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A B S T R A C T 

A tidal disruption event (TDE) occurs when a star is destroyed by a supermassive black hole. Broad-band radio spectral 
observations of TDEs trace the emission from any outflows or jets that are ejected from the vicinity of the supermassive black 

hole. Ho we ver, radio detections of TDEs are rare, with < 20 published to date, and only 11 with multi-epoch broad-band co v erage. 
Here we present the radio detection of the TDE AT2020vwl and our subsequent radio monitoring campaign of the outflow that 
was produced, spanning 1.5 yr post-optical flare. We tracked the outflow evolution as it expanded between 10 

16 and 10 

17 cm 

from the supermassive black hole, deducing it was non-relativistic and launched quasi-simultaneously with the initial optical 
detection through modelling the evolving synchrotron spectra of the event. We deduce that the outflow is likely to have been 

launched by material ejected from stream-stream collisions (more likely), the unbound debris stream, or an accretion-induced 

wind or jet from the supermassive black hole (less likely). AT2020vwl joins a growing number of TDEs with well-characterized 

prompt radio emission, with future timely radio observations of TDEs required to fully understand the mechanism that produces 
this type of radio emission in TDEs. 

Key words: transients: tidal disruption events – radio continuum: transients. 
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 I N T RO D U C T I O N  

idal disruption events (TDEs) occur when a star passes too close to
 supermassive black hole (SMBH) at the centre of a galaxy and is
estroyed (e.g. Hills 1975 ; Rees 1988 ). After the stellar disruption,
pproximately half of the stellar debris remains bound to the SMBH
nd is accreted, while the other half is ejected from the SMBH on
yperbolic orbits (e.g. Rees 1988 ). The bound material is thought to
e the source of observed optical and X-ray emission (e.g. van Velzen
t al. 2020 ). Observations of TDEs (see Gezari 2021 , for a review)
nable direct measurements of accretion events onto SMBHs and the
ubsequent launching of jets and outflows that may be produced (De
olle et al. 2012 ; Lu & Kumar 2018 ; Alexander et al. 2020 ). 
Radio emission from TDEs traces outflowing material that is

jected from the vicinity of the SMBH due to the stellar disruption
 E-mail: ajgoodwin.astro@gmail.com 
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see Lu & Kumar 2018 ; Alexander et al. 2020 , for a re vie w), either
ue to collimated jets (e.g. Bloom et al. 2011 ; Burrows et al. 2011 ;
e v an et al. 2011 ; Zauderer et al. 2011 ; Lei et al. 2016 ; van Velzen
t al. 2016 ; Andreoni et al. 2022 ; Pasham et al. 2022 ) or sub-
elati vistic, wide-angle outflo wing material (e.g. Alexander et al.
016 ; Cenko et al. 2016 ; Blagorodnova et al. 2019 ; Hung et al.
019 ). Recently there has been an increase in the number of radio-
etected TDEs, with large radio observational campaigns targeting
ptical and X-ray selected events (Alexander et al. 2020 , 2021 ).
o date, just a handful of relativistic jets have been observed from
DEs exhibiting non-thermal spectral properties (Zauderer et al.
011 ; Berger et al. 2012 ; Cenko et al. 2012 ; Zauderer et al. 2013 ;
rown et al. 2017 ; Eftekhari et al. 2018 ; Mattila et al. 2018 ; Wiersema
t al. 2020 ; Cendes et al. 2021a ; Andreoni et al. 2022 ; Pasham et al.
022 ), whilst radio detections of prompt non-relati vistic outflo ws
rom TDEs exhibiting thermal spectral properties are becoming
ncreasingly more common (e.g. Alexander et al. 2020 ; Stein et al.
021 ; Cendes et al. 2021b ; Goodwin et al. 2022 , 2023 , and references
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herein). In some cases, the radio flare can be delayed by up to years
ost-optical flare (Horesh, Cenko & Arcavi 2021a ; Horesh et al. 
021b ; Cendes et al. 2022 ; Perlman et al. 2022 ). 
Whilst the energetic radio emission observed from relativistic 

DEs is consistently explained by a relativistic jet launched from 

he SMBH (e.g. Bloom et al. 2011 ; Cenko et al. 2012 ; Pasham et al.
022 ), the mechanism that produces the lower energy radio emission
bserved in non-relativistic thermal events is still under debate. 
ossible scenarios include an outflow produced by disc winds or 
 sub-relativistic jet, launched due to early accretion onto the SMBH
e.g. Alexander et al. 2016 ; van Velzen et al. 2016 ; Pasham & van
elzen 2018 ). This scenario requires prompt circularization of the 
ebris material in order to explain the observed early onset of many
adio outflo ws. Alternati vely, the non-relati vistic outflo ws could be
xplained by material ejected by stream-stream collisions of the stel- 
ar debris in a ‘collision-induced outflow’ (Lu & Bonnerot 2020 ). In
his scenario, prompt circularization is not required, as early outflows 
an be launched while the debris are still circularizing. Finally, the 
bserved radio outflows could be produced by the unbound portion 
f the tidal debris stream, which has typical velocities ∼10 4 km s −1 

n a concentrated cone close to the orbital plane (Krolik et al. 2016 ;
alinewich et al. 2019 ). Discrimination among these scenarios has 
ro v ed difficult due to the similarities in energy and velocity of the
utflowing material in all three cases, moti v ating further detailed 
bservations that track their evolution (Mockler & Ramirez-Ruiz 
021 ). 
Combining such observations with new insights from simulations 

f TDEs may also aid attempts to distinguish among these possible
cenarios. Recent work suggests that debris circularization, in partic- 
lar the efficiency thereof, plays a crucial role in the multiwavelength 
mission that is produced (e.g. Ramirez-Ruiz & Rosswog 2009 ; 
ayasaki, Stone & Loeb 2013 ; Guillochon, Manukian & Ramirez- 
uiz 2014 ; Shiokawa et al. 2015 ; Bonnerot et al. 2016 ; Hayasaki,
tone & Loeb 2016 ; S 

↪ 
adowski et al. 2016 ; Liptai et al. 2019 ;

onnerot & Lu 2020 ; Mummery & Balbus 2020 ). Incoming and
utgoing debris stream collisions have been suggested to drive much 
f the accretion disc formation efficiency (e.g. Hayasaki et al. 2013 ),
s well as ejecting material in outflows (e.g. Lu & Bonnerot 2020 ).
ecently, Steinberg & Stone ( 2022 ) found that in 3D radiation-
ydrodynamical simulations, the light-curve rise is initially, up to the 
ptical peak, powered by shocks due to inefficient circularization of 
he debris, and then after the peak, the debris efficiently circularizes. 
n this model, outflows are produced initially as the debris is
ircularizing, but stronger outflows are powered once the debris is 
ircularized and the emission is predominately accretion-powered 
ost-optical peak. Both Steinberg & Stone ( 2022 ) and Andalman 
t al. ( 2022 ) found in hydrodynamical simulations that rapid ( �
0 d) circularization of the stellar debris occurs. Metzger ( 2022 )
odelled the long-term evolution of the resulting envelope post-rapid 

ebris circularization and found that a cooling-induced envelope 
ontraction that delays significant accretion onto the SMBH could 
roduce delayed X-ray and radio emission, as has been observed in 
ome TDEs. These models provide important predictions about what 
s driving the multiwavelength emission in TDEs, notably the radio 
mission, which has shown diverse behaviour across different TDEs, 
ncluding the production of late-time radio flares in some cases. 

Here, we present an e xtensiv e radio monitoring campaign that we
onducted on the optically disco v ered TDE AT2020vwl. In Section 2
e present the observations and data reduction, in Section 3 we 
resent the results, including the radio light curve and spectra for
ach epoch. In Section 3.3 we model the radio emission, assuming a
ynchrotron spectrum for the transient component, to infer physical 
roperties of the outflow. In Section 4 we discuss the implications of
he results and compare this TDE with others, and finally in Section 5
e summarize the results and provide concluding remarks. 

 OBSERVATI ONS  

T2020vwl (also Gaia 20etp, ZTF20achpcvt) was first disco v ered 
y the Gaia Spacecraft on 2020 October 10 as an optical flare of
1 mag abo v e the quiescent galaxy flux, localized to the centre of

he galaxy SDSS J153037.80 + 265856.8/LEDA 1 794 348 (J2000 
A, Dec. 15:30:37.800, + 26:58:56.89, Hodgkin et al. 2020 ). The
vent was also observed by the Zwicky-Transient Facility (ZTF) 
n 2020 October 8, but was not reported until 2020 December 20
Hammerstein et al. 2021 ; Yao et al. 2023 ). A follo w-up observ ation
ith the SED Machine integral field unit Spectrograph at the Palomar
0-inch on 2020 December 21 showed a spectrum with a steep
lue optical continuum and strong, broad H, He II, and Balmer lines
Hammerstein et al. 2021 ) at a redshift of 0.0325, which corresponds
o a luminosity distance, D L = 147 Mpc, and an angular-size distance
 A of 138 Mpc. Hammerstein et al. ( 2021 ) classified the event as a
 + He TDE based on the spectral properties and the bright UV flux
easured by the Neil Gehrels Swift telescope. AT2020vwl’s optical 

roperties are typical of the optical TDE population (Yao et al. 2023 ).
ike most optical TDEs, AT2020vwl did not have X-ray emission 
etectable in the early Swift observation (Hammerstein et al. 2021 ). 

.1 VLA 

e obtained seven epochs of radio observations of AT2020vwl with 
he NRA O’ s Karl G. Jansky Very Large Array (VLA) from 2021
ebruary 23 to 2022 May 08 across 1 – 18 GHz (L- – Ku-band),
ia our VLA large program to follow-up TDEs within z < 0.1 1 

program ID 20B-377, PI: Alexander). On 2021 February 23 we 
rst observed the optical position of the source at 8 – 12 GHz (X
and), and detected a point source with coordinates (J2000 RA, 
ec.) 15:30:37.80, + 26:58:56.90 and a statistical plus systematic 
ositional uncertainty of 0.2 arcsec in each coordinate (Goodwin 
t al. 2021 ). This radio emission was coincident with the optical
osition and had an initial flux density of 552 ± 5 μJy at 9 GHz and
93 ± 6 μJy at 11 GHz. We subsequently triggered follow-up spectral 
bservations on February 27, and continued to monitor the spectral 
volution of the radio emission o v er the following 14 months. 

The radio data were reduced in the Common Astronomy Software 
pplication package ( CASA 5.6.3, McMullin et al. 2007 ; THE
ASA TEAM et al. 2022 ) using standard procedures, including the
LA calibration pipeline (version 5.6.3). In all observations, 3C 286 
as used as the flux density calibrator. 8-bit samplers were used for
- and S-band and 3-bit samplers were used for Ku-, X-, and C-
ands. For phase calibration, we used ICRF J151340.1 + 233835 for
 – 18 GHz (Ku-, X-, C-, and S-band); and ICRF J160207.2 + 332653
or 1 – 2 GHz (L-band). Images of the target field of view were created
sing the CASA task tclean , with a cell size approximately 1/5 of
he synthesized beam and image sizes ranging from 1280 to 8000
ixels (where a larger image size was required at L-band in order to
econvolve bright sources in the field). The source flux density and
ssociated uncertainty was measured in the image plane by fitting an
lliptical Gaussian fixed to the size of the synthesized beam using
he CASA task imfit , noting that a minimum uncertainty of 5
er cent of the source flux density was enforced due to the absolute
MNRAS 522, 5084–5097 (2023) 
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Table 1. Dedicated radio observations of AT2020vwl. 

Date (UTC) Instrument & Frequency Flux density 
configuration (GHz) ±statistical error 

±ISS error ( μJy) 

2021 Feb 03 VLA-A 9.0 552 ± 28 ±11.04 
11.0 493 ± 25 ±9.86 

2021 Feb 07 VLA-A 1.26 244 ± 46 ±97.6 
1.78 294 ± 33 ±117.6 
3.0 412 ± 21 ±123.6 
4.5 500 ± 25 ±100. 
5.51 543 ± 27 ±108.6 
6.49 576 ± 29 ±115.2 
7.51 564 ± 28 ±11.28 
9.0 517 ± 28 ±10.34 
11.0 565 ± 28 ±11.3 

2021 May 07 VLA-D 2.75 461 ± 53 ±138.3 
3.25 476 ± 53 ±142.8 
5.51 504 ± 25 ±100.8 
6.49 495 ± 24 ±99 
7.51 470 ± 24 ±9.4 
9.0 440 ± 22 ±8.8 
11.0 390 ± 20 ±7.8 
15.0 297 ± 15 ±5.94 

2021 Aug 14 MeerKAT 1.284 373 ± 40 ±146.8 

2021 Aug 11 VLA-C 1.52 366 ± 70 ±146.4 
2.5 457 ± 37 ±137.1 
3.24 468 ± 30 ±140.4 
4.49 410 ± 34 ±82 
5.51 284 ± 23 ±56.8 
6.49 266 ± 23 ±53.2 
7.51 207 ± 20 ±4.14 
9.0 186 ± 9 ±3.72 
11.0 147 ± 9 ±2.94 

15.08 115 ± 6 ±2.3 

2021 Oct 18 VLA-B 1.26 355 ± 39 ±142 
1.65 490 ± 92 ±196 
1.9 353 ± 78 ±141.2 
2.24 301 ± 54 ±90.3 
2.75 274 ± 29 ±82.2 
3.24 247 ± 25 ±74.1 
3.75 259 ± 25 ±77.7 
5.61 156 ± 25 ±31.2 
6.61 160 ± 22 ±32 
7.57 135 ± 22 ±2.7 
9.0 109 ± 13 ±2.18 

15.08 53 ± 6 ±1.054 

2021 Dec 14 uGMRT 0.65 440.0 ± 66.0 ± 110 

2021 Dec 27 MeerKAT 0.815 348.0 ± 47.0 ± 87 

2021 Dec 14 VLA-B 1.25 381 ± 36 ±152.4 
1.75 332 ± 28 ±132.8 
2.31 280 ± 42 ±84 
2.87 228 ± 26 ±68.4 
3.3 227 ± 25 ±68.1 
3.75 134 ± 27 ±40.2 
5.0 145 ± 15 ±29 
7.0 109 ± 13 ±13 
9.0 81 ± 9 ±1.62 
11.0 70 ± 11 ±1.4 

2022 Apr 29 uGMRT 0.65 521.0 ± 217.3 ± 130.25 

2022 Apr 24 MeerKAT 0.81593 671.0 ± 65.0 ± 167.75 

2022 Apr 29 uGMRT 1.26 668.0 ± 253.4 ± 267.2 

2022 May 11 MeerKAT 1.284 356 ± 37 ±184.4 per cent 
461 ± 29 
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ux density scale calibration accuracy of the VLA. Where enough
ignal-to-noise ratio was available, we split the L-, C-, and S-band
ata into four sub-bands when imaging, and the X-band data into
wo sub-bands. The observations are summarized in Table 1 . 

.2 uGMRT 

e also observed AT2020vwl with the upgraded Giant Metrewave
adio Telescope (uGMRT) on 2021 December 13/14 and 2022
pril 29. The observations were taken in band 4, with a central

requency of 0.65 GHz and total bandwidth of 300 MHz, and band
, with a central frequency of 1.26 GHz and total bandwidth of
00 MHz. The observing bands were broken into 2048 spectral
hannels. Unfortunately the GWB failed for the band 5 data on
021 December 13 and as a result the data were not able to be
sed. Data reduction was carried out in CASA (version 5.6.3) using
tandard procedures including flux and bandpass calibration with
C286 and phase calibration with ICRF J160207.2 + 332653. Images
f the target field were again created using tclean . Two rounds of
hase 
only and two rounds of phase and amplitude self-calibration were

arried out on the band 4 observation. The flux density of the target
as again extracted in the image plane using imfit by fitting an

lliptical Gaussian fixed to the size and orientation of the synthesized
eam. The flux densities are also listed in Table 1 . 

.3 MeerKAT 

inally, we also observed AT2020vwl with the South African
eerKAT radio telescope, in the 1.3 GHz, band on 2021 August 14.7

nd 2022, and in the 0.8 GHz band on 2021 December 27.4 and 2022
pril 25.0 (the dates given are the mid-points of the observations

n UT). In both bands we used the 4K (4096-channel) wideband
ontinuum mode. In the 1.3-GHz band, the observed bandwidth
as from 856 to 1744 MHz, with a central frequency of 1284 MHz,
hile in the 0.8-GHz band it was from 544 to 1088 MHz, with a

entral frequency of 816 MHz. The data were reduced using the
xKAT scripts (Heywood 2020 ). At both bands we used ICRF

160913.3 + 264129 (QSO B1607 + 268) as a secondary calibrator.
e used observations of ICRF J133108.2 + 303032 (3C 286) and

CRF J193925.0–634245 to set the flux density scale and calibrate
he bandpass at the 1.3 and 0.8 GHz bands, respectively. The final
mages were made using the WS CLEAN ( w-stacking CLEAN ) imager
Offringa et al. 2014 ; Offringa & Smirnov 2017 ), and resolved into
 layers in frequenc y. WS CLEAN deconvolv es the 8 frequency layers
ogether by fitting a polynomial in frequency to the brightness in
he 8 frequency-layers. Our flux densities include both the statistical
ncertainty and a systematic one due to the uncertainty in the flux-
ensity bootstrapping for MeerKAT, estimated at 10 per cent (see,
.g. Driessen et al. 2022 ). 

The flux densities were determined by fitting an elliptical Gaussian
f the same dimensions as the restoring beam to the image by least
quares. 

.4 Interstellar scintillation 

n 2022 April/May we observed AT2020vwl at ∼1.5 GHz with both
he VLA and uGMRT, only 9 d apart. There was a discrepancy in
ux-density between these two observations of approximately 25
er cent, with no corresponding discrepancy in the flux densities of
ackground sources. Here, we explore if this discrepancy can be
xplained by interstellar scintillation (ISS). 
NRAS 522, 5084–5097 (2023) 
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Table 1 – continued 

Date (UTC) Instrument & Frequency Flux density 
configuration (GHz) ±statistical error 

±ISS error ( μJy) 

2022 May 08 VLA-A 1.5 406 ± 19 ±162.4 
2.243 294 ± 37 ±88.2 
2.754 298 ± 21 ±89.4 
3.24 208 ± 17 ±62.4 
3.75 225 ± 17 ±67.5 
4.48 235 ± 18 ±47 
5.51 179 ± 17 ±35.8 
6.49 141 ± 15 ±28.2 
7.45 120 ± 14 ±2.4 
10.0 68 ± 6 ±1.36 
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Figure 1. DeCals (Dey et al. 2019 ) image of SDSS J153037.80 + 265856.8, 
the host galaxy of AT2020vwl. The galaxy appears to be lenticular with little 
visual evidence of spiral structure, indicating it is unlikely to be an active 
star-forming galaxy. 
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Using the NE2001 electron density model (Cordes & Lazio 2002 ) 
e infer that for the Galactic coordinates of AT2020vwl the transition

requency between strong and weak scintillation regimes occurs at 
.4 GHz and the angular size limit of the first Fresnel zone at the
ransition is 4 microarcsec. Using the Walker ( 1998 ) formalism as
ppropriate for compact extragalactic sources, we estimate that the 
adio emission from AT2020vwl will be in the strong, refractive 
cintillation regime until the source reaches an angular size of 
34 microarcsec. Radii of 10 16 – 10 17 cm at D A = 138 Mpc would
orrespond to angular diameters of 10 – 100 microarcesond. The 
mission from AT2020vwl is expected to be affected by ISS with 
 time-scale of variability of 67 h and a modulation fraction of 40
er cent at 1.5 GHz. We thus conclude that the 25 per cent variation
n flux density o v er 9 d between the VLA and uGMRT 1.5 GHz
bservations is entirely consistent with expected variability due to 
SS for a source with size < 134 microarcsec. 

In order to account for this flux density variation, and any flux
ensity variation due to ISS, we introduced an additional error on 
ach radio flux density measurement. We calculated the appropriate 
rror due to ISS for each frequency depending on the expected 
odulation fraction of ISS at that frequency, where the errors varied 

rom 40 per cent at 1.5 GHz to 2 per cent at 18 GHz, and added
hese in quadrature with the flux density error. We report both the
tatistical and ISS error in Table 1 for each flux density measurement.
n the subsequent modelling carried out further we include both the 
tatistical and ISS errors on all flux density points. This approach 
esulted in an increase in the uncertainty on the modelled parameters, 
o we ver the best-fit parameter values were consistent within error of
hose calculated without the additional ISS error. 

.5 Archi v al radio obser v ations 

n addition to the dedicated observations described in the previous 
ubsections, we searched for archi v al radio observ ations co v ering the
ocation of AT2020vwl in order to rule out pre vious AGN acti vity
n the host galaxy and to constrain any contaminating host radio 
mission. 

The Rapid ASKAP Continuum surv e y (RACS, McConnell et al. 
020 ) co v ered the coordinates of AT2020vwl on 2020 October 16
t 0.88 GHz. No source was detected at the location of AT2020vwl
ith a 3 σ upper limit of 837 μJy beam 

−1 . 
The VLA Sk y Surv e y (VLASS Lac y et al. 2020 ) co v ered the

oordinates of AT2020vwl on two occasions at 3 GHz prior to the
DE optical flare, 2017 October 02 and 2020 September 06. No 
ource was detected in either observation with 3 σ upper limits of
42 μJy beam 

−1 and 327 μJy beam 

−1 , respectively. 
The archi v al observ ations of the host galaxy thus indicate there
as no significant previous A GN activity. However , there could be

o w-le vel host radio emission due to either a low-luminosity AGN or
mission due to star formation. 

.6 Archi v al optical obser v ations of the host galaxy 

n order to disentangle the transient radio emission due to the TDE
rom any emission intrinsic to the host galaxy, we analysed the host
alaxy properties based on publicly available data. 

The host galaxy of AT2020vwl, SDSS 

153037.80 + 265856.8/LEDA 1794348, appears to be lenticular, 
ith little evidence of spiral structure (Fig. 1 ). An SDSS (Sloan
igital Sk y Surv e y York et al. 2000 ) spectrum (Strauss et al. 2002 )
f the host galaxy taken 13.5 yr prior to the TDE on MJD 54 180
hows a quiescent galaxy spectrum with no sign of strong AGN
mission lines (e.g. [OIII] or [NII]), Fig. 2 ). There is no evidence
or H α emission in the spectrum, which would be indicative of
hocked or excited gas due to either AGN activity or active star
ormation in the galaxy. The WISE (Wide-field Infrared Surv e y
xplorer; Wright et al. 2010 ) photometry for the host galaxy

WISEA J153037.80 + 265856.8) at the different WISE filters are 
s follows: W1 = 13.989 ± 0.025 and W2 = 14.001 ± 0.037. The

ISE W1 – W2 colour of −0.012 ± 0.03 also does not indicate any
GN or star-forming activity (cf. W1 – W2 > 0.8 would indicate
GN activity (Stern et al. 2012 )). 
These spectral properties, combined with the lack of a radio 

etection of the host prior to the TDE, indicate that the galaxy likely
oes not host an AGN and is not an active star forming galaxy.
herefore, most of the radio emission observed is likely intrinsic to

he transient event. 
The optical spectral properties of the host enable an approximate 

stimate of the star formation rate of 0.002 – 0.22 M � yr −1 (Conroy,
unn & White 2009 , using the FSPS-Granada catalogue given 

easonable model variations of dust and IMF). Using the Murphy 
t al. ( 2011 ) star formation relation at 1.4 GHz, we can infer the
.4 GHz luminosity expected for this star formation rate (SFR) of
he galaxy, (

SFR 1 . 4 GHz 

M � yr −1 

)
= 6 . 35 × 10 −29 

(
L 1 . 4 GHz 

erg s −1 Hz −1 

)
, (1) 
MNRAS 522, 5084–5097 (2023) 
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Figure 2. SDSS optical spectrum of SDSS J153037.80 + 265856.8, the host galaxy of AT2020vwl, taken on MJD 54 180 (13.5 yr before the TDE occurred). 
The spectrum shows a quiescent galaxy with no ob vious AGN or activ e star formation, indicating that the galaxy is unlikely to have significant radio emission 
due to AGN or star formation activity. 
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Figure 3. The 5.5 GHz radio luminosity curve of AT2020vwl (red stars) 
compared to those of selected other radio-bright thermal TDEs. TDE data are 
from AT2020opy Goodwin et al. ( 2023 ); AT2019azh Goodwin et al. ( 2022 ); 
AT2019dsg Cendes et al. ( 2021b ); ASASSN-14li Alexander et al. ( 2016 ); 
ASASSN-15oi Horesh et al. ( 2021a ); AT2018hyz Cendes et al. ( 2022 ); 
CNSS J0019 + 00 Anderson et al. ( 2020 ); XMMSL1 J0740-85 Alexander 
et al. ( 2017 ); IGR J12850 + 0134 Perlman et al. ( 2022 ), Lei et al. ( 2016 ), and 
Nikołajuk & Walter ( 2013 ); iPTF 16fnl Horesh et al. ( 2021b ). The x -axis 
indicates the time since the first detection (optical, radio, or X-ray depending 
on the source) of each TDE. 
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here L 1.4GHz is the 1.4 GHz luminosity of the g alaxy. Murph y et al.
 2011 ) found that this relation had a residual dispersion of σ = 0.3 –
.5 when comparing various extinction independent SFR diagnostics.
he expected scatter in the relation is therefore significantly smaller

han the uncertainty of the measured SFR of the host galaxy. 
Such a low SFR would be expected to give rise to a small

mount of radio emission, with L 1 . 4 GHz = 3 . 1 × 10 25 − 3 . 4 ×
0 27 erg s −1 Hz −1 , or a flux density of 1.4 – 149 μJy at the distance
f AT2020vwl. Thus we can conclude that the star formation
ontribution to the radio emission observed from the host galaxy
ay not be negligible, moti v ating the use of a host component in the

ransient modelling outlined further. 

.7 Archi v al Swift obser v ations 

e searched the Neil Gehrels Swift Observatory ( Swift ) (Bur-
ows et al. 2005 ) archive for publicly available observations of
T2020vwl. Between 2021 January 07 and 2022 December 05

here were 27 observations of the source taken with the Swift X-
ay Telescope (XRT) and Ultra-violet Optical Telescope (UV O T).
o search for any X-ray counterpart to the event, we examined all 27
bservations using the Swift online XRT product builder (Evans et al.
009 ). The XRT observations were taken in photon counting (PC)
ode. In all observations there was no X-ray source detected at the

osition of AT2020vwl, with a 3 σ upper limit on the 0.2 – 10 keV
-ray flux on 2021 January 07 of F X < 4.2 × 10 −12 erg cm 

−2 s −1 

assuming a distance of z = 0.035, Galactic hydrogen column density
f N H = 4.3 × 10 20 cm 

−2 (Willingale et al. 2013 ) and photon index
 = 1.5). 
UV O T observations included measurements with the UVW1 (peak

ensitivity at 2600 Ȧ ), UVW2 (peak sensitivity at 1928 Ȧ ), V (peak
ensitivity at 5468 Ȧ ), U (peak sensitivity at 3465 Ȧ ), UVM2 (peak
ensitivity at 2245 Ȧ ), and B (peak sensitivity at 4392 Ȧ ) filters. We
xtracted the UV flux of AT2020vwl as measured by UV O T, using
he HEASOFT Swift software tools 2 UVOTSOURCE task to carry out
perture photometry and extract a UV light curve. We used a circular
ource region of 5 

′′ 
and background region consisting of a 20 

′′ 
aper-

ure nearby to the source. We extinction corrected the UV magnitudes
sing extinction estimates derived from Schlegel, Finkbeiner & Davis
 1998 ). The error bars correspond to 1 σ . AT2020vwl was detected
n all UV O T observations, with U magnitudes plotted in Fig. 5 . 
NRAS 522, 5084–5097 (2023) 
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 RESULTS  

e show the 5.5 GHz light curve for AT2020vwl, as well as a
omparison to other TDEs in Fig. 3 . The radio emission from
T2020vwl gradually faded o v er the course of our radio observa-

ions from 142 – 432 d post-optical detection, evolving on a time-
cale similar to that of the thermal TDE ASASSN-14li (Alexander
t al. 2016 ). There is a slight increase in the o v erall flux density
n the final epoch at 577 d. which could be due to an increase
n the energy in the outflo w. The indi vidual radio spectra o v er
.65 – 15 GHz for each epoch are shown in Fig. 4 . The radio
mission shows a peaked spectrum, initially peaking at ≈7 GHz
ith the peak shifting to lower frequencies o v er our observing 
eriod. 
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Figure 4. Radio emission from AT2020vwl, observed with the VLA, 
uGMRT, and MeerKAT radio telescopes. Archi v al 3 σ upper limits from 

VLASS (3 GHz) and RACs (0.88 GHz) are shown in inverted triangles. The 
assumed underlying host component of the emission is shown in dashed grey. 

Figure 5. Gaia G-band (black) and Swift U-band (blue) light curves of 
AT2020vwl ( Gaia 20etp). The initial optical detection on 2020 October 10, 
peak optical flux on 2020 December 07, and the initial radio detection on 
2021 February 23 are indicated. The inferred radio outflow launch time is 
indicated in grey, where the shaded region denotes the 1 σ uncertainty on the 
outflow launch date. 
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.1 Optical light cur v e 

n Fig. 5 we plot the optical light curve of LEDA 1 794 348 from the
aia Spacecraft ( Gaia Collaboration et al. 2016 ), which reported 

ransient optical activity of the TDE AT2020vwl (Hodgkin et al. 
020 ). The optical flare of ∼1 mag first occurred on 2020 October
0 (MJD 59132), with a previous detection of the host galaxy 18 d
arlier on 2020 September 22 (MJD 59114). The Gaia light curve is
ery well sampled, and shows the optical emission rose slowly to a
eak on approximately 2020 December 07 (MJD 59190), 58 d later, 
onsistent with average rise times of other TDEs (van Velzen et al.
021b ). 
.2 Radio spectral fitting 

e fit the observed radio spectra for each epoch with a synchrotron
mission model. While the host galaxy optical properties indicate that 
e do not expect significant host radio emission due to AGN activity,

he inferred SFR from archi v al optical spectra implies there could
e a small amount of radio flux unrelated to the TDE. Therefore,
ur synchrotron emission model consists of two components: the 
rst is a broken power law, representing a component which is
ynchrotron self-absorbed at low frequencies, and the second is an 
nbroken power law, representing the host galaxy emission. Such a 
wo-part model is described in Alexander et al. ( 2016 ) and Goodwin
t al. ( 2022 ). In this model, the flux density of the self-absorbed
ynchrotron component is given by Granot & Sari ( 2002 ) 

 ν, synch = F ν, ext 

[ (
ν

νm 

)2 

exp ( −s 1 

(
ν

νm 

)2 / 3 

) + 

(
ν

νm 

)5 / 2 
] 

×
[ 

1 + 

(
ν

νa 

)s 2 ( β1 −β2 ) 
] −1 /s 2 

, (2) 

here ν is the frequency, F ν, ext is the normalization, s 1 = 3.63 p −
.60, s 2 = 1.25 − 0.18 p , β1 = 

5 
2 , β2 = 

1 −p 

2 , and p is the energy
ndex of the power -law distrib ution of relativistic electrons, νm 

is
he synchrotron minimum frequency, and νa is the synchrotron self- 
bsorption frequency. We assume further that νm 

< νa < νc , where 
c is the synchrotron cooling frequency. 
The flux density of the host component is 

 ν, host = F 0 

( ν

1 . 4 GHz 

)α0 
, (3) 

here F 0 is the flux density measured at 1.4 GHz and α0 is the
pectral index of the host galaxy. 

The total observed flux density model is then 

 ν, total = F ν, host + F ν, synch (4) 

In order to constrain F 0 and α0 , we fit three of the most well-
onstrained spectra (2021 May 07, 2021 August 11, and 2021 
ctober 18) as outlined in the next paragraph, but also including
 0 and α0 as parameters in the fit. Due to archi v al observ ations of

he host galaxy (see Section 2 ), we constrain F 0 to < 0.5 mJy. The
alues of F 0 and α obtained agreed within the uncertainties. We adopt
he mean values of F 0 = 0.178 ± 0.05 mJy and α0 = −1.1 ± 0.2
rom these three fits for our other fits. The host galaxy component
orresponding to these values is plotted in Fig. 4 . This flux density
orresponds to a 1.4 GHz L ν of L 1 . 4 GHz = 4 . 6 × 10 27 erg s −1 Hz −1 ,
hich is consistent with the optical properties of the host showing a

ack of significant AGN or star formation activity, and consistent 
ith the flux density estimate of the radio emission due to a

mall amount of ongoing star formation in the galaxy of L 1 . 4 GHz =
 . 1 × 10 25 − 3 . 4 × 10 27 erg s −1 Hz −1 (Section 2.6 ). We note that the
ssumed host emission is accounting for possible low-luminosity 
GN activity, as well as the approximate expected radio emission 

rom star formation in the galaxy. 
Additionally, in Appendix A we present a statistical comparison 

f the spectral fits both with and without the host emission, and
nd that the first epoch is better fit with the model including a host
omponent while the other epochs are equally well-fit by the model
ith or without the host component. In the first epoch, the peak of

he transient emission has not yet evolved to lower frequencies where
he host emission dominates, which could explain the preference for 
ost emission in the first epoch but not the latter epochs. 
MNRAS 522, 5084–5097 (2023) 
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Figure 6. Synchrotron spectral fits of the evolving radio emission observed 
from AT2020vwl between 2020 February and 2022 May. The observed radio 
flux densities minus the assumed host component are plotted in circles and 
50 random MCMC samples are plotted in solid lines to demonstrate the 
uncertainty in the fits. The radio emission is well described by a synchrotron 
self-absorption spectrum that evolves to peaking at lower frequencies o v er 
time. 
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Table 2. Synchrotron emission modelling properties of the outflow produced 
by the TDE AT2020vwl. 

Date (UTC) δt (d) a F p (mJy) νm (GHz) νp (GHz) p 

27 Feb 2021 142 0.59 ± 0.03 3.69 ± 1.00 8.04 ± 0.81 2.85 ± 0.27 
07 May 2021 211 0.54 ± 0.05 2.56 ± 0.81 5.79 ± 0.68 2.89 ± 0.26 
11 Aug 2021 307 0.35 ± 0.06 1.50 ± 0.56 3.05 ± 0.53 2.96 ± 0.24 
18 Oct 2021 375 0.21 ± 0.06 1.25 ± 0.51 2.35 ± 0.54 3.07 ± 0.22 
14 Dec 2021 432 0.13 ± 0.03 1.48 ± 0.73 2.90 ± 0.81 2.95 ± 0.26 
08 May 2022 577 0.26 ± 0.07 0.87 ± 0.31 1.55 ± 0.36 3.09 ± 0.21 

Note. a δt is measured with respect to the initial optical detection, t 0 = MJD 59130. 
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3 The geometric factors are given by f A = A /( πR 

2 / � 

2 ) and f v = V /( πR 

3 / � 

4 ), 
for area, A , and volume, V , of the outflow, and distance from the origin of the 
outflow, R (Barniol Duran et al. 2013 ). 
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We fit the flux density as a function of frequency for each
poch using a PYTHON implementation of Markov Chain Monte
arlo (MCMC), EMCEE (F oreman-Macke y et al. 2013 ) and equation
 2 ), with, as mentioned, a fixed contribution from the host galaxy
ontribution as given by equation ( 3 ). This approach enables us
o obtain posterior distributions for the p , F ν, ext , νm 

, and νa . We
ssume flat prior distributions for all parameters, constraining p
o the range 2.5 – 4.0, F ν, ext to the range 10 −6 – 1, νm to the
ange 0.5 – νa , and νa to the range νb – 12. For each parameter
e report the median value from the posterior distribution and

he 16th and 84th percentiles, corresponding to approximately
 σ errors. For each MCMC calculation we use 400 w alk ers
nd 4000 steps, discarding the first 1000 steps to account for
urn-in. 

We plot the spectral fits for each epoch in Fig. 6 , and report the
est fit flux densities and frequencies of the spectral peaks for each
poch in Table 2 . Both the flux density and frequency of the spectral
NRAS 522, 5084–5097 (2023) 
eaks consistently decreased o v er the course of our observations,
hilst p remained approximately constant at p ≈ 3. 

.3 Outflow modelling 

n order to estimate the physical properties of the outflow, we first
ssume equipartition between the energies in the relativistic electrons
nd the magnetic field, and infer the outflow properties by assuming
he outflow takes the form of a blastwave that accelerates ambient
lectrons into a power-law distribution, N ( γ ) ∝ γ −p , where p is the
ynchrotron energy index, γ is the electron Lorentz factor, with γ ≥
m 

, where γ m 

is the minimum Lorentz factor. We use the approach
utlined by Barniol Duran, Nakar & Piran ( 2013 ) to estimate key
hysical quantities such as the radius ( R ) and energy ( E ) of the
utflow, the magnetic field strength ( B ), mass of the emitting region
 M ej ), ambient electron density ( n e , calculated based on the inferred
otal number of electrons in the observed region, N e ), and velocity of
he ejecta ( β). The exact equations we used are equations ( 4 ) – (13) in
oodwin et al. ( 2022 ). As in Goodwin et al. ( 2022 ), we first assume

quipartition to derive the equipartition radius ( R eq ) and energy
 E eq ), then apply a correction for the deviation from equipartition
o derive estimates of R and E . For this deviation from equipartition,
e assume that the total fraction of energy in the magnetic field

s 2 per cent, based on observations of TDEs (Horesh et al. 2013 ;
endes et al. 2021b ) and supernovae (e.g. Eftekhari et al. 2018 ).
dditionally, we assume that a fraction of the total energy is carried
y the electrons, as typically electrons are accelerated much less
fficiently than protons in astrophysical accelerators (e.g. Morlino &
aprioli 2012 ). This fraction has frequently been assumed to be 10
er cent, that is, εe = 0.1, in the literature (e.g. Alexander et al.
016 ; Cendes et al. 2021b ; Goodwin et al. 2022 ), ho we ver, recent
tudies have found that for non-relativistic collisionless shocks, εe 

s closer to 10 −3 − 10 −4 (Park, Caprioli & Spitkovsky 2015 ; Xu,
pitko vsk y & Caprioli 2020 ). Thus, in our models we provide the
utflow parameters for both εe = 0.1 and εe = 5 × 10 −4 . We note
hat the assumption of deviation from equipartition results in an
ncrease in the predicted energy and radius as the assumed deviation
rom equipartition increases, as well as increased magnetic field
trength and mass in the outflow with decreased ambient density. The
odelled values depend on the assumed value of εe , as demonstrated

n Fig. 7 . In Table 3 , we report both the equipartition radius and
nergy as well as the corrected radius and energy. 

We provide constraints for two different geometries in order
o account for different possible outflow natures. First, we as-
ume the emitting region is approximately spherical (with ge-
metric factors 3 f A = 1 and f V = 4/3). Secondly, we provide
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Table 3. Equipartition modelling properties of the outflow produced by the TDE AT2020vwl. We report both the uncorrected equipartition radius ( R eq ) and 
energy ( E eq ), as well as the corrected radius ( R ) and energy ( E ) assuming 2 per cent of the energy is carried by the magnetic field and 10 per cent of the energy 
is carried by the electrons. 

δt (d) a log R eq (cm) log E eq (erg) log E (erg) log R (cm) β (c) log n e (cm 

−3 ) log B (G) log M ej (M �) 

Spherical, 142 16.02 ± 0.06 47.74 ± 0.06 47.99 ± 0.06 16.08 ± 0.06 0.032 ± 0.004 3.83 ± 0.46 −0.12 ± 0.35 −2.99 ± 0.08 
εe = 0.1 211 16.15 ± 0.06 47.86 ± 0.08 48.11 ± 0.08 16.20 ± 0.06 0.029 ± 0.004 3.58 ± 0.53 −0.25 ± 0.40 −2.78 ± 0.10 

307 16.34 ± 0.09 47.97 ± 0.12 48.22 ± 0.12 16.40 ± 0.09 0.032 ± 0.006 3.11 ± 0.75 −0.48 ± 0.55 −2.73 ± 0.15 
375 16.36 ± 0.11 47.91 ± 0.17 48.16 ± 0.17 16.42 ± 0.11 0.027 ± 0.007 2.99 ± 0.97 −0.55 ± 0.68 −2.66 ± 0.20 
432 16.16 ± 0.12 47.47 ± 0.17 47.72 ± 0.17 16.22 ± 0.12 0.015 ± 0.004 3.14 ± 1.04 −0.47 ± 0.76 −2.59 ± 0.21 
577 16.58 ± 0.10 48.20 ± 0.16 48.45 ± 0.16 16.64 ± 0.10 0.029 ± 0.007 2.63 ± 0.91 −0.73 ± 0.63 −2.43 ± 0.19 

Conical, 142 16.40 ± 0.06 48.26 ± 0.06 48.51 ± 0.06 16.45 ± 0.06 0.074 ± 0.009 3.29 ± 0.46 −0.39 ± 0.35 −3.18 ± 0.08 
εe = 0.1 211 16.52 ± 0.06 48.39 ± 0.08 48.64 ± 0.08 16.58 ± 0.06 0.067 ± 0.010 3.04 ± 0.53 −0.52 ± 0.40 −2.97 ± 0.10 

307 16.72 ± 0.09 48.50 ± 0.12 48.75 ± 0.12 16.77 ± 0.09 0.072 ± 0.014 2.58 ± 0.75 −0.75 ± 0.55 −2.91 ± 0.15 
375 16.72 ± 0.11 48.45 ± 0.17 48.70 ± 0.17 16.79 ± 0.11 0.062 ± 0.016 2.47 ± 0.97 −0.81 ± 0.68 −2.84 ± 0.20 
432 16.54 ± 0.12 48.00 ± 0.17 48.25 ± 0.17 16.60 ± 0.12 0.035 ± 0.010 2.61 ± 1.04 −0.74 ± 0.76 −2.79 ± 0.21 
577 16.96 ± 0.10 48.74 ± 0.16 48.99 ± 0.16 17.01 ± 0.10 0.067 ± 0.016 2.10 ± 0.91 −0.99 ± 0.63 −2.61 ± 0.19 

Spherical, 142 50.04 ± 0.06 16.33 ± 0.06 0.057 ± 0.007 1.09 ± 0.47 0.90 ± 0.36 −1.42 ± 0.08 
εe = 5 × 10 −4 211 50.16 ± 0.07 16.46 ± 0.06 0.052 ± 0.007 0.82 ± 0.53 0.77 ± 0.40 −1.22 ± 0.10 

307 50.26 ± 0.12 16.65 ± 0.09 0.055 ± 0.011 0.33 ± 0.77 0.53 ± 0.56 −1.18 ± 0.15 
375 50.18 ± 0.16 16.67 ± 0.11 0.048 ± 0.012 0.17 ± 0.96 0.47 ± 0.68 −1.13 ± 0.20 
432 49.75 ± 0.18 16.47 ± 0.12 0.027 ± 0.008 0.37 ± 1.07 0.55 ± 0.77 −1.05 ± 0.22 
577 50.47 ± 0.16 16.89 ± 0.10 0.051 ± 0.012 −0.20 ± 0.90 0.28 ± 0.63 −0.90 ± 0.19 

Conical, 142 50.56 ± 0.06 16.71 ± 0.06 0.126 ± 0.016 0.55 ± 0.47 0.63 ± 0.36 −1.59 ± 0.08 
εe = 5 × 10 −4 211 50.68 ± 0.07 16.83 ± 0.06 0.115 ± 0.017 0.28 ± 0.53 0.51 ± 0.40 −1.39 ± 0.10 

307 50.79 ± 0.12 17.03 ± 0.09 0.122 ± 0.025 −0.21 ± 0.77 0.27 ± 0.56 −1.34 ± 0.15 
375 50.72 ± 0.16 17.05 ± 0.11 0.106 ± 0.026 −0.36 ± 0.96 0.20 ± 0.68 −1.29 ± 0.20 
432 50.28 ± 0.18 16.85 ± 0.12 0.061 ± 0.017 −0.17 ± 1.07 0.28 ± 0.77 −1.25 ± 0.22 
577 51.01 ± 0.16 17.27 ± 0.10 0.114 ± 0.026 −0.73 ± 0.90 0.02 ± 0.63 −1.05 ± 0.19 

Note. a δt is measured with respect to the initial optical detection, t 0 = MJD 59130. 
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utflow constraints assuming the emitting region is approximately 
onical (with geometric factors f A = 0.13 and f V = 1.15), 
orresponding to a mildly collimated jet with a half-opening 
ngle of 30 ◦. 

The inferred physical outflow properties for AT2020vwl are 
lotted in Fig. 7 and listed in Table 3 . A linear fit to the radius
assuming constant velocity) gives a predicted outflow launch date 
f –13 ± 3 d (spherical) or –13 ± 2 d (conical) after the initial optical
etection. Due to the 18 d uncertainty on the beginning of the optical
are, these predicted launch dates coincide with the predicted date 
f the onset of the optical flare. 
The level of scintillation observed in the December epoch of 

bservations (Section 2.4 ) provides an independent constraint on the 
ource size to be likely < 134 microarcsec (the size below which
he object can be assumed to act as a point source affected by
SS) and definitely < 3028 microarcsec (the maximum source size 
hat could induce a 25 per cent modulation due to ISS), which is
onsistent with the radii predicted by the synchrotron modelling 
 < 93 microarcsec). 

 DISCUSSION  

he radio observations of the TDE AT2020vwl we present indicate 
hat a non-relativistic outflow was launched approximately at the 
ime of the initial optical flare. We deduce that the outflow has
ner gy ∼10 48 er g, for radii ∼10 16 – 10 17 cm (assuming the correction
or deviation from equipartition) and velocity ≈ 0 . 03 c (spherical 
eometry) or ≈ 0 . 07 c (conical geometry). The radio emission
radually faded o v er the course of our observations from 142 –
77 d post-optical detection, with a slight indication of an increase 
n the peak flux density at 577 d. 
.1 The nature of the outflow 

he exact mechanism behind radio emission in thermal TDEs is not
nown, including if all outflows are driven by the same mechanism,
r if different mechanisms are behind different observed properties. 
heoretical simulations predict slow ( ∼ 0 . 05 − 0 . 1 c), dispersed,
pherical outflows from stream-stream collisions (e.g. Bonnerot & 

u 2020 ) that would appear promptly after the initial optical detection 
nd stellar disruption (our spherical model case in Fig. 7 ). Alternative
imulations predict non-relativistic, collimated radio outflows may 
e produced by the unbound debris stream (e.g. Spaulding & Chang
022 ). Other theories suggest that the non-relativistic outflows could 
e driven by super-Eddington accretion induced winds from closer to 
he SMBH (e.g. Alexander et al. 2016 ) or a mildly collimated jet from
ccretion onto the SMBH (e.g. Pasham & van Velzen 2018 ; Stein
t al. 2021 ) (our conical model case in Fig. 7 ). Dai et al. ( 2018 ) argue
hat wide-angle optically thick fast outflows and relativistic jets are 
roduced in the super-Eddington compact disc phase of TDEs, and 
he observed emission is highly dependent on viewing-angle. Curd & 

arayan ( 2019 ) found that the combination of a rapidly spinning
lack hole and and strong magnetic field was required to launch a
elativistic jet, but that a sub-relativisitic outflow could be driven by
n accretion ‘wind’ due to low binding energy in the disc enabling
mall perturbations to unbind material relatively easily, driving an 
utflow due to radiation pressure. In many of these scenarios, the
bservable radio emission would appear quite similar, making it 
ifficult to distinguish between different outflow scenarios. 
The outflow modelling we conducted in Section 3.3 enables some 

iscrimination between outflow models. First, the inferred radius 
f the outflow at each epoch enables us to rule out relativistic
otion of the outflow between 142 and 577 d post-optical detection.
econdly, a linear fit to the radial growth predicts an outflow launch
MNRAS 522, 5084–5097 (2023) 
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Figure 7. Physical outflow properties inferred by equipartition modelling of the spectral properties of the radio emission from the TDE AT2020vwl. Properties 
derived with an assumed spherical geometry are plotted in circles , and ones with a conical geometry in squares . E and R are the estimated energy and radius of the 
outflo w deri ved from an equipartition analysis and corrected for assumed de viation from equipartition. Two assumptions about the de viation from equipartition 
are shown, one where the fraction of energy in the electrons is εe = 0.1 (purple and green) and one where εe = 5 × 10 −4 (blue and yellow). 
B is the magnetic field strength, M ej is the mass in the ejecta, β is the outflow velocity divided by the speed of light, and n e is the free electron number density of 
the ambient medium. The dashed lines in the lower left panel show a linear fit to the radius for each geometry. The energy and radius increased with time until 
307 d post-disruption, at which time the radius plateaued and the energy decreased until a renewed increase in radius and energy was observed at 577 d. 
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ate consistent with the optical detection within 1 σ errors. Thirdly,
he evolution of the predicted energy (corrected for any deviation
rom equipartition) in the outflow between epochs implies either
uctuating energy injection into the outflow from its source, or
uctuations in the density of the CNM the outflow is moving into. 
Based on these observed properties, we deduce that the outflow

rom AT2020vwl is consistent with either a single injection of energy
t the time of the stellar disruption and an inhomogenous CNM, or
n energy source with fluctuating energy input (Fig. 7 ). The velocity
 v er time is consistent with being approximately constant within
he 1 σ error, whilst the mass in the ejecta gradually increased o v er
ime. Interestingly, the energy and radius increased with time until
07 d (epoch 3) post-disruption, at which time the radius plateaued
nd the energy decreased for ≈250 d, until a renewed increase in
adius and energy was observed at 577 d. This decrease in energy
nd stagnation of the radial growth are also reflected in the other
arameters as a slight decrease in velocity and stagnation of mass in
he outflow. We suggest that the decrease in energy of the outflow
ould be due to either the engine switching off (and switching back
n at 577 d), or, the outflow encountering a denser region of the
NM, slowing the blastwave. In the latter case, increasing energy in

he outflow is due to the additional mass the outflow sweeps up from
he CNM while undergoing ballistic motion from a single injection
f energy at the time the outflow was launched. We note that in
ig. 7 the ambient density appears to consistently decrease between
NRAS 522, 5084–5097 (2023) 
ach epoch, and shows no indication of a sudden increase in the
nal epoch which may explain the increase in energy. Ho we ver,

he error bars on the ambient density are large and cannot rule
ut the possibility that the ambient density increased in the final
poch. 

The prompt production of radio emission in this event (a linear
t to the radius gives an outflow launch date consistent with the

ime of the initial optical detection, also taking into account the 18 d
ncertainty on the onset of the optical flare), and lack of strong X-ray
mission to indicate active accretion onto the SMBH, could indicate
hat an accretion-induced wind or jet producing the outflow from the
icinity of the SMBH is unlikely. Ho we ver, if accretion were to occur
romptly, the X-rays produced could be obscured or absorbed, and
he radio outflow driven by material ejected from close to the SMBH.
dditionally, infrared dust echos have been observed in TDEs that

race reverberation by gas that orbits the black hole (Jiang et al.
021 ; van Velzen et al. 2021a ). The detection of an infrared dust
cho could therefore be an indirect tracer of accretion occurring.
e searched available WISE (Wright et al. 2010 ) observations of

T2020vwl post-flare and found there was no detectable increase
n the infrared emission. Nevertheless, we cannot entirely rule out
n accretion-driven wind as an explanation of AT2020vwl’s radio
mission. 

The unbound debris stream could also produce the observed non-
elativistic radio outflow. The unbound debris stream is predicted

art/stad1258_f7.eps
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Figure 8. Left: the variation of ambient density with distance from the black hole for a selection of thermal TDEs as traced by outflow modelling. The 
equipartition radius is plotted for AT2020vwl. Right: the kinetic energy and velocity of the outflow produced in a selection of thermal TDEs. The equipartition 
corrected estimated kinetic energy is plotted for AT2020vwl. We plot the outflow properties inferred using εe = 0.1 for direct comparison to other inferred TDE 

outflow properties that are mostly calculated with εe = 0.1. In both panels AT2020vwl is shown with red stars. AT2020vwl appears to fit well into the population 
of thermal TDEs. TDE data and assumed SMBH masses are from Stein et al. ( 2021 ); Cendes et al. ( 2021b ) (AT2019dsg, M BH = 5 × 10 6 M �), Alexander et al. 
( 2016 ) (ASASSN-14li, M BH = 1 × 10 6 M �), Eftekhari et al. ( 2018 ) (Sw J1644 + 57, M BH = 1 × 10 6 M �), Anderson et al. ( 2020 ) (CNSS J0019 + 00, M BH = 

1 × 10 7 M �), Mattila et al. ( 2018 ) (Arp 299-B AT1, M BH = 2 × 10 7 M �), Alexander et al. ( 2017 ) (XMMSL1 J0740–85, M BH = 3.5 × 10 6 M �), Goodwin et al. 
( 2022 ) (AT2019azh, M BH = 3 × 10 6 M �), and Goodwin et al. ( 2023 ) (AT2020opy, M BH = 1.12 × 10 7 M �). For AT2020vwl we assume M BH = 6.17 × 10 5 M �
(Yao et al. 2023 ). 
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o have velocity ≈ 0 . 05 c and energy ∼10 48 erg (Krolik et al. 2016 ),
ery similar to the properties we determine for AT2020vwl. Ho we ver, 
e note that the unbound debris stream is likely to have a very small

olid angle with higher collimation than we consider in our conical 
odel ( f A ≈ 0.2). In this case, the predicted energies and velocities

or our outflow modelling would increase slightly, and the outflow 

ould be slightly more energetic and faster than predicted for the 
nbound debris stream. 
Stream-stream collisions during the initial disruption and circu- 

arization of the debris could explain both the prompt ejection of
he material in the outflow as well as the velocity and energy of
he outflow that was observed for AT2020vwl. In this scenario, a 
ollision induced outflow is produced by the self-intersection of 
he fallback stream, producing a prompt non-relativistic, spherical 
utflow with velocities � 0 . 2 c (Lu & Bonnerot 2020 ). Similarly, a
ide-angle outflow with velocity ∼ 0 . 02 c could be driven by shocks
etween returning streams and a circularizing, eccentric accretion 
ow (Steinberg & Stone 2022 ). 
We therefore conclude that the outflow can either be explained by 

he unbound debris stream (less likely due to the higher collimation 
equired) or more likely a spherical outflow that was launched by 
tream-stream collisions of the stellar debris. An accretion-driven 
utflow is also possible, but only if there was direct disc formation
nd obscuration of any X-ray emission. 

.2 Comparison to other TDEs 

n Fig. 8 we plot the radius and ambient density of a number of
DEs as well as the kinetic energy and velocity of the outflows.
he outflow properties of AT2020vwl are broadly consistent with 

hose of other non-relativistic TDEs. AT2020vwl is the slowest 
utflow observed to date (assuming a spherical geometry), with a 
elocity just ≈ 0 . 03 c. The radio light-curve evolution of AT2020vwl
s very similar to the thermal TDE ASASSN-14li (Fig. 3 ), in which
he outflow was suggested to be produced by either a spherical,
on-relativistic accretion-induced wind (Alexander et al. 2016 ) or a 
ore collimated, jet-like outflo w (v an Velzen et al. 2016 ; Pasham &

an Velzen 2018 ). We observed AT2020vwl at radii closer to the
entral black hole than ASASSN-14li (Fig. 8 ), possibly explaining 
he higher energy and denser CNM inferred from the synchrotron 
mission. The outflow launch date of AT2020vwl is consistent with 
he date of the initial optical detection. Alexander et al. ( 2016 ) found
hat the outflow launched by ASASSN-14li was launched approxi- 

ately coincident with the onset of super-Eddington accretion and 
oncluded that the outflow was likely launched by an accretion- 
ri ven wind. Ho we ver, the initial optical flare and peak were not
bserved for ASAASN-14li, so the time of peak accretion may not
oincide with the optical peak in this event, and the outflow could
ell have been launched prior to the onset of significant accretion
nto the black hole, similar to AT2020vwl. Another well-studied 
on-relativistic TDE, AT2019dsg, was also found to have a radio 
utflow launched close to the time of optical disco v ery (Cendes et al.
021b ). 
The thermal TDES AT2019azh and AT2020opy demonstrated sim- 

lar outflow properties (but slightly more energetic) to AT2020vwl, 
s well as predicted outflow launch dates that are also consistent with
he optical flare (Goodwin et al. 2022 , 2023 ), suggesting that these
utflows may all have been produced by a similar mechanism. Good-
in et al. ( 2022 ) conclude that the most likely outflow mechanism for
T2019azh is ejected material due to stream-stream collisions of the 
tellar debris; a scenario which also explains the observed properties 
MNRAS 522, 5084–5097 (2023) 
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Steinberg & Stone ( 2022 ) recently found in detailed simulations
hat the initial light-curve rise is powered by shocks due to inefficient
ircularization of the debris, and Metzger ( 2022 ) found that signifi-
ant accretion onto the SMBH is delayed as the envelope contracts
lowly. These simulations lend credit to the collision-induced outflow
cenario in which these prompt radio outflows such as observed
or A T2020vwl, A T2019azh, A T2020opy, A T2019dsg, and perhaps
SASSN-14li are powered by shocks from the debris circularizing,

nd not from accreted material close to the SMBH. 

 C O N C L U S I O N S  

e present the radio detection of the TDE AT2020vwl, and the
volution of the radio outflow that was produced o v er 1.5 yr. The
ptical and radio light curves of this event are well-sampled,
roviding insight into the evolution time-scales of the emission at
ifferent frequencies. We infer that the outflow in this event is non-
elativistic, with velocity ≈ 0 . 03 c (assuming a spherical outflow
eometry), radius 10 16 – 10 17 cm and energy 10 47 – 10 48 erg. In
LA and uGMRT observations spaced 9 d apart, we detected a 25
er cent variation in flux density of the source which we attribute to
SS, confirming the compact ( < 134 microarcsec) nature of the radio
ource. We deduce that the outflow in this event w as lik ely produced
y stream-stream collisions of the stellar debris, the unbound debris
tream, or an accretion-induced outflow, due to the prompt onset of
he radio emission relative to the optical flare and broadly constant
ow velocity of the outflow. We inferred an interesting decrease in
he energy from 300 – 430 d post-optical detection, possibly due to
he outflow encountering a dense clump of the CNM or fluctuations
n the energy injection into the outflow. 

Future radio observations that track the decay of the radio
mission from this source will enable stronger constraints on the
ost component of the radio emission, as well as the evolution of
he outflow and density of the CNM further from the central SMBH.
T2020vwl joins a growing number of TDEs with prompt radio
mission detected relative to the optical flare, moti v ating future
rompt radio observations combined with detailed optical and X-
ay observ ations. These observ ations may enable the mechanism
ehind these outflows to be distinguished from accretion-driven
jection from close to the SMBH or collision driven outflowing
treams of material. More detailed simulations of the launching and
volution time-scales of these different types of outflows may also
ro vide ke y insights into unv eiling the nature of prompt outflows
rom TDEs. 
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Table A1. AIC and BIC values for single-break spectral fits assuming the 
synchrotron peak frequency is associated with the minimum frequency ( νm ) 
or the self-absorption frequency ( νa ). 

Date (UTC) AIC νm AIC νa BIC νm BIC νa 

Without host subtraction 

2021 Feb 27 −11.98 −9.51 −10.60 −8.13 
2021 May 07 −14.35 −13.58 −13.79 −13.03 
2021 Aug 11 −38.89 −44.81 −36.10 −42.03 
2021 Oct 18 −42.81 −47.97 −39.41 −44.58 
2021 Dec 14 −48.50 −50.47 −45.11 −47.07 
2022 May 08 −43.95 −47.73 −39.48 −43.25 

With host subtraction 

2021 Feb 27 −9.09 −14.51 −7.71 −13.13 
2021 May 07 −14.74 −14.88 −14.19 −14.33 
2021 Aug 11 −41.65 −47.03 −38.87 −44.24 
2021 Oct 18 −45.49 −48.86 −42.09 −45.46 
2021 Dec 14 −49.89 −51.59 −46.50 −48.19 
2022 May 08 −47.67 −50.77 −43.20 −46.29 

Table A2. AIC and BIC values for two-break spectral fits assuming the 
synchrotron peak frequency is associated with the self-absorption frequency 
( νa ) and including a second minimum frequency break ( νm ) that is fixed to 
νm = 0.5 GHz or also allowed to vary. 

Date (UTC) 

AIC 

fixed νm 

break 

AIC 

νa 

and νm 

breaks 

BIC 

fixed νm 

break 

BIC νa 

and νm 

breaks 

Without host subtraction 

2021 Feb 27 −21.93 −21.98 −20.55 −20.60 
2021 May 07 −29.69 −26.69 −29.14 −29.14 
2021 Aug 11 −48.34 −48.34 −45.56 −45.56 
2021 Oct 18 −48.86 −48.87 −45.47 −45.47 
2021 Dec 14 −51.54 −51.54 −48.14 −48.14 
2022 May 08 −50.81 −50.81 46.34- −46.34 

With host subtraction 

2021 Feb 27 −25.84 −25.86 −24.46 −24.48 
2021 May 07 −29.80 −29.80 −29.25 −29.25 
2021 Aug 11 −48.17 −48.17 −45.38 −45.38 
2021 Oct 18 −49.03 −49.03 −45.63 −45.64 
2021 Dec 14 −51.68 −51.68 −48.28 −48.28 
2022 May 08 −50.90 −50.91 −46.43 −46.43 
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PPENDI X  A :  SPECTRAL  FITTING  

he observed radio spectra of AT2020vwl show a peaked synchrotron 
pectrum that evolved to peaking at lower frequencies o v er time.
n Section 3.2 we present spectral fits assuming the synchrotron 
pectrum is described by the case where νm < νa < νc , and we
ubtract a constant steep-spectrum faint host component from each 
poch. Here we e xplore alternativ e scenarios that could produce the
ynchrotron emission that was observed, noting that the spectral fits 
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M

Table A3. Synchrotron emission and equipartition modelling properties of the outflow produced by the TDE AT2020vwl assuming no host emission contribution 
in the spectral fitting. 

Date (UTC) δt (d) a F p ( μJy) νm (GHz) νp (GHz) p log E (erg) log R (cm) β (c) log n e (cm 

−3 ) log B (G) log M ej (M �) 

Spherical, 
εe = 0.1 

27 Feb 2021 142 0.66 ± 0.05 3.17 ± 0.93 7.04 ± 0.81 2.82 ± 0.27 48.07 ± 0.07 16.15 ± 0.06 0.039 ± 0.005 3.68 ± 0.49 −0.20 ± 0.38 −3.05 ± 0.09 
07 May 2021 211 0.61 ± 0.05 2.35 ± 0.78 5.44 ± 0.65 2.86 ± 0.26 48.18 ± 0.08 16.25 ± 0.06 0.033 ± 0.005 3.50 ± 0.54 −0.29 ± 0.41 −2.80 ± 0.10 
11 Aug 2021 307 0.50 ± 0.08 1.13 ± 0.39 2.45 ± 0.38 2.96 ± 0.22 48.50 ± 0.11 16.57 ± 0.08 0.046 ± 0.008 2.88 ± 0.67 −0.60 ± 0.49 −2.77 ± 0.14 
18 Oct 2021 375 0.38 ± 0.08 0.96 ± 0.34 1.85 ± 0.34 3.10 ± 0.19 48.59 ± 0.14 16.64 ± 0.09 0.044 ± 0.009 2.75 ± 0.83 −0.67 ± 0.58 −2.66 ± 0.17 
14 Dec 2021 432 0.41 ± 0.06 0.63 ± 0.13 1.20 ± 0.17 2.93 ± 0.24 48.68 ± 0.10 16.83 ± 0.06 0.059 ± 0.008 2.26 ± 0.50 −0.91 ± 0.36 −2.82 ± 0.11 
08 May 2022 577 0.55 ± 0.10 0.60 ± 0.10 1.05 ± 0.13 3.13 ± 0.16 49.05 ± 0.11 16.96 ± 0.06 0.060 ± 0.008 2.25 ± 0.54 −0.92 ± 0.36 −2.45 ± 0.12 

Conical, 
εe = 0.1 

48.59 ± 0.07 16.53 ± 0.06 0.087 ± 0.012 3.14 ± 0.49 −0.47 ± 0.38 −3.24 ± 0.09 
48.70 ± 0.08 16.63 ± 0.06 0.074 ± 0.011 2.96 ± 0.54 −0.56 ± 0.41 −2.99 ± 0.10 
49.03 ± 0.11 16.94 ± 0.08 0.103 ± 0.018 2.35 ± 0.67 −0.87 ± 0.49 −2.94 ± 0.14 
49.13 ± 0.14 17.02 ± 0.09 0.100 ± 0.021 2.23 ± 0.83 −0.93 ± 0.58 −2.82 ± 0.17 
49.21 ± 0.10 17.21 ± 0.06 0.130 ± 0.017 1.72 ± 0.50 −1.18 ± 0.36 −2.97 ± 0.11 
49.59 ± 0.11 17.34 ± 0.06 0.132 ± 0.018 1.72 ± 0.54 −1.18 ± 0.36 −2.60 ± 0.12 

Note. a δt is measured with respect to the initial optical detection, t 0 = MJD 59130. 
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Figure A1. Synchrotron spectral fits of the evolving radio emission observed 
from AT2020vwl between 2020 February and 2022 May. The observed radio 
flux densities without subtracting any host component are plotted in circles 
and 50 random MCMC samples are plotted in solid lines to demonstrate the 
uncertainty in the fits. The radio emission is well described by a synchrotron 
self-absorption spectrum that evolves to peaking at lower frequencies o v er 
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resented in the main body of the paper provide the statistically best
t to the data. 
In order to assess the statistically best spectral fit, here we compare
ultiple models using the Akaike’s information criterion (AIC) and

he Schwarz Bayesian information criterion (BIC). The AIC and BIC
re calculated as follows 

I C = −2 L + 2 q (A1) 

I C = −2 L + qln ( N ) , (A2) 

here L is the log-likelihood, q is the number of fit parameters, and
 is the total number of data points. 
A lower AIC and BIC indicates a ‘better’ fit, with a statistically

etter fit defined by an AIC or BIC 2 points lower than the alternate
odel. 

1 The shape of the obser v ed synchr otr on spectrum 

1.1 Fits with a single break 

ere we assess whether the observed synchrotron spectra are
etter described by a single break, where the break frequency is
ssociated with either the synchrotron self-absorption frequency, or
he minimum frequency. 

The optically thick component of the observed synchrotron spectra
s described by ν5/2 in the case in which the peak of the spectrum is
ssociated with the synchrotron self-absorption break, whereas it is
escribed by ν1/3 in the case in which the peak is associated with the
inimum frequency break (i.e. the case in which νa < νm < νc ). 
In order to assess the regime that best describes the observed

pectra of AT2020vwl, we fit a power law to the optically thick
lope of the first epoch (before subtracting any host emission), 2020
ebruary 27, in which the optically thick portion of the spectrum

s the best-constrained. This fit produced ν1.6 ± 0.3 , that is, between
he ν1/3 and ν5/2 expected for the minimum frequency or self-
bsorption breaks, respectively. To further assess the possibility that
he synchrotron emission is in the regime νa < νm < νc , we fit all
pochs both with and without the host component assuming the
ynchrotron peak is associated with the minimum frequency, that is,

F ν, synch = F ν, ext 

[ (
ν

νm 

)−sβ1 

+ 

(
ν

νm 

)−sβ2 ) 
] −1 /s 

, (A3) 
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subtraction for the one or two break models (Tables A1 and A2 ), it is 
clear that a two break model is statistically preferred in all 6 epochs. 

A2 Spectral fits with and without a host component 

Additionally, in order to assess whether the spectral fits including 
a host component are statistically better than those without a host 
component, here we compare the two models for the preferred case 
in which νa < νm < νc . 

In Table A2 it is clear that the AIC and BIC indicate the model 
including a host component gives a statistically better fit to the data 
for the first epoch, and show no preference for epochs 2 – 6 with 
very similar AIC and BIC values for both models. We thus conclude 
that in general the data are equally well-fit by the model with or 
without a host component. We note that the first epoch is particularly 
susceptible to host contamination as the synchrotron spectrum peak 
flux density is abo v e 6 GHz and the host emission is greater at lower 
frequencies. For this reason, we decided to include a host component 
(assumed to be constant) in our spectral fits. 

For completeness, here we also include the fitted spectral and 
corresponding outflow properties under the assumption of no con- 
taminating host emission in the total radio flux density measured. 
In Fig. A1 and Table A3 , we give the spectral fits and equipartition 
model parameters assuming no host component in the spectral fits. 

When no host component is accounted for, the resulting fitting 
and equipartition analysis infer a slightly larger , faster , and more 
energetic outflow than when a small amount of host emission is 
assumed. The o v erall trend in the outflow properties remains the 
same. 
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here ν is the frequency, F ν, ext is the normalization, s = 1.84 −
0.4 p , β1 = 

1 
3 , and β2 = 

1 −p 

2 . 
As well as the case where the synchrotron peak is associated with

he self-absorption frequency, that is, 

F ν, synch = F ν, ext 

[ (
ν

νa 

)−sβ1 

+ 

(
ν

νa 

)−sβ2 ) 
] −1 /s 

, (A4) 

here ν is the frequency, F ν, ext is the normalization, s = 1.25 −
0.18 p , β1 = 

5 
2 , and β2 = 

1 −p 

2 . 
The spectral fit for a single break where the break is as-

ociated with the minimum frequency resulted in a statistically 
orse fit to the observed data when compared to the break be-

ng associated with the self-absorption frequency for 4 out of 6 
f the epochs (without host subtraction) and 5 out of 6 of the
pochs (with host subtraction), with the two models compared in 
able A1 . 

1.2 Fits with two spectral breaks 

e note that a slightly flatter optically thick spectral slope can be
btained when νm and νa are close, which also gives a broader peak. 
n our best-fit models, νm and νa are both fit for, and in each epoch the
reak frequencies are al w ays within 4 GHz of each other (Table 3 ).
ere we assess whether a single break model (equation A4 ), in which
nly the νa break is present in the spectrum, or a two-break model
equation 2 ), in which both νa and νm are present in the spectrum,
rovides a statistically better fit. 
The AIC and BIC for the two break models (fixed νm or fit νm )

re reported in Table A2 . It is clear that a two break model with
m fixed or allowed to vary are equally statistically preferred for all 
pochs. Comparing the AIC and BIC values with and without host
MNRAS 522, 5084–5097 (2023) 
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