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A B S T R A C T 

We present the first sub-arcsecond localized Fast Radio Burst (FRB) detected using MeerKAT. FRB 20210405I was detected 

in the incoherent beam using the MeerTRAP pipeline on 2021 April 05 with a signal to noise ratio of 140.8 and a dispersion 

measure of 565.17 pc cm 

−3 . It was detected while MeerTRAP was observing commensally with the ThunderKAT large surv e y 

project, and was sufficiently bright that we could use the ThunderKAT 8 s images to localize the FRB. Two different models of 
the dispersion measure in the Milky Way and halo suggest that the source is either right at the edge of the Galaxy, or outside. This 
highlights the uncertainty in the Milky Way dispersion measure models, particularly in the Galactic Plane, and the uncertainty 

of Milky Way halo models. Further investigation and modelling of these uncertainties will be facilitated by future detections and 

localizations of nearby FRBs. We use the combined localization, dispersion measure, scattering, specific luminosity, and chance 
coincidence probability information to find that the origin is most likely extra-galactic and identify the likely host galaxy of the 
FRB: 2MASS J1701249 −4932475. Using SALT spectroscopy and archi v al observ ations of the field, we find that the host is a 
disc/spiral galaxy at a redshift of z = 0.066. 

Key w ords: f ast radio bursts – radio continuum: galaxies – radio continuum: transients. 
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 I N T RO D U C T I O N  

ast radio bursts (FRBs) are short, bright, and coherent radio 
ransients with durations on the order of milliseconds (see e.g. Cordes
 Chatterjee 2019 ; Petroff, Hessels & Lorimer 2019 ; Caleb & Keane

021 ; Chatterjee 2021 ; Petroff, Hessels & Lorimer 2022 , for recent
e vie ws). Most FRBs are observed as one-off events, though some are
bserved to repeat. Due to their transient nature and short-duration, 
 E-mail: laura.driessen@sydney.edu.au 
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ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
ocalizing one-off events to less than a few arcseconds remains a
hallenge. 

The first FRB to be localized, FRB 20121102A, was a repeater.
his repeating nature allowed it to ultimately be localized to 0 . ′′ 1

Chatterjee et al. 2017 ; Marcote et al. 2017 ) and associated it with
 faint, continuum radio source which exhibits flux variability of 
ens of percent on day time-scales. Tendulkar et al. ( 2017 ) imaged
he position of the FRB with the Gemini North telescope, revealing
 dwarf galaxy at a redshift of z = 0.19273(8). This galaxy has
 low metallicity and shows no signs of active galactic nucleus
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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AGN) activity. Very long baseline interferometry (VLBI) follow-
p observations with milliarcsecond resolution revealed a projected
inear separation of � 40 pc between the source of the FRBs and
he persistent continuum radio source with the latter having a
rojected size of � 0.7 pc (Marcote et al. 2017 ). All together, the
bservations suggest that the source of the FRBs could be associated
ith a low-luminosity AGN or a young neutron star powering a

upernova remnant (Chatterjee et al. 2017 ; Marcote et al. 2017 ). The
ase of FRB 20121102A demonstrates how important localization
s for identifying host galaxies and unveiling local environments,
ltimately shedding light on the physical processes leading to the
urst production. 

With the advent of intereferometeric searches, FRBs are now
lmost routinely being localized upon disco v ery without having to
ely on repeaters for precise localization. There were ∼800 published
RBs in the Supernova Working Group Transient Name Server 1 

TNS) at the time of writing, of which 57 are known repeaters.
resently, 27 FRBs have been conclusively localized to a host galaxy.
ineteen of these FRBs (Bannister et al. 2019 ; Prochaska et al.
019 ; Bhandari et al. 2020 ; Heintz et al. 2020 ; Macquart et al. 2020 ;
handari et al. 2022 ; James et al. 2022b ; Bhandari et al. 2023 ; Gordon
t al. 2023 ; Ryder et al. 2023 ) were detected and localized using the
ustralian Square Kilometre Array Pathfinder (ASKAP; Hotan et al.
021 ), four (Chatterjee et al. 2017 ; Law et al. 2020 ; Luo et al. 2020 ;
iu et al. 2022 ) have been localized using the Karl G. Jansky Very
arge Array (VLA; Perley et al. 2011 ), two (Bhardwaj et al. 2021 ;
arcote et al. 2021 ; Kirsten et al. 2022 ; Nimmo et al. 2022b ) have

een localized using Very Long Baseline Interferometry (VLBI) both
sing the European VLBI network (EVN; Marcote et al. 2020 ), one
as been localized using the Deep Synoptic Array 10-dish (DSA-10)
rototype (Ravi et al. 2019 ), and one (Ravi 2023 ) has been localized
ith the DSA-110 prototype. Seven of the 27 localized FRBs are

epeaters. Upon investigating the global properties of a sample of
RB host galaxies, Bhandari et al. ( 2022 ) and Gordon et al. ( 2023 )
ound no significant difference between the host galaxies of repeating
nd non-repeating FRBs. 

Localization reveals important information about FRBs and their
osts, and gives us clues about their progenitors and immediate
nvironments. Some progenitor models for FRB 20121102A include
 young neutron star in a compact supernova remnant or a neutron
tar near the accretion torus of a black hole (Chatterjee et al.
017 ; Michilli et al. 2018 ; Zhang 2018 ). The localization of the
epeating FRB 20200120E (Kirsten et al. 2022 ) to a globular cluster
n the M81 galactic system requires an unusual magnetar progenitor
odel for FRBs as globular clusters consist of older stars, not the

oung population expected for magnetars. If we can determine the
osition of an FRB progenitor, we can also determine if the FRB
assed through the halo of an intervening galaxy. Prochaska et al.
 2019 ) used one such event FRB to constrain the halo gas density,
agnetization and turbulence of the intervening galaxy. Macquart

t al. ( 2020 ) demonstrated that a large sample of arcsecond-localized
RBs can be used to directly measure the baryons in the universe. 
MeerKAT (Camilo et al. 2018 ) is an interferometer in the Karoo

egion of South Africa. It consists of 64 × 13.5 m dishes and has
aselines up to 8 km, resulting in a field of view (FoV) of ∼1 square
egree and resolution of better than ∼ 5 ′′ at 1400 MHz. MeerKAT
urrently has two receivers installed, the L-band receiver (856–
712 MHz) and the UHF receiver (580–1015 MHz) and can observe
n modes with 1024, 4096, or 32 000 channels. 
NRAS 527, 3659–3673 (2024) 

 https:// www.wis-tns.org/ 

b  

2

The Meer(more) TRAnsients and Pulsars (MeerTRAP; Sanidas
t al. 2018 ; Bezuidenhout et al. 2022 ; Jankowski et al. 2022 ; Rajwade
t al. 2022 ) project at the MeerKAT telescope undertakes fully com-
ensal, high-time resolution radio transient searches simultaneously
ith all of the ongoing MeerKAT Large Surv e y Projects (LSPs). 
ThunderKAT (Fender et al. 2016 ) is the MeerKAT LSP searching

or , and in vestigating, radio transient and variable sources in the
mage-plane. ThunderKAT observes and monitors known variable
adio sources such as X-ray binary systems (e.g. Russell et al. 2019 ;
right et al. 2020 ; Williams et al. 2020 ; van den Eijnden et al. 2022 ),

ollows up sources that were initially detected at other wavelengths
Hewitt et al. 2020 ; Rhodes et al. 2020 ; Driessen et al. 2022b ), and
erforms untargeted searches for transient and variable sources in the
oV of MeerKAT image-plane observations (Driessen et al. 2020 ;
ndersson et al. 2022 ; Rowlinson et al. 2022 ; Driessen et al. 2022a ).
In this paper, we present the detection and localization of FRB

0210405I the first sub-arcsecond localization of an FRB using
eerKAT. In Section 2 , we describe the MeerTRAP and Thun-

erKAT radio observations. In Section 3 , we present the detection
nd properties of FRB 20210405I. In Sections 5 and 6 we summarize
nd conclude. 

 R A D I O  OBSERVATI ONS  

.1 MeerTRAP pipeline 

or the observations presented in this paper, MeerKAT was observing
t an L-band centre frequency of 1284 MHz with a usable bandwidth
f ∼770 MHz. Single pulses are searched for simultaneously in
ncoherent and coherent modes using the MeerTRAP backend. In
he coherent mode, the voltages from the inner 40–44 dishes of the

1-km core of the array are coherently combined to 764 coherent
eams (CBs) on sky with a total FoV of ∼0.4 deg 2 . A CB typically
as a FWHM of ∼ 43 ′′ but can vary in size depending on the ele v ation
f the telescope at the time of observation. In the incoherent mode
he intensities of all the available 64 MeerKAT dishes are summed
o create a less sensitive incoherent beam (IB) but with a much wider
oV of ∼1.3 deg 2 . The CBs typically tile the IB with beams touching
here the sensitivity is 25 per cent of the peak CB sensitivity. 
The output data stream of the F-engine are captured, delay cor-

ected, phased, and channelized before being sent o v er the network to
he Filterbanking Beam-former User Supplied Equipment (FBFUSE)
hat was designed and developed at the Max Planck Institute for
adio Astronomy in Bonn. Typically, for L-band observations
BFUSE combines the data into 764 total-intensity tied-array beams.
he data are then captured at 306.24 μs time resolution by the
ransient User Supplied Equipment (TUSE), a real-time transient
etection backend instrument developed by the MeerTRAP team at
he University of Manchester. The GPU-based single pulse search
ipeline AstroAccelerate 2 (Armour et al. 2012 ; Ad ́amek & Armour
020 ) is used to search for bursts in real-time after incoherently de-
ispersing the data in the DM range 0–5118.4 pc cm 

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

.2 ThunderKAT imaging 

he ThunderKAT observations presented here are targeted observa-
ions of the low-mass X-ray binary GX 339 −4. ThunderKAT has
een observing this source on a weekly cadence since September
 https:// github.com/ AstroAccelerateOrg/ astro-accelerate 

https://www.wis-tns.org/
https://github.com/AstroAccelerateOrg/astro-accelerate


A nearby FRB localised with MeerKAT 3661 

2  

T  

a
a

M
i
L  

f
J  

a  

b  

1

c
d
c
C
2  

D
 

w
i  

w  

o
a  

w
t  

w  

m
a
r
u  

W
M
f
W
t

w
(  

d
f  

T
t
s
b
i  

r
a

 

t
i

3

4

5

6

c
7

c

a

η

w  

e
w
s  

d  

a  

T  

d

M

w
u

ξ

a  

A  

d

2

W  

3  

W  

t  

t
W
N
t  

h  

A
B  

a
1  

S
 

m  

t  

c
s

X⎡

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/2/3659/7337342 by guest on 21 April 2024
018 and continued to do so until August 2023 (Tremou et al. 2020 ).
he high cadence and length of the monitoring campaign make this
n excellent field for performing commensal searches for variable 
nd transient sources (Driessen et al. 2020 , 2022a ). 

The ThunderKAT GX 339 −4 observations are taken using the 
eerKAT L-band receivers in full-polarisation mode. The shortest 

ntegration time available for most imaging observations is 8 s. The 
-band receiv ers hav e a bandwidth of 856 MHz with a central

requency of 1284 MHz. The bandpass and flux calibrator, PKS 

1934 −638, is observed for 5 min at the start of the observing block
nd the phase calibrator, PMN J1726 −5529, is observed for 2 min
efore and after the target scan. The target is typically observed for
0 min. 
The imaging data were processed using standard methods in- 

luding flagging with AOFlagger 3 (Offringa 2010 ; Offringa, van 
e Gronde & Roerdink 2012 ) and calibration, including phase 
orrection, antenna delays, and band-pass corrections, using the 
ommon Astronomy Software Application 4 (CASA; McMullin et al. 
007 ). Further details on the processing methods can be found in
riessen et al. ( 2020 ) and Tremou et al. ( 2020 ). 
In order to image as well as possible o v er short time intervals,

e produced an image mask using a deep, combined MeerKAT 

mage of the GX 339 −4 field made by jointly imaging the visibilities
ith DDFacet (Tasse et al. 2018 ) from 8 epochs (a commissioning
bservation from April 2018 and the weekly epochs from September 
nd October 2018) for a total integration time of 3.63 h. The data
ere then imaged with WSClean (Offringa et al. 2014 ) utilizing 

he image mask. Images of the single epoch, full integration time as
ell as the shortest integration time (8 s), were made. We included
ultiscale cleaning, a Briggs robust weight of −0.7 (Briggs 1995 ) 

nd three w-projection plane layers. To maximize the signal-to-noise 
atio (S/N) we performed a multifrequency synthesis (MFS) clean 
sing 8 frequency channels and a 4 th order spectral polynomial fit.
e also produced subband images by removing the spectral fit and 
FS imaging parameters, resulting in 8 subband images with central 

requencies: 909, 1016, 1123, 1230, 1337, 1444, 1551, 1658 MHz. 
e then primary beam corrected the sub-band images by dividing 

hem by primary beam models. 
Searching for variables and transients in ThunderKAT images 

as performed using the the LOFAR Transients Pipeline 
 TraP , Release 4.0; Swinbank et al. 2015 ). The TraP is software
esigned with LOFAR 

5 specifically in mind. It extracts light curves 
or radio sources from a time series of fits images. We used the default
raP parameters 6 with some small adjustments. We forced the TraP 

o search for sources consistent with the Gaussian synthesized beam 

hape and required that sources be separated by three beamwidths to 
e considered unique. In other work searching for variable sources 
n this field (see Driessen et al. 2022a ) we manually identified
esolved sources and artefacts. We removed these sources in our 
nalysis. 7 

We searched for interesting sources in the TraP light curves using
hree variability parameters: ην , V ν , and ξν, max . The ην parameter 
s based on the reduced χ2 statistic, where the model light curve 
 https:// sourceforge.net/ projects/ aoflagger/ 
 https:// casa.nrao.edu/ 
 The transients key project: https:// transientskp.org/ 
 The default settings for the pipeline configuration and job configuration files 
an be found in the TraP documentation . 
 See https:// github.com/ AstroLaura/ MeerKAT LightCurve Analysis for the 
ode for extracting the source information from TraP . 
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here N is the number of measurements, I ν, i is the flux density for
poch i, I ν is the mean flux density, and w is the weight ( w = 1 / σ 2 

ν,i 

2 

here σ 2 
ν,i are the 1 σ uncertainties). We therefore expect a constant 

ource to have a ην close to one. The V ν parameter is the standard
eviation of the light curve divided by the mean of the light curve
nd as such measures the spread of the flux density measurements.
he ξν, max parameter is based on the median and the median absolute
eviation (MAD) of the light curve where the MAD is given by 

AD = median 
(∣∣∣I ν,i − ˜ I ν

∣∣∣) , (2) 

here ˜ I ν is the median flux density. The ξ value is then calculated 
sing 

i = 

I ν,i − ˜ I ν

median 
(∣∣∣I ν,i − ˜ I ν

∣∣∣) (3) 

nd the ξν, max value is the resulting maximum value of the set ξ i .
 high ξν, max indicates a short, bright outburst and is useful for
etecting transients. 

.2.1 Absolute astrometry 

e corrected the absolute astrometry of the radio sources in the GX
39 −4 field using the method described in Driessen et al. ( 2022a ).
e used the PYTHON Blob Detector and Source Finder 8 ( pyBDSF )

o determine the positions of sources in an image, which we used
o determine and correct the accuracy of our absolute astrometry. 

e used Australian Telescope Compact Array (ATCA) Parkes-MIT- 
RAO (PMN) sources (ATPMN; McConnell et al. 2012 ) within 

he MeerKAT FoV to correct the astrometry. The ATPMN surv e y
as a median absolute astrometric uncertainty of 0 . ′′ 4 in both Right
scension (RA) and Declination (Dec.) when compared to the Long 
aseline Array (LBA) Calibrator Surv e y (LCS1; Petro v et al. 2011 )
nd the International Celestial Reference Frame (ICRF; Ma et al. 
998 ). Both LCS1 and ICRF use the International Celestial Reference
ystem (ICRS). 
To determine our astrometric accurac y, we solv ed for a transfor-
ation matrix, A to shift and rotate the MeerKAT sources to match

he positions of the ATPMN sources. 9 If X represents the uncorrected
oordinates and X 

′ 
represents the corrected coordinates, then we are 

olving for A : 

 

′ = XA (4) 

 

 

RA 

′ 
1 DEC 

′ 
1 1 

RA 

′ 
2 DEC 

′ 
2 1 

RA 

′ 
N DEC 

′ 
N 1 

⎤ ⎦ = 

⎡ ⎣ 

RA 1 DEC 1 1 
RA 2 DEC 2 1 
RA N DEC N 1 

⎤ ⎦ 

⎡ ⎣ 

a 1 a 2 1 
b 1 b 2 1 
c 1 c 2 1 

⎤ ⎦ , (5) 

here A is an affine transformation matrix that includes scale, shear,
nd translation. 
MNRAS 527, 3659–3673 (2024) 

 https:// www.astron.nl/ citt/ pybdsf/ 
 The code for performing the astrometric corrections can be found on GitHub: 
ttps:// github.com/ AstroLaura/ MeerKAT Source Matching 

https://sourceforge.net/projects/aoflagger/
https://casa.nrao.edu/
https://transientskp.org/
https://tkp.readthedocs.io/en/latest/userref/config/
https://github.com/AstroLaura/MeerKAT_LightCurve_Analysis
https://www.astron.nl/citt/pybdsf/
https://github.com/AstroLaura/MeerKAT_Source_Matching


3662 L. N. Driessen et al . 

M

Figure 1. Dynamic spectrum of FRB 20210405I. The lower panel shows 
the time and frequency. The top panel shows the frequency averaged burst 
profile. The profile has been de-dispersed to the scattering-corrected DM of 
565.17 pc cm 

−3 . The S/N-maximizing DM is 566.43 pc cm 

−3 . The red lines 
indicate frequency channels that have been masked due to RFI. The dropout 
of the FRB signal around 1.4 GHz that can be seen in both the dynamic and the 
total intensity spectrum in Fig. 4 is instrumental in nature. The time samples 
in that ∼30 MHz frequency range are delayed by about 1.25 s with respect to 
the rest of the data. This is a known issue that used to happen in exceptional 
cases when one or more beamformer nodes dropped out of sync with the 
rest of the cluster, thereby delaying their signal. The frequency width of the 
shifted signal of 2 × 856 MHz/64 = 26.75 MHz indicates that two logical 
nodes (one physical server) were affected. 
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Table 1. Properties of FRB 20210405I. 

FRB 

Parameter Unit measured 

MJD topo 
a 59309.1768572970 

UTC topo 
a 2021 Apr 05 04:14:40.470 

Beam IB 

RA (hms) 17 h 01 m 21 . s 5 ± 0 . ′′ 4 
Dec. (dms) −49 ◦32 ′ 42 . ′′ 8 ± 0 . ′′ 5 
l (deg) 338.1920 
b (deg) −4.5969 
S/N-maximizing DM (pc cm 

−3 ) 566.43 
Scattering-corrected DM (pc cm 

−3 ) 565.17 
S/N 140.8 
W 50p 

a (ms) 9.79 ± 0.23 
W 10p 

a (ms) 23.80 ± 0.53 
τa 
s (ms) 8.67 ± 0.28 

W 

a 
eq (ms) 11.81 ± 0.23 

Project physical offset (kpc) 10.65 

Instrumental 
t dm 

b (ms) 6.3 
N chan 1024 
N ant, ib 60 
LSP ThunderKAT 

Inferred 
S peak (Jy) 15.9 
F (Jy ms) 120.8 
DM mw, ne2001 (pc cm 

−3 ) 516.1 
DM mw, ymw16 (pc cm 

−3 ) 348.7 
DM halo (pc cm 

−3 ) 144 
DM xg, ne2001 (pc cm 

−3 ) 50.3 
DM xg, ymw16 (pc cm 

−3 ) 217.7 
z 0.066 

Notes. a Measured at 1016.5 MHz. 
b Intrachannel dispersive smearing in the lowest frequency channel. 
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We then applied A to the coordinates of all sources in the field. In
he case of the 8 s integration images, we determined the astrometric
orrection for the full integration (usually 10 min) image and applied
hat correction to the 8 s slices. 

 FR B  2 0 2 1 0 4 0 5 I  

RB 20210405I was detected while MeerTRAP was observing
ommensally with ThunderKAT during an observation of GX 339 −4
n 2021 April 05 at 04:14:40 UTC. The pulse, shown in Fig. 1 ,
as extremely bright, and was detected by the MeerTRAP real-time

ransient pipeline in the IB as well as several hundred CBs, implying
 nearby origin. The pulse was brightest in the IB, and we obtain
n optimized S/N of 140.8 corresponding to a S/N-maximizing DM
f 566.43 pc cm 

−3 using the MTCUTILS 10 package or a scattering-
orrected DM of 565.17 pc cm 

−3 . The scattering-corrected DM is
he DM which gives the minimum pulse width when scattering,
ntrinsic width and dispersion measure smearing has been accounted
or. The expected Galactic DM contribution is ∼350 pc cm 

−3 using
he YMW16 Galactic free-electron model (Yao, Manchester & Wang
017 ) or ∼500 pc cm 

−3 using the NE2001 Galactic free-electron
odel (Cordes & Lazio 2002 ). We assume a conserv ati ve halo DM

ontribution of 144 ± 60 pc cm 

−3 (with a 40 per cent uncertainty)
s the source is close to the Galactic plane (Yamasaki & Totani
020 ). Here we will present the properties of FRB 20210405I, with
 summary shown in Table 1 . 
NRAS 527, 3659–3673 (2024) 
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a  

2
 

s  
.1 Localization 

he high detection S/N of FRB 20210405I meant that we could
tilize the ThunderKAT imaging observations to localize it. The
maging observation had an observation time of 10 min, with a

inimum integration time of 8 s. The pulse has a dispersion delay of
1.4 s, which is fully contained within one 8 s image. As described

n subsection 2.2 , we made a full time integration MFS image and
4 × 8 s image slices using WSClean . 
We applied the TraP to the 8 s images. The resulting variability

arameters are shown in Fig. 2 . We can see that the known mode-
hanging pulsar, PSR J1703 −4851 (Wang, Manchester & Johnston
007 ; Jankowski et al. 2019 ), is an outlier in all three parameters
see Driessen et al. 2022a , for the light curve of PSR J1703 −4851).
here is also another outlier in these plots that is more extreme

n the V ν and ξν, max parameters compared to PSR J1703 −4851,
nd has a lower median flux density. This outlier was detected in a
ingle 8 s image, centred in time on 2021 April 05, T: 04:14:42.2,
hich matches the time that MeerTRAP detected FRB 20210405I.
n image of the burst is shown in Fig. 3 (left panel). As it was the
nly outlier in the variability parameters apart from known source
SR J1703 −4851, was detected in a single epoch, and was detected
t the time of FRB 20210405I, we identified this source as FRB
0210405I. 
We corrected the astrometry using the method described in

ubsection 2.2.1 . We determined the transformation matrix, A , using

https://bitbucket.org/vmorello/mtcutils/
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Figure 2. Variability parameters (described in subsection 2.2 ) for all sources in the 8 s images from 2021 April 05. PSR J1703 −4851 (labelled) is an outlier. 
The other, lower flux density outlier is FRB 20210405I. 

Figure 3. MeerKAT images of the position of FRB 20210405I. The left panel shows the 8 s MeerKAT MFS image where FRB 20210405I was detected and 
localized. The position of FRB 20210405I is marked with the magenta circle (2 ′′ radius) and cross hairs. The right panel shows the 3.63 h combined image of 
the GX 339 −4 field, with the location of the continuum source MKT J170121.4 −493250 marked with cyan circle (2 ′′ radius) and cross hairs. For both sets of 
cross hairs the size of the cross hairs reflects the sizes of the uncertainties on the positions. The synthesized beam is shown in the bottom left of each panel. 

Table 2. Separation between the ATPMN and MeerKAT reference sources 
before and after applying the transformation. The MeerKAT positions were 
extracted from the full, 10 min integration image. The separation is given in 
arcseconds. 

ATPMN source name Separation before ( ′′ ) Separation after ( ′′ ) 

J165418.2 −481303 0.6 0.4 
J165613.1 −492318 0.6 0.2 
J165614.9 −472915 0.2 0.2 
J165908.3 −481548 0.1 0.1 
J171154.9 −491250 0.4 0.07 
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he 10 min image: 

 = 

⎡ ⎣ 

1 . 0 −3 . 8 × 10 −3 1 . 0 
8 . 5 × 10 −5 1 . 0 1 . 0 

−1 . 2 × 10 −2 2 . 1 × 10 −3 1 . 0 

⎤ ⎦ . (6) 

he separations between the MeerKAT sources and ATPMN sources 
efore and after correcting the astrometry are shown in Table 2 . We
hen applied the transformation matrix to the 8 s image containing 
RB 20210405I. To confirm that the correction to the 10 min image
as applicable to the 8 s images we compared the positions of the
right sources in the field between the full integration time and 8 s
mages. We found that the median offset of the positions was 0 . ′′ 2,
hich is less than the 0 . ′′ 4 uncertainty on the ATPMN positions.
s such the uncertainty on the astrometry is the 0 . ′′ 4 arcsecond

bsolute astrometric uncertainty from the ATPMN positions. After 
pplying the correction, the position of FRB 20210405I was deter- 
ined to be RA: 17 h 01m21 . s 5 (255.33970 ◦) and Dec.: −49 ◦32 ′ 42 . ′′ 5

 −49.54515 ◦). The uncertainty on the RA and Dec. found by
yBDSF was 0 . ′′ 1 and 0 . ′′ 2, respecti vely; ho we ver, the uncertainty
n the astrometric correction was 0 . ′′ 4 in both RA and Dec. We added
hese uncertainties in quadrature to find that the uncertainty on the
osition of FRB 20210405I is 0 . ′′ 4 in RA and 0 . ′′ 5 in Dec. The burst
s 47 ′ 30 ′′ from GX 339 −4 and 47 ′ 48 ′′ from the phase centre of the
bservation. 

.2 Flux density and fluence 

RB 20210405I was detected 47 ′ 48 ′′ from the phase centre of the
bservation. This means that we need to take the attenuation of
he IB into account. We use the modified single-pulse radiometer 
MNRAS 527, 3659–3673 (2024) 
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quation (Dewey et al. 1985 ) from Jankowski et al. ( 2023 ) to do this

 peak 

(
S/N , W eq , � a 

) = S/N β ηb 
T sys + T sky 

G 

√ 

b eff N p W eq 
a −1 

CB a 
−1 
IB , (7) 

here S peak is the peak flux density, S/N = 140.8 is the signal-to-
oise, β = 1 is the digitization factor, ηb = 1 is the beam-forming
fficiency, T sys = 19 K and T sky = 7.8 K are the system and sky
emperatures respectively, G = 0.335 is the gain of the IB, b eff =
70.4 MHz is the ef fecti v e frequenc y bandwidth, N p = 2 is the sum
f the number of polarisations, W eq = 7.6 × 10 −3 s is the observed
qui v alent width of the boxcar pulse, and a −1 

CB = 1 and a −1 
IB = 1 / 0 . 22

re the CB and IB attenuation factors respectively that take into
ccount the angular dependence of the beam response. a −1 

CB = 1 as
e only consider the IB detection in detail here. Using these values

esults in S peak = 15.9 Jy and a fluence of F = 120.8 Jy ms. These
alues are shown in Table 1 . 

.3 Scattering 

e analysed the highest-S/N total intensity pulse profile of FRB
0210405I recorded by the MeerTRAP backend by fitting a scatter-
ng model to the frequency sub-banded data. The model consisted
f a normalized Gaussian profile convolved with a single-sided
xponential pulse broadening function that is characteristic for
cattering in the thin-screen regime of turbulent ionized media
e.g. Cordes & Lazio 2001 ). We performed the profile fits using a
ustom PYTHON -based software called SCATFIT 11 (Jankowski 2022 ).
t utilizes the Levenberg–Marquardt minimization algorithm as
mplemented in LMFIT (Newville et al. 2016 ) for an initial fit, after
hich it explores the posterior using the EMCEE Markov chain Monte
arlo sampler (F oreman-Macke y et al. 2013 ). F or more details about

he fitting technique, see Jankowski et al. ( 2023 ). As the pulse
roadening is significant, we first estimated the scattering-corrected
M from the data split into eight frequency sub-bands, which is
65.17 ± 0.49 pc cm 

−3 . To determine the uncertainty we combined
n quadrature the half width at which the S/N versus trial DM curve
ecreased by unity with the error in 
 DM derived from the scattering
t. The best-fitting scattering index is −4.6 ± 0.1, which we can see
s the solid line in Fig. 4 . 

.4 Continuum radio emission 

e searched the 3.63 h joint image (see subsection 2.2 ) for continuum
adio emission near the position of FRB 20210405I. The joint
mage was astrometrically corrected using the method described
n subsection 2.2 using the same sources shown in Table 2 . The
ransformation matrix for the joint image is 

 = 

⎡ ⎣ 

1 . 0 4 . 4 × 10 −5 1 . 0 
−1 . 1 × 10 −4 1 . 0 1 . 0 
−2 . 9 × 10 −3 −1 . 2 × 10 −2 1 . 0 

⎤ ⎦ . (8) 

 faint, slightly resolved continuum source, MKT
170121.4 −493250, is identified 7 . ′′ 4 from the position of FRB
0210405I, shown in Fig. 3 (right panel). The uncorrected
oordinates of the resolved source are RA: 17 h 01 m 21 . s 4s
255.33932 ◦) and Dec.: −49 ◦32 ′ 50 . ′′ 0 ( −49.54708 ◦). The
strometrically corrected coordinates of MKT J170121.4 −493250
re RA: 17 h 01 m 21 . s 4s (255.33926 ◦) and Dec.: −49 ◦32 ′ 50 . ′′ 2
 −49.54727 ◦) with combined pyBDSF and astrometric uncertainty
NRAS 527, 3659–3673 (2024) 

1 Version 0.2.14, https:// github.com/ fjankowsk/ scatfit/ 

1

1

f 0 . ′′ 6 in RA and 0 . ′′ 5 in Dec. The offset between the uncorrected
nd corrected position is 0 . ′′ 7. MKT J170121.4 −493250 is too faint
o be detected in sub-band images, unlike FRB 20210405I, where
e can apply a primary beam correction. It is only detected in the

oint MFS image. The uncorrected pyBDSF total flux density of
his source is 150 ± 4 μJy. 

 O P T I C A L  OBSERVATI ONS  

 Dark Energy Camera Plane Surv e y (DECaPS; Schlafly et al.
018 ) VR stacked optical image is shown in Fig. 5 with the same
agenta (FRB 20210405I) and cyan (MKT J170121.4 −493250)

ross hairs as shown in Fig. 3 . The VR filter is a broad-band filter
rom 497 to 756 nm. Stacked images are combined images from
ultiple exposures. Optical sources from Gaia Data Release 3 ( Gaia
R3; Gaia Collaboration et al. 2016 , 2023 ) that have Gaia DR3
istances have also been labelled in Fig. 5 . Schlafly et al. ( 2018 )
ound that the typical difference between DECaPs source positions
nd Gaia source positions is 0 . ′′ 1 and Gaia is tied to the ICRS.
espite FRB 20210405I being located in the Zone of Avoidance

ZoA), we can see a faint extended optical source coincident with
he position of MKT J170121.4 −493250. This suggests that the
xtended, continuum radio emission is associated with this extended
ptical source. The ZoA is the part of the sky that is strongly
ffected by Galactic foreground extinction. In the ZoA the foreground
xtinction causes background galaxies to appear smaller as isophotal
iameters are strongly affected (see e.g. Riad, Kraan-Korteweg &
 oudt 2010 ). W e can also see in Fig. 5 that FRB 20210405I is 0 . ′′ 3

rom a bright optical source, Gaia DR3 5938235492995353728, that
as a Gaia DR3 distance of 780 . 6 + 80 . 2 

−98 . 5 pc ( Gaia Collaboration et al.
023 ). 
Optical spectroscopy of the extended optical source and Gaia

R3 5938235492995353728 was undertaken with the Southern
frican Large Telescope (SALT; Buckley, Swart & Meiring 2006 )
sing the Robert Stobie Spectrograph (RSS; Burgh et al. 2003 ).
ata reductions were done using PYSALT version 0.47, the PYRAF -
ased software package for SALT data reductions (Crawford et al.
010 ), 12 which includes gain and amplifier cross-talk corrections,
ias subtraction, amplifier mosaicking, and cosmetic corrections.
pectral reductions (object e xtraction, wav elength calibration, and
ackground subtraction) were all done using standard IRAF 13 rou-
ines, including relative flux calibration. 

Two repeat 1150 s exposures were taken of Gaia DR3
938235492995353728 on 2021 April 15 in clear conditions with
eeing of 1 . ′′ 8. The low-resolution PG300 grating was used, co v ering
he region 3800–8400 Å, with a slit width of 1 . ′′ 25, resulting in a
pectral resolution of 17 Å. The combined spectrum appears to be
 G or K type star, with an obvious Mg b line at 5172 Å and no
resence of molecular bands, ruling out a later spectral type. 
A SALT spectroscopic observation of the extended optical source

oincident with MKT J170121.4 −493250 was obtained on 2021
eptember 02 in clear conditions with 1 . ′′ 3 seeing using the same
G300 grating, but with a 2 ′′ slit, giving a resolution of 24 Å.
he position of the slit, chosen to reduce contamination from Gaia
R3 5938235492995353728, is shown in Fig. 5 . Two repeat 1600 s

xposures were taken. This object is a galaxy, with prominent H α

nd [S II ] emission lines at z = 0.066 (see Fig. 6 ). The H α value
uggests that it is consistent with a star-forming spiral galaxy. The
2 https:// astronomers.salt.ac.za/ software/ pysalt-documentation/ 
3 https:// iraf.noao.edu/ 

https://github.com/fjankowsk/scatfit/
https://astronomers.salt.ac.za/software/pysalt-documentation/
https://iraf.noao.edu/
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Figure 4. Scattering analysis of FRB 20210405I. The MeerTRAP filterbank data were dedispersed at the scattering-corrected DM of 565.17 pc cm 

−3 . Top left: 
Dedispersed dynamic spectrum, pulse profile, and uncalibrated total intensity spectrum. The data are displayed at their native time resolution, but we summed 
every four frequency channels for clarity. The horizontal red lines indicate the masked channels, and the vertical-dashed lines indicate the on-pulse region 
used to compute the spectrum. We used an orange-dashed line to mark the pulse broadening due to instrumental DM smearing. We used a blue-dashed line 
to mark the pulse-broadening ∝ ν−4.4 , where ν is the observing frequenc y, representativ e of scattering in Kolmogorov-turbulent ionized media. Top right: The 
post-scattering pulse widths W 50p and W 10p , the Gaussian intrinsic widths W 50i and W 10i , the boxcar equi v alent widths W eq , and the scattering times τ s as a 
function of frequency. We show the expected DM smearing times (dashed line) and the best-fitting power law to the τ s data (solid line). Bottom left: Pu ◦se 
profile in a sub-band of 214 MHz centred at 1177 MHz with the best scattered profile fit (red-dashed line) and the best unscattered Gaussian fit (blue-dotted line) 
o v erlaid. The residuals are computed with respect to the scattering model and appear white. Bottom right: The same at 963 MHz. 
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isc of the galaxy is likely obscured by extinction ( A V = 2.41 at the
osition of FRB 20210405I; Schlafly & Finkbeiner 2011 ). 
We also examined the point spread function (PSF) of Gaia DR3

938235492995353728, shown in Fig. 7 (b), and compared it to the 
SFs of other sources in the field, shown in panels (d)–(f) of Fig. 7 .
he PSFs of all of these sources show no evidence of excess emission

n the wings and can be described as Gaussians. 

.1 Properties of the extended optical source 

he optical galaxy is faint in the optical, visible as an extended
lob in the stacked VR image shown in Fig. 5 . It is coincident with
he continuum extended radio source MKT J170121.4 −493250. It 
s also in the ZoA with high extinction and partially obscured by
 bright foreground star. It is only because of the sensitivity of
ECam that we could detect the galaxy at all in the optical. While

he obscuring star and f aintness mak e optical analysis challenging, 
e can investigate the source in other bands. An extended source 
s visible in the 2 Micron All Sky Survey (2MASS; Skrutskie et al.
006 ), particularly in the K band. The J and H bands are likely
ominated by contamination from the nearby star. It is identified 
s a galaxy, 2MASS J1701249 −4932475, and has an extinction 
orrected ( A K = 0.265) apparent magnitude of ∼14.4. Using the
ALT distance, this corresponds to an absolute K-band magnitude 
f ∼−22.8, which is also consistent with a spiral galaxy. The galaxy
s visible as an extended source in the WISE W1 band, with WISE
olours W1 − W2 ∼ −0.169 and W2 − W3 ∼ 3.67. This places it
etween where normal disc galaxies and star-forming galaxies are 
ocated in the WISE color-color diagram (Fig. 12 in Wright et al.
010 ). This agrees with the SALT H α detection. 
Using the SALT spectrum, we determined the H α line flux by

imultaneously fitting H α and the surrounding N II doublet with three 
aussian profiles to the continuum-subtracted spectrum, excluding 

egions of sky absorption. We obtained F H α = (1.9 ± 0.1) ×
0 −16 erg s −1 cm 

−2 , which corresponds to a star formation rate limit
SFR) � 0 . 02 M � yr −1 at z = 0.066 (SFR � 0 . 1 M � yr −1 correcting
MNRAS 527, 3659–3673 (2024) 
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M

Figure 5. DECaPS VR stacked optical image showing the astrometrically 
corrected positions of the FRB 20210405I burst (magenta circle and cross 
hairs as in Fig. 3 ) and continuum radio source MKT J170121.4 −493250 
(cyan circle and cross hairs as in Fig. 3 ). Optical sources detected by the Gaia 
DR3 mission with distance values, where available, are labelled in orange. 
The blue-dotted lines show the RSS slit position. 
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or the Galactic extinction), considering a Salpeter ( 1955 ) initial mass
unction (IMF). These values should also be corrected for the dust
xtinction of the FRB host galaxy. We estimated this by measuring
he flux limit of the H β flux and comparing it to the H α o v er H β

almer ratio. We found significant dust extinction with A V > 1.8.
e corrected the H α flux for dust extinction in the host galaxy

sing a Milky Way extinction curve by Pei ( 1992 ) and obtained
 H α > (3.4 ± 0.1) × 10 −15 erg s −1 cm 

−2 , corresponding to an SFR
 0 . 3 M � yr −1 . Using the absolute K band magnitude ∼−22.8 and

he mass–luminosity relation of galaxies, we estimated a stellar mass
f log(M ∗/ M �) = 11 . 25. Using this value and the dust corrected SFR
etermined abo v e, we obtained a specific star formation rate limit
sSFR, defined as SFR/ M ∗) of log (sSFR) > −11 . 7 yr −1 . Finally,
sing the flux of the N II λ6584, we estimated the metallicity 12 +
og(O/H) = 9 . 0 + 0 . 2 

−0 . 1 , using the strong line ratio with H α and following
aiolino et al. ( 2008 ). 
We used a two-hour MeerKAT observation of the GX 339 −4

eld from 2021 April 07 to search for H I emission from MKT
170121.4 −493250. Using the redshift of the extended optical
ource, z = 0.066, we find that the expected H I frequency is
.3324 GHz; ho we ver, we do not detect any H I emission. This is
ikely because the galaxy lies nearly a degree from the phase centre
f the MeerKAT observations, which is outside the primary beam
nd is therefore challenging to detect. The rms noise of the H I

ube is 0.23 mJy beam 

−1 channel −1 prior to primary beam correction
nd 1.15 mJy beam 

−1 channel −1 after primary beam correction. The
eam size in the H I cube is 16 . ′′ 45 × 7 . ′′ 00 ∼ 20.8 × 8.9 kpc. We
erived the 3 σ upper limit on the H I flux of the likely host galaxy
sing 

 HI ul = 3 × rms × W ×
√ 

W 0 

W 

, (9) 

here S HI ul is in the units of Jy km s −1 , rms is in units of Jy beam 

−1 

hannel −1 for the H I cube after primary beam correction, W is the
elocity width of the H I emission for the likely host galaxy in units of
m s −1 , W 0 is 44.5 km s −1 (the channel width of the H I data cube).
y assuming W is 400 km s −1 and the H I disc is smaller than the
eam size (20.8 × 8.9 kpc), S HI ul is 0.46 Jy km s −1 . The H I mass
pper limit for the likely host galaxy is 8 . 4 × 10 9 M �, given by
NRAS 527, 3659–3673 (2024) 
eyer et al. ( 2017 ): 

 HI ul = 

2 . 35 × 10 5 

(1 + z) 2 
× D 

2 
L × S HI ul , (10) 

here M HI ul is in M �, S H I is the H I flux upper limit in Jy km s −1 ,
 is the redshift (0.066) and D L is the luminosity distance of the
alaxy in Mpc (296.8 Mpc is used for z = 0.066 and assuming H 0 =
0 km s −1 Mpc −1 , 
M 

= 0.3, 
vac = 0.7). 

 DI SCUSSI ON  

.1 Is FRB 20210405I Galactic or extra-galactic? 

e have detected and localized FRB 20210405I using the Meer-
RAP pipeline and ThunderKAT images. Ho we ver, there is a dis-
repancy between the Milky Way DM contributions from the YMW16
odel (348.7 pc cm 

−3 ) and the NE2001 model (516.1 pc cm 

−3 ), that
ay place FRB 20210405I ( ∼566 pc cm 

−3 ) either just outside the
alaxy, or inside the halo. Here we will present the properties of FRB
0210405I to determine if the source is Galactic or if it originates
rom the identified candidate galaxy: 2MASS J1701249 −4932475. 

.1.1 Nearby star Gaia DR3 5938235492995353728 

he Gaia DR3 distance of Gaia DR3 5938235492995353728 is
80 + 80 

−100 pc. Using the YMW16 electron density model, a source in
hat direction within the Milky Way Galaxy at that distance would
ave a DM of ∼24 pc cm 

-3 compared to the DM of FRB 20210405I:
566 pc cm 

−3 . The PSF of Gaia DR3 5938235492995353728 is a
aussian that matches the PSF of point sources in the field. This

ndicates that the source is a point source as expected for a star and
hat there is no evidence of a galaxy directly behind and obscured by
aia DR3 5938235492995353728. Due to the spectral confirmation
f Gaia DR3 5938235492995353728 as a star, the distance to it,
nd the lack of evidence of an extended source directly behind
he star in the PSF, we conclude that the position match between
RB 20210405I and Gaia DR3 5938235492995353728 is a chance
oincidence. 

Gaia DR3 5938235492995353728 is 0 . ′′ 3 from the position
f FRB 20210405I. The star’s coordinates, after accounting
or proper motion, are RA: 17 h 01m21 . s 477 ±1 mas and Dec.:
49 ◦32 ′ 42 . ′′ 688 ±1 mas . The median offset between Gaia counter-

arts of the third realization of the International Celestial Reference
rame (ICRF; Charlot et al. 2020 ) sources is 0.5 mas ( Gaia Collab-
ration et al. 2022 ). While the uncertainty on the star’s position is
mall, the uncertainty on FRB 20210405I’s position is 0 . ′′ 5 in RA
nd 0 . ′′ 4 in Dec. (taking the astrometric uncertainty into account).
aia DR3 5938235492995353728 is a G or K type star, so we can

ssume that it is a similar star to our Sun. Using the equations in
iburzi et al. ( 2021 ), the radius at which the solar wind produces a
M of 60 pc cm 

−3 , accounting for the difference between the FRB
0210405I DM and the NE2001 MW DM, is 0.1 au. At a distance of
80 + 80 

−100 pc this is a disc of radius 0 . 13 + 0 . 02 
−0 . 01 mas . This is significantly

maller than the uncertainty on the star’s position. Even if we assume
hat Gaia DR3 5938235492995353728 could produce significant
M contributions at 1 au the radius of the disc at 780 + 80 

−100 pc would
e 1 . 3 + 0 . 2 

−0 . 1 mas . Given that the radius of the possible stellar wind is
t least two orders of magnitude smaller than the uncertainty on the
RB position it is unlikely that FRB 20210405I passed close enough

o the star for any possible stellar winds to have a significant impact
n the DM of the FRB. 
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Figure 6. SALT spectrum of the extended optical source. Specific lines are indicated with dashed-purple lines, and telluric lines are highlighted in grey. 
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.1.2 Dispersion measure 

e can use the DM to explore whether the FRB progenitor is likely
n the galaxy or in the Milky W ay Halo. W e use a halo DM of
44 ± 60 pc cm 

−3 from Yamasaki & Totani ( 2020 ) including a
0 per cent uncertainty. This is because FRB 20210405I is at a
alactic latitude of b = −4.597 deg or sin | b | = 0.08. Constrain-

ng the DM of the halo, particularly near the Galactic plane, is
hallenging. Recently, Cook et al. ( 2023 ) presented a comparison 
f halo DM models and re vie wed them using FRB DMs. While
hey only presented models with sin | b | > 0.5, they found that the
amasaki & Totani ( 2020 ) halo model is consistent with their FRB
bservations. 
The ISM contributions computed using the NE2001 and YMW16 

alactic free electron models differ significantly. If we assume 
 20 per cent uncertainty on the maximum integrated ISM DM 

ontribution and a 40 per cent uncertainty on the MW halo DM
ontribution (the halo is more poorly understood) for the FRB 

0210405I sightline, the probabilities of FRB 20210405I being extra- 
alactic are ∼24 and ∼80 per cent for the NE2001 and the YMW16
odel, respectively. We visualize this in Fig. 9 . 
We can use the DM inventory to consider whether the dif-

erent DM contributions are feasible. The YMW16 DM excess is 
M FRB − DM MW , YMW16 = 217 pc cm 

−3 and the NE2001 DM ex- 
ess is DM FRB − DM MW , NE2001 = 50 pc cm 

−3 . We assume that the 
ncertainty on these DMs is 20 per cent. The expected cosmic 
M for z = 0.06 is DM cosmic = 51 + 82 

−25 pc cm 

−3 using the Macquart
elation (James et al. 2022a ). If we use the YMW16 DM and
ssume that FRB 20210405I is associated with the galaxy at z 
 0.066 then DM host = DM FRB − DM halo − DM ISM 

− DM cosmic = 

65 . 17 − 144 ± 58 − 349 ± 70 − 51 + 82 
−25 = 21 + 122 

−94 pc cm 

−3 . Assum-
ng the same values but using NE2001 for the DM ISM 

gives DM host =
145 + 144 

−121 pc cm 

−3 . The uncertainties on these host DM values are
arge as the DMs along the line of sight are not well known. The 1 σ
pper limit on the NE2001 DM ISM 

is –1 pc cm 

−3 ; ho we ver, the range
f possible DM host values using YMW16 for DM ISM 

is plausible. 
Ho we ver, we would require an impossible, ne gativ e DM host if we

se the NE2001 model for DM ISM 

. 
We need to account for DM excesses of 217 ± 58 and

0 ± 103 pc cm 

−3 for YMW16 and NE2001, respectively if we assume
hat FRB 20210405I is inside the Milky Way. An unidentified H II

egion could account for these DM excesses; therefore, it is not
ossible to conclusively rule out that FRB 20210405I originated 
rom inside the galaxy based on the DM alone. 

.1.3 Scattering 

ig. 8 shows the scattering time, τ s , measurement of FRB 20210405I
nterpolated to 1 GHz in a τ s – DM diagram. We highlight the
xpected DM contribution from the Milky Way (MW), DM MW 

= 

16 ± 103 pc cm 

−3 , with its 20 per cent uncertainty range for that
ightline as computed using the NE2001 Galactic free-electron model. 
dditionally, we show the combined range of DM MW 

and the MW
alo DM contribution of 144 pc cm 

−3 expected from the Yamasaki
 Totani ( 2020 ) halo model. The curved black solid line shows the

est-fitting τ s –DM relation of Galactic pulsars (Cordes, Ocker & 

hatterjee 2022 ) with its 1 σ range highlighted with black-dashed 
ines. We can see in Fig. 9 that FRB 20210405I’s scattering time is
arger than the scattering time expected from the Milky Way, which
s also the lower DM limit for an extra-galactic source; ho we ver,
t is consistent with the scattering-DM relation of Galactic pulsars. 
his implies that FRB 20210405I ́s scattering time measurement is 
onsistent with either an extra-galactic source or a source within the
W halo. 
FRB 20210405I is located at a low-Galactic latitude of 
4.597 deg, which means that its radio signal passed through the

hick disc of the Milky Way. The best-fitting scattering index is
MNRAS 527, 3659–3673 (2024) 
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M

Figure 7. DECaPS VR stacked optical image showing the PSFs of the optical sources near FRB 20210405I. The top left panel shows the FoV around FRB 

20210405I and the positions of the nearby sources. The region marked (a) is the region shown in Fig. 5 . The other regions are shown in the other panels in 
this figure. Region/panel (b) includes the position of FRB 20210405I (marked with magenta cross-hairs) and shows the cross-section of the PSF of Gaia DR3 
5938235492995353728. Region/panel (c) shows the position of the galaxy, with the position of the continuum radio source marked with cyan cross-hairs. We 
can see that the optical PSF of the galaxy is wide and irregular, while the PSF of Gaia DR3 5938235492995353728 and the nearby sources shown in panels 
(d)–(f) are approximately Gaussian, as expected for a point source. 
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4.6 ± 0.1 (see subsection 3.3 ), which agrees well with the power-
a w inde x e xpected from Kolmogoro v turbulence in ionized media,

22/5 = −4.4. It is also consistent with the spread in scattering
ndices 3 < γ s < 4.5 observed in Galactic radio pulsars (Oswald
t al. 2021 ; Cordes, Ocker & Chatterjee 2022 ). The scattering
ime interpolated to 1 GHz is 9.7 ± 0.2 ms. The pulse broadening
xpected from the Milky Way ISM in that direction is 0.122 ms
ccording to the NE2001 Galactic free-electron model (Cordes &
azio 2002 ). The isotropic thin-screen scattering model describes

he data well with profile residuals that appear normally distributed
or both the band-integrated and sub-banded data. The profile
ata offer little room for deviations from the isotropic scattering
egime. 
NRAS 527, 3659–3673 (2024) 

T  
.1.4 Luminosity 

e investigated the expected specific radio luminosity of FRB
0210405I to verify whether the expected energetics are consistent
ith the general population of FRBs. To do so, we computed the

pecific luminosity by multiplying the peak flux density of the burst
ith the square of the distance to the source. We consider two cases

1) FRB 20210405I lies within our Galaxy and (2) FRB 20210405I
ies in the galaxy at a redshift of 0.066. In order to estimate the
istance of FRB 20210405I in the galaxy, we used a DM range of
16 to 616 pc cm 

−3 and use the NE2001 electron density model to
ap the DM to a distance in the galaxy. Then we computed the

pecific luminosity for FRB 20210405I for this range of distances.
he values for both cases were plotted on the specific luminosity
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Figure 8. Location of FRB 20210405I (red star) in a scattering time, 
τ s , versus DM diagram. τ s, MW 

is the expected Milky Way scattering 
contribution. We highlight the τ s – DM relation of Galactic pulsars and 
its 1 σ uncertainty range with black lines. We also show the DM contributions 
and their uncertainty ranges from the ISM and the MW halo for that sightline, 
assuming the NE2001 free-electron model and the Yamasaki & Totani ( 2020 ) 
halo model. 

Figure 9. Cumulative density function of the total Galactic DM contribution 
DM gal = DM ism 

+ DM halo for the NE2001 and YMW16 model and using the 
Yamasaki & Totani ( 2020 ) halo model. We assumed a 20 per cent uncertainty 
on the maximum integrated ISM contributions and a 40 per cent uncertainty 
on the MW halo component. The red vertical line marks FRB 20210405I’s 
measured DM. The probabilities of FRB 20210405I being extra-galactic are 
∼24 and ∼80 per cent, respectively. 
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Figure 10. Specific luminosity versus burst duration plot for various coher- 
ently emitting radio transients (Cordes & McLaughlin 2003 ; Nimmo et al. 
2022a ). Grey lines indicate lines of constant brightness temperature. FRB 

20210405I is marked in black twice in the plot, once assuming it is extra- 
galactic and once assuming it is Galactic. 
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ersus burst width parameter space that shows different classes of 
oherently emitting transients (see Fig. 10 ). One can clearly see 
rom the figure that if FRB 20210405I is associated with the optical
alaxy at a redshift of 0.066 then the luminosity is consistent with
he population of FRBs. Alternatively, if FRB 20210405I lies in our 
alaxy, the burst has a higher specific luminosity than bursts from

he magnetar XTE J1810 −197 and stands out from the populations 
f RRATs, magnetars, pulsars based on luminosity and stands out 
rom pulsar giant pulses based on time-scale. 
.1.5 Association with 2MASS J1701249 −4932475 

n order to robustly claim association of FRB 20210405I with the
MASS J1701249 −4932475, we computed the chance coincidence 
robability of spatial coincidence. For this we considered two cases 
eparately (1) FRB 20210405I is Galactic and lies on top of 2MASS
1701249 −4932475 in the sky plane and (2) FRB 20210405I is
xtra-galactic but originates in a different unseen host galaxy. For 
ase 1, the probability of chance coincidence, 

 ( c c | l, b ) = P ( 2MASS J1701249 − 4932475 , l, b) , (11) 

here, P (2MASS J1701249-4932475, l , b ) is the probability for a
alaxy to be at a Galactic longitude l and latitude b . To obtain
 (2MASS J1701249-4932475, l , b ) out to the redshift of 2MASS
1701249 −4932475, we used the same methodology as used by 
ampisi & Li ( 2008 ) and found a probability of 0.0025. Hence, for
ase 1, P cc 	 2.5 × 10 −3 . 

For case 2, we used the chance association probability methodol- 
gy from Eftekhari & Berger ( 2017 ) and Aggarwal et al. ( 2021 ). For
his case, we used the 99 per cent confidence upper limit of an unseen
ost redshift of 0.35. Using this, we obtained P cc 	 0.009. So for both
ases, the value of P cc is very low. Therefore, we conclude that FRB
0210405I is associated with 2MASS J1701249 −4932475. 
The angular offset between FRB 20210405I and the centre of the

alaxy of 7 . ′′ 4 at a luminosity distance of 296.8 Mpc corresponds to
 projected physical offset of 10.65 kpc in the host galaxy reference
rame. This places the FRB in the spiral arms or halo of the galaxy.
his is at the high end of the offset distribution of well-localized
RBs and clearly abo v e the median of 3.3 kpc (Heintz et al. 2020 )
ut is consistent with two of the bursts, FRB 20190611B ( z = 0.3778)
nd FRB 20191001A ( z = 0.2340). 

.1.6 Summary 

either the DM nor scattering properties of FRB 20210405I 
trongly support either a Galactic origin or an association with 
MASS J1701249 −4932475 at z = 0.066. Ho we ver, the specific
uminosity fa v ours the latter. We also show that the probability
hat the spatial coincidence between FRB 20210405I and 2MASS 
MNRAS 527, 3659–3673 (2024) 



3670 L. N. Driessen et al . 

M

J  

fi  

w  

l  

I  

h  

b
 

h  

a  

b  

t  

C  

a  

c  

h

5

T  

m  

s  

t  

t  

h  

2  

o  

s  

h  

e  

(  

t  

c  

2  

S  

b  

e

5

W  

d  

3  

u  

T  

o  

w  

e  

i  

h  

o  

A  

i  

2  

a  

W
 

d  

s  

h  

W  

M  

Table 3. Low S/N detections of sources in 8 s images that are within 3 ′′ 
of FRB 20210405I, the first ro w sho ws the detection of FRB 20210405I on 
2021 April 05. The positions quoted here have been astrometrically corrected 
and the separation is the angular separation between the source and the FRB 

20210405I position. S ν is the MFS (1283 MHz) peak flux density that has not 
had a primary beam correction applied. 

Date Coordinates (J2000) Sep ( ′′ ) S/N S ν (mJy) 

2021 Apr 05 17 h 01 m 21 . s 5 ± 0 . ′′ 4 0 25 5.2 ± 0.2 
−49 ◦32 ′ 42 . ′′ 5 ± 0 . ′′ 5 

2019 Aug 04 17 h 01 m 21 . s 5 ± 0 . ′′ 8 1.0 4 0.9 ± 0.2 
−49 ◦32 ′ 41 . ′′ 5 ± 2 . ′′ 0 

2020 Apr 18 17 h 01 m 21 . s 7 ± 0 . ′′ 9 1.9 4 0.7 ± 0.2 
−49 ◦32 ′ 43 . ′′ 2 ± 2 . ′′ 0 
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1701249 −4932475 is chance coincidence is low. Therefore, we
nd it much more likely that FRB 20210405I is an FRB associated
ith 2MASS J1701249 −4932475 as the DM, scattering, specific

uminosity, and localization are all consistent with this conclusion.
t is still possible for the FRB to originate within the Milky Way;
o we ver, this would require an unusually bright magnetar/pulsar
urst and an improbable spatial coincidence. 

The uncertainty in the Galactic or extra-galactic origin of this FRB
ighlights the uncertainty in our understanding of the Milky Way DM
nd particularly the Milky Way halo DM. This was also highlighted
y Ravi et al. ( 2023 ) for FRB 20220319D. It is important to continue
o test and expand our measurements of these as demonstrated by
ook et al. ( 2023 ). We are currently limited in our understanding
nd models in the Galactic Plane for both the Galactic and halo DM
ontributions. More FRB detections at lower Galactic latitudes will
elp to test and impro v e the models. 

.2 Comparison to previously identified FRB host galaxies 

hese results indicate that 2MASS J1701249 −4932475 is an evolved
assive galaxy with high metallicity as is typical at such high-

tellar masses, but with very low star-formation. This possibly points
o wards e ven higher dust extinction in the host galaxy or to an early
ype spiral galaxy. The stellar mass and SFR are respectively at the
igher and lower end of the FRB host population (Bhandari et al.
022 ), extending it to massive, early type galaxies. A comparison
f these characteristics with the hosts of other classes of transients,
hows that these properties are completely different from those of the
osts of e xplosiv e transients such as long gamma-ray bursts (Vergani
t al. 2017 ; Palmerio et al. 2019 ) and superluminous supernovae
Lunnan et al. 2014 ; Japelj et al. 2016 ). Ho we v er, the y can correspond
o a subgroup of the host galaxy population of other kinds of core-
ollapse SN (such as Type II SN (Kelly et al. 2014 ; Lunnan et al.
014 )), if the real SFR is much higher than the reported lower limit.
ome hosts of merger-driven transients such as short gamma-ray
ursts (Berger 2014 ) have similar characteristics (see also Bhandari
t al. 2022 ). 

.3 Searching for FRB 20210405I in past images 

hile FRB 20210405I was detected by MeerTRAP and Thun-
erKAT on 2021 April 05, ThunderKAT has been observing GX
39 −4 weekly since September 2018 and will continued to do so
ntil August 2023. MeerTRAP started observing commensally with
hunderKAT in September 2021. This means that there are ∼2 yr
f weekly images prior to MeerTRAP observing with ThunderKAT
here FRB 20210405I may be detected if it is repeating and bright

nough to be detected in 8 s images. Producing thousands of 8 s
mages is time consuming, and not all of the available weekly epochs
ave been imaged in 8 s slices. The list of epochs and the number
f 8 s images available for each epoch is shown in Table A1 in
ppendix A . We have searched 100 epochs with a total of 8049 × 8 s

mages observed prior to September 2021 for a repeat burst from FRB
0210405I, using a match radius of 3 ′′ . We use a radius of 3 ′′ as the
strometric offset of each image can be different prior to correction.
e present some possible detections with low-S/N in Table 3 . 
At the time of writing there were ∼100 weekly 10 min Thun-

erKAT observations since MeerTRAP started observing commen-
ally with ThunderKAT in September 2021. This means that there
as been approximately 17 h of MeerTRAP monitoring of the field.
e have not detected any further bursts from FRB 20210405I with
eerTRAP. We found two low-S/N image-plane transient candidates
NRAS 527, 3659–3673 (2024) 
n 8 s images of the field prior to September 2021. Due to the low-
/N of these sources and the 8 s time resolution, we cannot confirm
hether these are artefacts or repeat bursts from the FRB source.
eerTRAP will continue to observe commensally with ThunderKAT

uring their weekly observations of GX 339 −4. 

.4 Future FRB localization prospects 

RB 20210405I is the first sub-arcsecond localized FRB using the
eerKAT telescope, and this localization was made possible by

he commensal nature of the MeerTRAP project. As MeerTRAP
bserves commensally with all MeerKAT LSPs, we can use the 8 s
mages from the LSP observations to localize bright FRBs. This
emonstrates the power of commensal searches for single pulses.
o we ver, only FRBs with high-S/N can be localized in second-

ong images. We are currently working to implement a fast imaging
ipeline as part of MeerTRAP. When MeerTRAP is triggered by a
ingle pulse we can save the transient buffer data as phase delay
orrected voltages. These data are typically < 1 s long, and we slice
round the DM of the burst. We can then image these data offline
o rapidly produce images and localize the burst. This pipeline will
e an important tool for localizing MeerTRAP FRBs and expanding
he sample of FRBs associated with host galaxies. 

 C O N C L U S I O N S  

e detected a new FRB, using MeerKAT and the MeerTRAP
ackend. At the time of FRB 20210405I’s detection, MeerTRAP
as observing commensally with ThunderKAT, which enabled us

o use the ThunderKAT 8 s images to localize the FRB with sub-
rcsecond precision. We used the specific luminosity and chance
oincidence probability to determine that FRB 20210405I is most
ikely of extra-galactic origin and is associated with nearby galaxy
MASS J1701249 −4932475. We determined that the host galaxy
s a disc/spiral galaxy at a redshift of z = 0.066. Ho we ver, there is
 discrepancy between the YMW16 and NE2001 predictions for the
ilky Way DM which means that there could be some uncertainty

bout its true location based on the measure DM alone. Ho we ver
he combination of the association with the nearby host galaxy,
he predicted luminosity based on it being located in the proposed
ost, and the scattering properties support it as being extra-galactic.
his FRB highlights the uncertainty in the Milky Way DM and
alo models that should be further explored with a larger sample
f localized FRBs. FRB 20210405I is the first FRB localized to
ub-arcsecond precision using MeerKAT. 
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T have imaged the epoch in 8 s intervals. The number of 8 s intervals that have been 
i

D
Number of 

images Date 
Number 

of images 

2 75 2020 Jan 03 75 
2 74 2020 Jan 10 73 
2 73 2020 Jan 20 75 
2 74 2020 Jan 25 74 
2 74 2020 Feb 02 73 
2 75 2020 Feb 08 74 
2 74 2020 Feb 15 75 
2 73 2020 Feb 21 74 
2 75 2020 Mar 02 73 
2 74 2020 Mar 09 74 
2 74 2020 Mar 14 75 
2 75 2020 Mar 21 74 
2 74 2020 Mar 29 74 
2 56 2020 Apr 03 31 
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2 74 2020 July 04 74 
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able A1. Date of each ThunderKAT observation of GX 339 −4 where we 
maged per epoch is shown here. 

ate 
Number 

of images Date 

018 Sep 28 27 2019 May 25 
018 Oct 05 109 2019 May 31 
018 Oct 11 112 2019 June 08 
018 Oct 12 112 2019 June 16 
018 Oct 19 109 2019 June 24 
018 Oct 27 111 2019 June 30 
018 Nov 03 112 2019 July 07 
018 Nov 10 110 2019 July 14 
018 Nov 17 112 2019 July 22 
018 Nov 24 112 2019 July 27 
018 Dec 08 111 2019 Aug 04 
018 Dec 15 112 2019 Aug 10 
018 Dec 22 112 2019 Aug 16 
018 Dec 29 111 2019 Aug 23 
019 Jan 05 112 2019 Aug 31 
019 Jan 12 112 2019 Sep 07 
019 Jan 19 112 2019 Sep 14 
019 Jan 26 112 2019 Sep 21 
019 Feb 01 111 2019 Sep 29 
019 Feb 09 111 2019 Oct 06 
019 Feb 16 111 2019 Oct 12 
019 Feb 23 111 2019 Oct 19 
019 Mar 01 11 2019 Oct 26 
019 Mar 09 111 2019 Nov 01 
019 Mar 18 72 2019 Nov 10 
019 Mar 25 74 2019 Nov 17 
019 Apr 01 59 2019 Nov 24 
019 Apr 09 64 2019 Nov 30 
019 Apr 15 75 2019 Dec 02 
019 Apr 20 74 2019 Dec 07 
019 Apr 29 73 2019 Dec 15 
019 May 05 60 2019 Dec 20 
019 May 11 72 2019 Dec 28 
019 May 18 74 
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