of white dwarfs in environments and host galaxy
emographics different to FRB 20121102A. Such suggestions are
onsistent with recent localizations (e.g. Heintz et al. 2020 ; Bhandari
t al. 2022 ). 

The X-ray and VHE observations with Swift and H.E.S.S. al-
ows us to probe non-thermal persistent emission associated to
he FRB host galaxy or its source. Recently, H.E.S.S. observed
GR1935 + 2154 (H.E.S.S. collaboration 2021 ) that is a Galactic
agnetar linked to a repeating FRB and its first X-ray counterpart.
agnetar X-ray flares could in fact be non-thermal in nature (Li

t al. 2021 ) indicating the presence of particle acceleration that could
otentially reach the VHE domain. The inverse Compton process is a
rimary candidate for the production of VHE non-thermal emission.
.E.S.S. observations did not lead to a detection of a persistent or
 transient source associated to FRB 20171019A. We found no X-
ay counterparts and thus derived the upper limits to constrain these
missions. In the case of existence of X-ray non-thermal outbursts,
he lack of VHE detection could hypothetically indicate that inverse
ompton is weak in the vicinity of the magnetars or that the VHE
amma-ray emission is quenched. This latter scenario could be
xplained by the fact that inverse Compton is taking place too close
o the magnetar’s surface, where pair production and photon splitting
ould be responsible for significant energy losses (Hu et al. 2019 ),
reventing energetic particles and photons to reach the nebula. 
No persistent emissions were detected towards FRB 20190711A

nd FRB 20171019A in our MeerKAT observations (see Figs 7 –9 ),
herefore no follow-up observations were conducted towards those
RBs. 

 C O N C L U S I O N S  

everal FRB models envision persistent emission to be associated
ith these sources. In this paper, we conducted radio observations
f three FRBs (FRB 20190714A, 20190711A, and 20171019A), and
lso a multiwavelength campaign on one of these (FRB 20171019A).

We detected possible persistent compact radio emission associated
ith FRB 20190714A (at z = 0.2365) using the MeerKAT and e-
ERLIN radio telescopes. We are unable to definitively claim the

ssociation of the compact source with the FRB with the current
ata. The low detection significance of the compact source makes it
ossible for it to be a spurious detection. Given the noisy environment
f e-MERLIN and the highly elongated synthesized beam at the
eclination of the FRB, it is also likely that the e-MERLIN position
rrors might be underestimated, if the source is indeed real. Higher
esolution imaging is necessary to remo v e an y ambiguities and
rovide certainty about the size and location of the continuum radio
mission. If confirmed, this could represent the first detection of the
adio continuum emission associated with the host (galaxy) of FRB
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Figure 9. FRB 20190711A MeerKAT epoch II image and a zoom-in (insert) around the position of the FRB. The black ellipse on the bottom left corner of the 
insert represent the beam size of MeerKAT. 
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0190714A. Additionally, it would suggest that all FRBs, repeaters 
nd non-repeaters alike, originate from similar emission processes 
ith a combination of effects go v erning their repetition rates, spectral
roperties and local environments. We also performed UV, X-ray, 
nd VHE observations with the Swift and H.E.S.S. instruments 
nd obtained upper limits in the three domains constraining the 
WL emissions from FRB 20171019A. The search for FRB MWL 

ounterparts is ongoing within the H.E.S.S. collaboration and more 
esults will be published in future works. 

We furthermore obtained a radio upper limit of ∼15 μJy beam 

−1 

or the repeating FRBs 20190711A and 20171019A. 
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