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A B S T R A C T 

AT 2019avd is a nuclear transient detected from infrared to soft X-rays, though its nature is yet unclear. The source has shown 

two consecutive flaring episodes in the optical and the infrared bands, and its second flare was co v ered by X-ray monitoring 

programs. During this flare, the UV O T/ Swift photometries revealed two plateaus: one observed after the peak and the other one 
appeared ∼240 d later. Meanwhile, our NICER and XRT / Swift campaigns show two declines in the X-ray emission, one during 

the first optical plateau and one 70–90 d after the optical/UV decline. The evidence suggests that the optical/UV could not have 
been primarily originated from X-ray reprocessing. Furthermore, we detected a timelag of ∼16–34 d between the optical and 

UV emission, which indicates the optical likely comes from UV reprocessing by a gas at a distance of 0.01–0.03 pc. We also 

report the first VLA and VLBA detection of this source at different frequencies and different stages of the second flare. The 
information obtained in the radio band – namely a steep and a late-time inverted radio spectrum, a high brightness temperature 
and a radio-loud state at late times – together with the multiwavelength properties of AT 2019avd suggests the launching and 

evolution of outflows such as disc winds or jets. In conclusion, we propose that after the ignition of black hole activity in the 
first flare, a super-Eddington flaring accretion disc formed and settled to a sub-Eddington state by the end of the second flare, 
associated with a compact radio outflow. 

Key words: accretion, accretion discs – black hole physics – galaxies: active – galaxies: nuclei – radio continuum: transients. 
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 I N T RO D U C T I O N  

he sample of nuclear transients has shot up in recent years as
ore surv e y telescopes hav e been put into operation, such as the
wicky Transient Facility (ZTF; Bellm et al. 2019 ) and the all sky
utomated surv e y super no va (ASASSN; Shappee et al. 2014 ) in
ptical bands, and eROSITA (Predehl et al. 2021 ) in soft X-rays.
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ctive galactic nuclei (AGN) generally show low variability on long 
ime-scales spanning from months to years. Transients disco v ered in
he vicinity of supermassive black holes (SMBHs) instead show more 
xtreme phenomenology, e.g. ‘changing-look’ A GN (CLA GN; e.g. 
att, Guainazzi & Maiolino 2003 ; LaMassa et al. 2015 ; Guolo et al.

021 ; Ricci et al. 2021 ), Narrow-line Seyfert 1 galaxies (NLSy1;
.g. Boller, Brandt & Fink 1996 ; Komossa 2008a ), tidal disruption
vents (TDEs; e.g. Komossa & Bade 1999 ; van Velzen et al. 2021 ;
ammerstein et al. 2022 ), and supernovae (SNe; e.g. Ulvestad &
ntonucci 1997 ; Mattila & Meikle 2001 ; Villarroel et al. 2017 ).
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1 We only include the NICER light curve in this work. A detailed study of 
the temporal and spectral properties of the X-rays of AT 2019avd with the 
NICER data will be presented in Wang et al. (in prep). 
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dditionally, some other types of nuclear transients that show exotic
henomenology have also been discovered, such as quasi-periodic
ruptions with high-amplitude X-ray bursts recurring every few
ours/days (Miniutti et al. 2019 ; Giustini, Miniutti & Saxton 2020 ;
rcodia et al. 2021 ), and sudden ignition of optical-UV emission
ith strong double-peaked emission lines and with a decline rate
uch slower than in TDEs (Tadhunter et al. 2017 ; Gromadzki et al.

019 ; Trakhtenbrot et al. 2019 ). 
A TDE has been predicted to occur when a star passes inside the

idal radius of a SMBH (Hills 1975 ; Rees 1988 ). Such events can re-
ult in a months-to-years-long flare with an extreme multiwavelength
ariability (see Gezari 2021 for a recent review on TDEs). Although
he first few TDEs were detected by ROSAT in X-rays (Komossa &
ade 1999 ), most of the TDEs disco v ered in the literature are
V/optically selected. In only around a dozen cases, they are bright

n both optical and X-ray bands, with an X-ray-to-optical luminosity
atio around the peak of the X-ray emission of either ∼1 or > 1
hen a jet is present (Auchettl, Guillochon & Ramirez-Ruiz 2017 ).

n other cases, they are bright either in optical/UV bands (e.g. PS1–
0jh, Gezari et al. 2012 ; ASAS-SN14ae, Holoien et al. 2014 ) or in
-rays e xclusiv ely, or the y peak in optical/UV bands with faint/no
-ray detection first, but later peak/brighten in X-rays with a time
elay of months to years (e.g. D3–13, Gezari et al. 2006 ; ASASSN-
4li, Pasham et al. 2017 ; ASASSN–15oi, Gezari, Cenko & Arcavi
017 ; OGLE16aaa, Shu et al. 2020 ; AT2019azh/ASASSN-19dj,
inkle et al. 2021 ). The latter case results in a large optical-to-X-

ay ratio of 1 to 1000 – or even higher when no X-ray emission
s detected – that significantly evolves with time (Gezari et al.
017 ). 
Such diversity of TDE flaring phenomena have moti v ated se veral

heoretical models. Metzger & Stone ( 2016 ) proposed a reprocessing
odel in which the X-ray emission from the inner disc is mostly

uppressed at early times and the X-rays can only escape after the
bscuring material is completely ionized. Alternatively, Gezari et al.
 2017 ) suggested that the late-time brightening of the X-ray emission
ould be due to the delayed accretion through a newly forming debris
isc. Dai et al. ( 2018 ) and Curd & Narayan ( 2019 ) emphasized
he viewing angle effects on TDE flares, suggesting X-ray bright
DEs are observed through a low-density funnel region whereas the
ptical/UV bright TDEs are observed through the disc edge where
-rays are reprocessed into optical/UV emission by the outer disc or

he optically thick outflows. Furthermore, Wen et al. ( 2020 ) proposed
 slimming disc with a near edge-on configuration whose X-ray
mission increases as more of the inner disc region is exposed to
he observer. Recently, Mummery ( 2021 ) proposed a unified model
f disc-dominated TDEs and they showed that the peak Eddington
atio of the disc is a decisive parameter of the observed properties of
DEs. 
Radio and infrared (IR) emission have also been detected in

ollo w-up observ ations of TDEs (or candidates). For the former, these
ources show a wide range of radio luminosities of 10 37 –10 42 erg s −1 ,
hich can originate from jets (Bloom et al. 2011 ; Zauderer et al.
011 ; Berger et al. 2012 ; Cenko et al. 2012 ; Irwin et al. 2015 ;
attila et al. 2018 ; Pasham & van Velzen 2018 ), winds (Alexander

t al. 2016 ), or unbound tidal debris streams interacting with the sur-
ounding circumnuclear medium (Krolik et al. 2016 ; Matsumoto &
iran 2021 ; also see Alexander et al. 2020 for a re vie w). For the

atter, IR emission is generally interpreted as optical/UV/soft X-
ay radiation being reprocessed by dust within a few sub-pc of the
entral SMBH, with a co v ering factor of ∼0.01 (Jiang et al. 2016 ,
021 ; van Velzen et al. 2016 ; van Velzen et al. 2021 ). The dust echo
re an important tool for studying the circumnuclear environment
f galaxies, down to sub-pc scales, and for measuring the bolo-
NRAS 520, 2417–2435 (2023) 
etric luminosity ( L bol ) of TDEs (van Velzen et al. 2016 ; Gezari 
021 ). 
The diversity of multiband emitting TDEs has also complicated

heir distinction from other sources such as SNe and active SMBHs
Zabludoff et al. 2021 ). SNe can occur in the centre of a galaxy as
ell (Ulvestad & Antonucci 1997 ; Mattila & Meikle 2001 ; Villarroel

t al. 2017 ), and variable AGNs – such as CLAGN and NLSy1 – may
lso sho w explosi ve changes in luminosity on time-scales of months
o years (Yan et al. 2019 ; Frederick et al. 2021 ). The identification of
DEs may be even more difficult when a TDE takes place in a pre-
xisting AGN (see Chan et al. 2019 for hydrodynamic simulations
f a debris stream colliding with a pre-existing accretion disc; Ricci
t al. 2020 ). 

.1 The transient: AT 2019avd 

T 2019avd (also known as eRASStJ082337 + 042303 or
TF19aaiqmgl), located at z = 0.028, is a nuclear transient

hat flared in IR, optical/UV, and X-ray wavelengths. Its opti-
al emission was first detected by ZTF on 2019, February 9
Nordin et al. 2019 ), spatially associated with the quiescent galaxy
MASX J08233674 + 0423027 (Alam et al. 2015 ). The long-term
TF light curve shows two extraordinary consecutive optical flaring
pisodes lasting o v er two years in total. The X-ray flare was first
etected by SRG/ eROSITA on 2020, April 28 during the rising phase
f the second optical flare (Malyali et al. 2020 ). The concurrent
ptical and X-ray luminosity evolution (with multiple rising and
rops) of the source makes it a rather unique nuclear transient. The
ource shows evolving optical spectral lines and Bowen fluorescent
ines (Malyali et al. 2021 ). The SMBH mass estimated from empirical
elations (virial mass method and host-BH mass relation), and
rom the single-epoch mass-estimation technique are 10 6 . 1 −7 . 2 M �
Frederick et al. 2021 ) and 10 6 . 3 ±0 . 3 M � (Malyali et al. 2021 ),
espectively. We will adopt the latter value throughout this work. 

Part of the IR, optical/UV and X-ray data from Wide-field Infrared
urvey Explorer ( WISE ; Wright et al. 2010 ), ZTF, UV O T/ Swift ,
nd XRT / Swift campaigns of AT 2019a vd ha ve been reported in
alyali et al. ( 2021 ), Frederick et al. ( 2021 ), and Chen, Dou & Shen

 2022 ). Malyali et al. ( 2021 ) concluded that its X-ray properties are
onsistent with TDEs but the optical/UV emission are not TDE-like.
rederick et al. ( 2021 ) argued against a TDE origin based on its
ptical photometry and, instead, suggested a flaring NLSy1 type of
ransient with significant He II and N III profiles. Chen et al. ( 2022 )
roposed a two phase model in which AT 2019avd is caused by the
artial disruption of a star by a SMBH, and the two optical flares
re due to stream circularization and delayed accretion, respectively.
ere we include new and archival observations from ZTF, Swift , and
ISE , together with new data from NICER . 1 More importantly, we

lso report the first radio detection of this target with the Karl Guthe
ansky Very Large Array (VLA) and Very Long Baseline Array
VLBA). 

 MULTI WAV ELENGTH  OBSERVATI ONS  A N D  

ATA  R E D U C T I O N  

e adopt a flat � CDM cosmology with H 0 = 67 . 4 km s −1 Mpc −1 

nd �m 

= 0.315 from Planck Collaboration et al. ( 2020 ), which
mplies a luminosity distance of D ∼ 130 Mpc. 



The radio and accretion properties of AT 2019avd 2419 

2

Z  

J  

f
o  

2

S
t  

t  

U  

t
t
p
t  

r  

s  

w
o
1  

a  

h
G

2

T
e  

b
t  

i
N
r  

e
e
i  

T
c  

m  

F  

u

σ

w
e
d
s

2

T  

c
t
c  

1

2

3

w  

d  

s
p
C
M  

r
t  

w
(
t  

p  

w
e
c  

a  

G
w  

p
 

b  

b  

w  

t  

a
d
U
a

2

T  

(  

t
(  

A
P  

(  

9  

C
t  

1  

a  

P  

c  

c
t  

w  

b

f  

f  

v  

A

c
A

a
V  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/2/2417/6985648 by C
halm

ers U
niversity of Technology / The M

ain Library user on 15 M
arch 2024
.1 ZTF 

TF monitored AT 2019avd in the r and the g bands from 2019,
anuary 12 to 2021, May 4. The ZTF light curves are downloaded
rom the Lasair alert broker. 2 We apply Galactic extinction correction 
n both bands using E ( B − V ) = 0.022 (Schlafly & Finkbeiner 2011 ).

.2 UVOT 

wift performed 51 target-of-opportunity (ToO) observations on this 
arget from 2020, May 13 to 2022, May 26, which add up to a
otal exposure time of 56.4 ks with good time intervals. The task
V O TIMSUM was applied to sum all the exposures when more

han one snapshot was included in each individual filter data. The 
ask UV O TSOURCE was run to extract magnitudes from aperture 
hotometry. To allow a consistent subtraction of the host contribution 
o the UV O T bands, a circular region of the size of the host’s Petrosian
adius, 10 arcsec, centred at the target position was chosen for the
ource and another region of 40 arcsec located at a nearby position
as used to estimate the background emission. The target was 
bserved with all/some of the six filters, UVW 2 (central wavelength, 
928 Å), UVM 2 (2246 Å), UVW 1 (2600 Å), U (3465 Å), B (4392 Å),
nd V (5468 Å) in different observations. The UV O T magnitudes
ave been host-subtracted (see Appendix A ), and corrected for 
alactic extinction. 

.3 WISE 

o investigate the mid-infrared (MIR) variability of AT 2019avd, we 
mployed photometric data of the W 1 (3.4 μm) and W 2 (4.6 μm)
ands from WISE . Multi-epoch data was gathered from the reac- 
i v ation NEOWISE mission (Mainzer et al. 2014 ) data base us-
ng the NEOWISE -R Single Exposure (L1b) Source Table on the 
ASA/IPAC Infrared Science Archive (IRSA 

3 ) with a matching 
adius of 2 arcsec. NEOWISE visits a particular field in the sky
very six months and at each visit three observations are performed, 
ach a couple of days apart. We binned the photometric data 
nto ∼±15 d to obtain a representative magnitude in each visit.
o remo v e poor-quality data, only the photometry flagged with 
c f lags = 0, qual f rame > 0, qi f act > 0, s aa s ep > 0, and
o o n masked = 0 were averaged after 3 σ clipping in a single visit.
ollowing Lyu, Rieke & Smith ( 2019 ), we e v aluated the magnitude
ncertainty for each epoch as follows: 

2 
epoch = 

1 

N − 1 

N ∑ 

i= 1 

(
m i − m epoch 

)2 + 

1 

N 

2 

N ∑ 

i= 1 

σ 2 
i, pho + 

1 

N 

σ 2 
ss , (1) 

here m i and σ i , pho denote the magnitude and its uncertainty at 
ach observ ation, respecti v ely, in the Ve ga magnitude system; m epoch 

enotes the mean magnitude at each epoch; and σ ss denotes the 
ystem stability ( ∼ 0.016 mag for NEOWISE ). 

.4 VLA 

he transient was observed in the X -band with the VLA in C-array
onfiguration on 2020, May 25th (Project 20A-514; PI: Baldi), during 
he second optical flaring episode. The target was observed at the 
entral frequency of 10 GHz and with a bandwidth of 4 GHz for
8 min bracketed between scans of the secondary (phase) calibrator, 
 https:// lasair.roe.ac.uk/ object/ ZTF19aaiqmgl/ 
 https:// irsa.ipac.caltech.edu/ 

t

4

hich was observed for 1.5 min. The scans of the absolute flux
ensity scale calibrator (3C 138) were performed at the end of the
cheduling block for 4.5 min. The data calibration and reduction 
rocedure were performed with the calibration pipeline within the 
ommon Astronomy Software Application ( CASA 5.4.1 version; 
cMullin et al. 2007 ). After calibration, the plots were inspected for

esidual interference. For the image reconstruction, the TCLEAN 

ask in CASA was used. We used the mtmfs deconvolver mode,
hich allows to reconstruct images from visibilities using a multiterm 

multiscale) multifrequency approach (Rau & Cornwell 2011 ) with 
wo Taylor coefficients in the spectral model ( nterms = 2 ). We
roduced full resolution maps considering the Briggs ( 1995 ) initial
eighting algorithm with robustness parameter equal to 0.5, which 

nsures a balance between resolution and sensitivity. The restoring 
lean beam size is 3.2 ×1.7 arcsec and the final radio map reaches
n rms of 8.5 μJy beam 

−1 . The top panel of Fig. 1 shows the 10-
Hz map of AT 2019avd, and reveals an unresolved component 
ith a peak brightness 279 . 2 ± 5 . 5 μJy beam 

−1 . Further details are
rovided in Table 1 . 
Due to the low statistics, it was not possible to extract an in-

and spectral index image using CASA . Therefore we split the 4-GHz
andwidth of the X -band data set into two sets of visibilities 2-GHz
ide centred at 9.04 and 11.06 GHz. We also tried to further divide

he 4-GHz bandwidth in three frequency bins centred at 8.6, 9.9,
nd 11.3 GHz. Unfortunately, large flux uncertainties prevented from 

eriving an accurate spectrum profile modelled with the CASA task 
VMODELFIT, so we do not consider this further splitting reliable 

nd focus only on the former one (9.04–11.06 GHz). 

.5 VLBA 

he target was observed by VLBA at L - (1.4 GHz) and C -band
5 GHz) (Project BW142A & B; PI: Wang) during the optical and
he X-ray luminosity drops. The full VLBA antennas includes BR 

Brewster), FD (Fort Davis), HN (Hancock), KP (Kitt Peak), LA (Los
lamos), MK (Mauna Kea), NL (North Liberty), OV (Owens Valley), 
T (Pie Town), and SC (Saint Croix). The L -band observation
BW142A) was made on 2021, 22th June, lasting 2 hr, during which
 VLBA antennas participated (OV out due to maintenance). For the
 -band observation (BW142B) performed on 2021, 22th August, all 

he 10 VLBA antennas joined the 4-hr observation (HN out for about
 hr due to the extreme weather). Both observations were recorded
t 2 Gbps data rate (32 MHz, 8 IF per pol) with dual polarization.
hase referencing mode was applied for both epochs and the bright
alibrator J0825 + 0309 (1.35 ◦ from the target) was used as the phase
alibrator. The scheduled phase-referencing nodding cycle was set 
o 7 min long with 5 min on the target and 2 min on the calibrator,
hich yields total on-source times of 80 and 160 min at L and C
and, respectively. 
After observation, the data recorded in each antenna were trans- 

erred to the DiFX correlators in Socorro, USA (Deller et al. 2011 ),
or correlation with an integration time of 2 s. After correlation, the
isibility data were downloaded by the user and imported into the
IPS software for further calibration (Greisen 2003 ). The standard 
alibration procedure of VLBA data were applied according to the 
IPS COOKBOOK. 4 At first, the corrections for the ionosphere 
nd Earth Orientation effect were conducted by the AIPS tasks 
LB ATECR and VLB AEOPS. The AIPS task APCAL was performed

o calibrate the amplitudes for each antenna taking advantage of 
MNRAS 520, 2417–2435 (2023) 
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Figure 1. High-resolution images of AT 2019avd derived from the VLA 

X band (top panel) and VLBA L and C bands (middle and bottom panels, 
respecti vely) observ ations. The image information (beam sizes, rms, etc.) is 
given in Table 1 . The positive contours are plotted in white and black, and 
the ne gativ e contours are plotted in red. Contour lev els are 3 σ × ( − 1, 1, 2, 
4, 8), with σ the rms noise. 
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he weather condition for the opacity correction. For the phase
alibration, a step of manual calibration on the fringe finder scan
nd a following step of global fringe fitting for the phase calibrator
ere performed using the AIPS task FRING. Finally, the antenna-
ased bandpass was solved out of the calibrators and applied to the
isibility data with the task BPASS. 
The calibrated visibility data were then exported and imported

nto the Caltech Difmap software ( DIFMAP; Shepherd 1997 ) for self-
alibration and imaging. We first did cleaning and phase-only self-
alibration to image the phase calibrator J0825 + 0309, generated
he final cleaned map and loaded it into AIPS for another phase
alibration FRING. This step calibrates the residual phase errors
aused by the extended structure of the phase calibrator. Then the
nal phase solutions were interpolated into the target, and splited for
nal imaging in DIFMAP . During the imaging of the target source,
o self-calibration steps were used due to the weakness of the target
ource. 

The middle and bottom panels of Fig. 1 depict the VLBA maps of
T 2019avd in L and C bands with angular resolutions of 11.7 × 4.8
nd 3.7 × 1.6 mas 2 , respectively. The source was detected at both
.6 and 5 GHz with a signal-to-noise ratio abo v e 5 σ (rms of 25 and
6 μJy beam 

−1 , respectively). The VLBA core position is consistent
ith the VLA detection (within the VLA beam, see Table 1 ). The
LBA peak brightnesses are 0.173 and 0 . 566 mJy beam 

−1 for 1.6
nd 5 GHz, respectively, corresponding to signal-to-noise ratios ∼7
nd 35, respectively. The uncertainties in the peak brightness and
he total flux density are calculated by combining the systematic
ncertainty and the rms value. 

 MULTI WAV ELENGTH  T E M P O R A L  

VO L U T I O N  

he upper panel of Fig. 2 shows the long-term evolution of the
ultiwavelength emission detected with ZTF, Swift , NICER , WISE ,

nd VLA/VLBA. ZTF detected two optical flaring episodes in the r
nd g bands, marked with the red and green dots in the upper panel
f Fig. 2 : the first one, approximately from MJD 58523 to 58785,
hows a sharp peak and the second one, starting from MJD 58849,
hows more complex features with a duration at least twice as long
s the first one. Specifically, the second flare shows a plateau of
early constant luminosity for at least 106 d (from MJD 59124 to
9230). Before the plateau, there is a five month observational gap
from MJD 58972 to 59124, due to the Sun constraints – that
akes it unclear when the second flare peaked. After the plateau, the

ptical luminosity decreases abruptly by a factor of more than three
n approximately 106 d. 

The first UV O T observation was triggered about 133 d
MJD 58982) after the start of the second flare. For clarity, we only
how the UVW 1 photometry in the upper panel of Fig. 2 , which is
he most frequently used UV filter in our Swift campaign. The UVW 1
hotometry is comparable to the ZTF- r and - g bands, revealing
n identical behaviour of the UV to that of the optical emission.
o we ver, the B and V magnitudes maintain at the host galaxy level,

ather constant during the flare. We show the UV O T photometry in
ll the six bands in Fig. A1 with a comparison to the magnitude of
he host galaxy. After the seasonal gap in 2021, the late-time UV
mission shows a second plateau around MJD 59473 to 59580. 

Since MJD 59110, NICER started performing high-cadence mon-
toring of AT 2019avd on a nearly daily basis. For both XRT and
ICER , the X-ray spectrum is very soft (peaking around 0.1 keV)
nd is dominated by the background at energies abo v e 2 keV. The
ICER and XRT luminosities – shown as purple and blue squares,
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Table 1. Radio observations of AT2019 avd. 

Instrument ν �ν MJD α(J2000) δ(J2000) θM 

× θm 

PA rms F peak F tot 

FIRST 1.4 0.042 51955.0 – – – – 146 < 438 –
VLASS 3.0 2 58075.0 – – – – 130 < 390 –
VLASS 3.0 2 59070.8 – – – – 169 < 506 –

VLA 10.0 4 58994.9 08:23:36.764 04:23:02.481 1.10 × 0.57 arcsec 6.7 8.5 279 ± 10 322 ± 14 
VLA 9.0 � 2 – 08:23:36.764 04:23:02.434 1.45 × 0.87 arcsec 11 10 300 ± 12 373 ± 14 
VLA 11.1 � 2 – 08:23:36.762 04:23:02.427 1.13 × 0.27 arcsec 8.5 10 247 ± 11 266 ± 13 

VLBA 1.55 0.256 59387.9 08:23:36.7666 04:23:02.5032 11.7 × 4.8 mas 2 −0.91 25 173 ± 26 170 ± 38 
VLBA 4.98 0.256 59448.8 08:23:36.7666 04:23:02.5037 3.7 × 1.6 mas 2 1.44 16 566 ± 35 625 ± 38 

Note. Column description: (1) instrument, (2) central frequency (GHz), (3) bandwidth (GHz); (4) MJD observation date; (5–6) coordinates of the radio 
centre position (J2000.0); (7) deconvolved FWHM dimensions (major × minor axes, θM 

× θm 

) of the fitted component, determined from an elliptical 
Gaussian fit; (8) PA of the deconvolved components (degree); (9) rms of the radio map close to the specific component ( μJy beam 

−1 ); (10) peak brightness 
in μJy beam 

−1 , F peak ; (11) integrated flux density, F tot , in μJy derived from the CASA Gaussian fitting of the radio core. � indicates that we divided the 
10 GHz VLA observation (4-GHz wide) into two sub-bands (2-GHz wide). 

Figure 2. Upper: Temporal evolution of multiwavelength luminosity of AT 2019avd. The left y -axis shows the multiband luminosities (erg s −1 ) except for the 
radio-band luminosities which are plotted on the right y -axis. The unabsorbed X-ray luminosities in the 0.3–2 keV energy range are taken from Wang et al. (in 
prep). The radio data are observed, from left to right, at 10 and 3 GHz with VLA, and at 1.6 and 5 GHz with VLBA. Lower: The evolution of the optical-to-X-ray 
ratio. In both panels, the arrows indicate the limit of the detection at 3 σ confidence level. 
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espectively, in the upper panel of Fig. 2 – are taken from Wang et al.
in prep), who obtained the fluxes by fitting the NICER and the XRT
pectra. Due to the same seasonal gap around the peak period of the
ptical flare, it is unclear whether we have captured the peak of the
are in X-rays. Ho we ver, the X-ray luminosity increased o v er one
rder of magnitude after the gap, reaching L X ∼ 6 . 5 × 10 43 erg s −1 

n MJD 59110. 
Later, the X-ray luminosity temporarily decreased by a factor 

f 6 in 100 d and increased by a factor of 3 in the next 120 d.
t then decreased significantly by o v er one order of magnitude
ince MJD 59300, roughly 70 d after the drop in the optical flare.
efore another seasonal gap between MJD 59400 and 59500, 
wift was able to monitor AT 2019avd for a few days more
han NICER without the contamination from the Sun glare. Com- 
ared to the X-ray peak on MJD 59110, the X-ray luminosity
n MJD 59368–59377 dropped by o v er two orders of magni-
ude, which is consistent with the luminosity observed after the 
ap. 
MNRAS 520, 2417–2435 (2023) 
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Figure 3. Upper: Temporal evolution of the IR luminosity of AT 2019avd. 
The light curve was separated into a steady component plus a flaring 
component, the latter most likely associated with AT 2019avd. The dashed line 
indicates the luminosity level of the steady component prior to the event. The 
inset shows the quasi-simultaneous evolution of the IR (flaring component) 
and optical/UV emission. Lower: The evolution of the spectral index αIR 

(defined as F ν ∝ να) determined between W 1 and W 2 (see Section 3 ). 
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It is clear from Fig. 2 that the optical decay starts earlier than the
-ray decline, with the latter exhibiting a faster decay. To quantify

he delay between the optical and X-ray decay, we use the discrete
orrelation function (DCF; Edelson & Krolik 1988 ), and use the
ootstrapping technique (e.g. Ivezi ́c et al. 2014 ) to determine the
rror. In this calculation we have only included the NICER and ZTF
ata between MJD 59100 and 59338, quoted values for the lag and
ts confidence interval are the median and the 16th and 84th quantile
f the 5000 trials bootstrapped distribution. This yields a lag of
he X-rays with respect to the optical bands of τg −X = 78 + 9 

−12 d and
r−X = 67 + 15 

−18 d for the g and r filters, respectively. 
To study the relative changes of the optical/UV and the X-ray

ares, we calculated the optical/UV-to-X-ray ratio with the data of
ither ZTF and NICER or UVW 1 and XRT , respectively. As shown in
he bottom panel of Fig. 2 , the luminosity ratio varies between 0.03
nd 0.19 during the main body of the flare from MJD 59110 to 59338;
his ratio is ∼1 in the period prior to the peak and increases to up to

10 at late times. These ratios are consistent with those obtained by
easuring the fluxes from fitting the X-ray and optical-UV SEDs. 
In the radio band, we searched for pre-flare radio observations from

ublic radio surv e ys at different frequencies and angular resolutions,
amely the Faint Images of the Radio Sky (FIRST; Becker, White &
elfand 1995 ), NRAO VLA Sky Survey (NVSS; Condon et al. 1998 ),
IFR GMRT Sk y Surv e y (TGSS; Intema et al. 2017 ), VLA Sky Sur-
 e y (VLASS; Lacy et al. 2020 ), and LOFAR Two-metre Sky Survey
LOTSS; Shimwell et al. 2017 ). The source was not detected in any of
hese radio surv e ys prior to the 2019 optical flare: the VLA surv e ys,
IRST in 2001 and VLASS in 2017, give a 3 σ upper limit of the radio
ux density of 0.44 mJy beam 

−1 at 1.4 GHz and 0.39 mJy beam 

−1 at
 GHz, respectively. Then, we detect radio emission in the position
f the transient at the second optical flare with our VLA observation.
n addition, there is a VLASS observation 75 d later (MJD 59070),
hich reveals the presence of a very weak component whose peak
rightness (0.475 mJy beam 

−1 ) is slightly below the 3 σ upper limit,
.506 mJy beam 

−1 . Therefore, this result cannot be reported as a
tatistically significant detection. 5 At later times, during the post-
are phase, our VLBA observ ations re veal a compact core with a flux
ensity at 5 GHz ( ∼0.57 mJy beam 

−1 ) ∼3.2 times brighter than the
receding 1.6-GHz component ( ∼0.17 mJy beam 

−1 ). More details
n the radio data are presented in Table 1 . 
We show the IR light curve in the upper panel of Fig. 3 , which spans

 baseline of 9 yr from December 2013 to March 2022. The IR flux
as very stable from MJD 56700 to 58500, prior to the first optical
are in 2019; after that, the emission suddenly started to increase in
oth W 1 and W 2 bands. The increase in the IR luminosity by a factor
2 was coincident with the onset of the first optical flare. Around
JD 59100, the IR luminosity again increased by an additional

actor ∼2, this time coinciding with the second (X-ray) flare from
T 2019avd. We separate the IR steady component (MJD 56700

o 58500), probably associated with background emission or from
he host galaxy from the flaring component (MJD 58500 to 59520).

e quantify the unvarying component by fitting the IR flux before
he first optical flare when the source was IR quiet (see the dash
ine in Fig. 3 , top panel) for W 1 and W 2. The flaring component is
easured by subtracting the constant IR flux to the total emission
NRAS 520, 2417–2435 (2023) 

 We performed a statistical analysis by repeating 10 times the measurement 
f the putative source and of the background level on different areas to 
onclude that we cannot make any claim of a robust detection. Therefore, any 
onclusion on the emission of AT 2019avd would be an o v erinterpretation of 
his data set. 
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n the two WISE bands. We show the relative changes of the IR and
he optical/UV luminosities in the inset of Fig. 3 in which we only
nclude the flaring component of the IR and the quasi-simultaneous
ptical/UV observations. 

 SPECTRAL  E N E R G Y  DI STRI BU TI ON  

e generate the spectral energy distribution (SED) of AT 2019avd
rom radio to X-ray bands with the VLA/VLBA, WISE , UV O T,
nd XRT data. The optical-to-UV spectrum is converted from the
ost-subtracted and Galactic extinction-corrected photometry in each
V O T filter (see more details in Appendix A ). As the optical

mission in the V and B bands has approximately maintained at
he host galaxy level, we exclude the V band data from the spectrum.
o better define the optical-to-UV spectrum, we only selected the
V O T observations with detection in at least four filters. Ho we ver,
o observations from the late-time flare (after MJD 59368) meet
his criterion. We thus jointly fitted the optical-to-UV SED extracted
rom the observations between MJD 59368 and 59376 with all the
arameters linked to increase the signal-to-noise ratio. The same
ethod was applied to the X-ray spectra obtained in this period. The



The radio and accretion properties of AT 2019avd 2423 

Figure 4. The radio to X-ray SEDs. The three SEDs are taken from the pre- 
peak, around-peak, and post-flare periods (the peak and flare here are referred 
to the second optical flare, see legends for the time). The optical and X-ray 
spectra have been rebinned. The light blue, green, red, and fawn crosses 
represent the radio, IR (flaring component), optical/UV, and X-ray data, 
respecti vely. Data from dif ferent epochs are sho wn in grey for comparison. 
The radio SED shown in the bottom penal is taken 34–95 d before the post- 
flare period. 
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6 The hardness ratio here is defined as the ratio between the count rates at 
0.8–2.0 and 0.3–0.8 keV. 
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ther ten selected UV O T spectra were fitted independently while 
he simultaneous XRT spectra were jointly fitted with the column 
ensity linked across observations. Here we only include the UV O T
ata for the spectral analysis; the detection provided by ZTF is
ikely dominated by line emission, which we will discuss further in 
ection 5.1.3 . We illustrate three radio to X-ray SEDs ( νF ν) in Fig. 4 :
rom top to bottom, they are taken from the pre-peak (MJD 58945–
8994), the around-peak (MJD 59108–59152), and the post-flare 
MJD 59483–59725) phases. To increase the signal-to-noise ratio, 
e have also combined the XRT spectra taken between MJD 59483 

nd 59725. 
Both of the optical/UV and the X-ray spectra can be described
easonably well with (a/an absorbed) single-temperature black- 
ody component ( bbodyrad in XSPEC , Arnaud 1996 ). The X-
ay absorption (described by tbabs ) is constrained to be larger
han the Galactic value, 2 . 4 × 10 20 cm 

−2 , adopted from the HI4PI
urv e y (HI4PI Collaboration et al. 2016 ). The blackbody radius,
 , can be computed from the normalization of the bbodyrad
omponent, K , as R = 

√ 

K × D 10 , where D 10 = 1.3 × 10 4 is the
ource distance in units of 10 kpc. Adopting a BH mass of 10 6 . 3 M �
rom Malyali et al. ( 2021 ), we obtain the optical-UV and the X-
ay photospheric radii R OUV = 611 –1267 R S and R X = 0 . 1 –0 . 5 R S ,
espectively, where R S = 2 GM BH / c 2 . The optical/UV and X-ray
uxes are calculated in the 0.001–0.2 and 0.3–10 keV, respectively. 
e illustrate the evolution of the blackbody temperature, radius, and 

uminosity in Fig. 5 , and the best-fitting parameters inferred from
he three SED from IR to soft X-ray in Table B1 . Alternatively, we
ave also considered non-thermal origins for the optical-UV and 
-ray emission. If we replaced the bbodyrad component with a 
owerlaw to fit the SED shown in the middle panel of Fig. 4 , we
btained a photon index of 
 OUV = 2.2 ± 0.3 and 
 X = 6.5 ± 0.3,
espectiv ely. F or the optical-to-UV SED, it results in a worse fit with

2 increasing by �χ2 = 4.03 for the same degree of freedom ( ν = 4),
nd the null hypothesis probability decreasing from 0.02 to 0.007. 

hile for the case of the X-ray SED, we obtained a statistically
ood fit with an increase in the column density of nearly one order
f magnitude. Ho we v er, the photon inde x is too high to be non-
hermal. Therefore, a thermal origin tends to be preferred by both the
ptical-UV and the X-ray SED. In fact, the measured temperature 
nd radius are consistent with previous works in both optically and
-ray selected TDEs (Gezari 2021 ). 
Although with some small wiggles, neither the optical/UV nor 

he X-ray blackbody temperature shows statistically significant 
volution, except for the one derived from one (MJD 59368–59376) 
f the combined spectra. Especially for the X-ray data, both of
ts temperature and photospheric radius are smaller than the rest 
eriod (see the last data point in leftmost panel of Fig. 5 ). This is
ikely due to the application of an inappropriate model. Ho we ver, if
eplacing the bbodyrad component with a powerlaw component 
 XSPEC based) in our model, the two fits are comparable and the
btained photon index is 4.7 ± 1.1, still supporting a thermal 
pectrum. While as shown in the bottom panel of Fig. 4 , the late-time
MJD 59483-59725) X-ray spectrum flattened with a photon index 
f 
 = 2 . 08 + 1 . 53 

−0 . 89 . Although the photon index can only be loosely
onstrained due to the low statistics, the spectrum at late times is
pparently different from other periods. Hardening of the X-ray 
pectrum as the source evolved back to quiescence is also confirmed
y the spectral analysis of NICER data in Wang et al. (in prep).
fter MJD 59335, the NICER spectrum only requires an absorbed 
owerlaw to account for the continuum, with the photon index 
ecreasing from nearly 5 to ∼2 and the hardness ratio 6 increasing
rom 0.1 to 1. 

We show the spectral index in the IR band, αIR , in the bottom
anel of Fig. 3 . For the steady component prior to the flare, αIR ≈
.91 ± 0.10, which is typical of optically thick thermal emission (i.e.
 blackbody spectrum with a temperature > 3000 K) during the first
are, αIR decreased from 0.9 ± 0.2 to being consistent with 0; in the
econd flare, αIR evolved to be negative. By fitting the IR spectrum
only the flaring component) with a bbodyrad component, we 
MNRAS 520, 2417–2435 (2023) 
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M

Figure 5. Blackbody temperature (top)/radius (middle)/luminosity (bottom) evolution of the X-ray (left), optical-UV (centre), and IR (right) emission. The 
magenta dashed line in the right-hand panels indicates the position of the first data point shown in the other panels. 
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btain a temperature decreasing from 1590 ± 220 to 873 ± 35 K, and
he corresponding photospheric radius increasing from 3 . 4 × 10 16 to
4 . 0 × 10 16 cm (see the right-hand panels of Fig. 5 ). In what follows,
e only consider the flaring component in our analysis. We discuss
hy a non-thermal origin is not in fa v our in Section 5.1.2 . 
In Fig. 4 , we also show radio data in the SED. These radio

bservations co v er a long period of time ( ∼1.5 yr), so it is more
rudent to compare the ones that are closer in time. The in-band 10-
Hz VLA observation reveals an optically-thin regime, described
y a steep α9 −11 . 1 GHz = −0 . 96 ± 0 . 14 ( F ν ∝ να), while the VLBA
bservations – which are 61 d apart – indicate that the source has an
nverted spectrum in the 1.6–5 GHz band, α1 . 6 −5 GHz = 1 . 02 ± 0 . 20.
n order to elucidate the nature of AT 2019avd, this no v el information
eeds to be put in a temporal and multiband context. 

 DISCUSSION  

T 2019avd is a nuclear transient exhibiting tw o multiw avelength
aring episodes. Based on the observations from radio to X-rays
ith VLA/VLBA, WISE , ZTF, Swift /UV O T, Swift / XRT , and NICER ,

t has been noted: (i) two consecutive optical flares (spanning o v er
000 d) sho wing dif ferent profiles – the first one presents a sharp
eak and the second one presents two plateaus; (ii) a compact radio
ore in the second flare ( L 10 GHz ∼ 6 × 10 37 erg s −1 ) together with
 bol > 6 . 5 × 10 43 erg s −1 at the peak; (iii) a ∼70-d delay between

he optical and X-rays; (iv) two bright IR flares with luminosities up
o 1 . 5 × 10 43 erg s −1 ; (v) dif ferent temporal e volution in radio, IR,
ptical, and X-ray bands from the second peak. In this section we
iscuss each of these features and try to unveil the nature of this
uclear transient. 

.1 The multiband properties and possible origins 

.1.1 Radio 

espite the uncertainties introduced by the non-simultaneity of mul-
ifrequency radio observations and the lack of a high-cadence radio

onitoring of the source, we can still derive insightful conclusions
egarding the radio emission of AT 2019avd. First, we neglect any
re-existing radio activity of the galaxy prior to the detection of
T 2019avd, as pre vious observ ations in 2001 and 2017 did not
NRAS 520, 2417–2435 (2023) 
how significant radio emission (though with an upper limit of
 10 38 erg s −1 ). 
We estimate the brightness temperature T B from the flux density

f the compact component in the VLBA maps. We obtain T B 

4.8 × 10 6 K at 5 GHz and T B ∼ 1.7 × 10 6 K at 1.6 GHz,
orrected for the redshift of the source. These values are higher
han the typical limit value, 10 5 K, used for compact starburst
Condon et al. 1991 ). The high brightness temperature beyond
his limit is generally interpreted as evidence of non-thermal
ynchrotron radiation from an accreting BH (e.g. Falcke et al.
000 ). 
Ne xt, we e xamine the radio loudness, R = L radio / L disc , where L radio 

s typically measured at 5 GHz and L disc is measured as the B -band
uminosity (4400 Å, Kellermann et al. 1989 ) or the 2–10 keV X-ray
uminosity (Terashima & Wilson 2003 ). This parameter R is used
o distinguish between radio-quiet non-jetted and radio-loud jetted
GN (P ado vani 2017 ). Unfortunately, we cannot estimate a robust
 at the VLA detection, because the X-ray spectrum is dominated
y the background at energies abo v e 2 keV and the B -band flux is
asically at the host galaxy level. At the time of the 5 GHz VLBA
etection ( L radio ∼ 4 . 0 × 10 37 ergs −1 ), we opt for the 2–10 keV X-
ay luminosity to estimate L disc since the X-ray spectrum hardens.
n order to obtain a robust measurement, we jointly fitted the XRT
pectra from MJD 59483 to 59725 (the X-ray flux remained constant
n this period). The corresponding X-ray luminosity is L X = (2.5–
3 . 0) × 10 40 erg s −1 , and hence the radio loudness is log R X = −(2.8–
.5), which is higher than the value of −4.5 used to distinguish
etween the radio-quiet and radio-loud regimes (Terashima & Wilson
003 ). This indicates that the source was in a radio-loud state at the
LBA epoch with a radio power similar to those of nearby low-

uminosity A GN (e.g. Nagar , Falcke & W ilson 2005 ; Baldi et al.
021 ). 
The flux densities derived from the 10-GHz VLA and 5-GHz

LBA observ ations dif fer by a factor ∼2, which could reconcile
ith an intrinsic radio variability of the source, assuming related to
H accretion (for typical radio-quiet AGN, Panessa et al. 2019 ).
he VLA spectral index measured at the second optical flare,
9 −11 . 1 GHz ∼ −1, significantly differs from the VLBA spectral index
easured during the optical/X-ray luminosity drop (more than a

ear later), α1 . 6 −5 GHz ∼ 1. As our observations probed different
requency ranges at different times and physical scales, the possible
nterpretations on the steep-spectrum emission at higher frequencies,
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Figure 6. Multi-epoch radio SED of AT 2019avd. The dashed black line is 
a fit to all the data using the blob model given by equation ( 2 ), while the 
solid red and blue lines are fits to only data taken with similar epochs and 
angular resolution (see text in Section 5.1.1 ). This shows that the whole radio 
emission could be reconciled with a non-stationary synchrotron-emitting 
compact source with a flux increasing by 50 per cent from 2020 to 2021. 
The vertical dash–dotted line is the value νa ≈ 3.2 GHz at which synchrotron 
self-absorption starts to dominate the SED. 
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nd the inverted-spectrum emission at lower frequencies are not 
nivocal and are discussed below: 

(i) Stationary blob. In a first-order approximation, we can test the 
ossibility that the whole radio emission of AT 2019avd is related 
o a single stationary synchrotron-emitting compact blob emitted by 
he accreting BH. The large caveat of this assumption is the omission
f the effect of the different physical scales probed by the VLA and
LBA observations. The synchrotron self-absorption frequency of 

he source, νa , marks the transition from an optically-thin synchrotron 
pectrum at high frequencies ( α < 0 at ν � νa ) to a self-absorbed
pectrum at low frequencies ( α = 2.5 at ν 	 νa ). This behaviour 
s captured in the model developed by Granot & Sari ( 2002 ) for
ynchrotron emission from gamma-ray burst afterglows. We use this 
odel to fit the radio flux densities of AT 2019avd, similarly as done

y Cendes et al. ( 2021 ) for the radio-TDE AT2019dsg. Explicitly,
his model parametrized the radio SED as: 7 

 ν = F 0 

(
ν

ν0 

)5 / 2 
[ 

1 + 

(
ν

νa 

)s 2 ( b 2 −b 3 ) 
] −1 /s 2 

, (2) 

here F 0 is the flux density at a reference frequency ν0 , b 2 =
/2, b 3 = (1 − p )/2, with p the spectral index of the relativistic
lectron population ( N ( γe ) ∝ γ −p 

e ), and s 2 = 1.25 − 0.18 p . Fig. 6
dashed line) shows an exploratory fit to the whole data set. This fit
ields a very steep electron energy distribution with p = 3.8 ± 0.7
 N ( γe ) ∼ γ −p 

e ), which is steeper than typically found in TDEs
though still physically possible under specific conditions; e.g. 
uasi-perpendicular shocks with velocities > 10 4 km s −1 , Xu 2022 ).
oreo v er, this fit cannot satisfactorily reproduce the radio data as

t significantly underpredicts the flux density at 5 GHz, and it is
lso in tension with the VLASS 2017 upper limit at 3 GHz. This
est demonstrates that a single stationary blob is much unlikely a 
lausible scenario for AT 2019avd, because of its inconsistency with 
he observations. 
 We consider that the lowest energy electrons emit at a characteristic 
requency νm 

that is much lower than the frequencies of interest in our 
bservations. Thus, equation ( 1 ) from Cendes et al. ( 2021 ) converts to 
quation ( 2 ) for ν 	 νm 

. 

i  

c
r  

8

r

4

(ii) Temporal ev olution. We ha ve also considered a more plausible
hysical picture in which the observed radio flux is produced by an
volving source. Based on the radio-AGN phenomenology (Panessa 
t al. 2019 ), two possible interpretations on the origin of the radio
mission are considered: 

(i) Evolving blob. In this scenario, both the peak brightness of the
lob and νa change with time, with νa shifting to lower frequencies 
e.g. for blob expansion, Eftekhari et al. 2018 ; Cendes et al. 2021 ).
he problem we face is that we only have two quasi-simultaneous
ata points at each epoch (2020 and 2021), and thus it is not possible
o fit simultaneously all the parameters that describe the spectrum 

n equation ( 2 ). Thus, we assumed that the values of p and νa did
ot change significantly between the two observing epochs, and 
llowed only for the peak flux to vary. Fitting the high-frequency
LA observations, we obtained p ≈ 2.9 ± 0.4, while the value 
f νa is given by the low-frequency VLBA observations and the 
tting yields νa = 3.2 ± 0.3 GHz. The high- and low-frequency fits
blue and red lines in Fig. 6 ) are consistent with a flux increasing
y 50 per cent from 2020 to 2021. The results are shown in Fig. 6
nd indicate that, in principle, an evolving single emitting blob can
ccount for the behaviour seen in the different radio bands at different
pochs. Ho we ver, this requires that the value of νa did not change
ignificantly between 2020 and 2021, as a value of νa > 4 GHz in
020 (as could be expected if it decreases in time-scales of hundreds
f days, e.g. Cendes et al. 2021 ) would compromise the fitting of
he VLA spectra. A rather steady value of νa has been observed in
ther radio TDEs (Cendes et al. 2022 ; Goodwin et al. 2022 ) and
tands opposite to the expectations for a cooling/expanding single 
lob. A possible explanation is the ejection of consecutive radio- 
mitting blobs that prevent νa from shifting to lower values. To test
his scenario more convincingly, a multifrequency radio monitoring 
t high angular resolution is needed. 

(ii) Wind-jet scenario. Alternatively, the radio spectrum of 
T 2019avd can also be phenomenologically interpreted with two 
ifferent physical processes operating in two separate epochs. First, 
uring the VLA detection (coincident with the optical/X-ray flare) 
hen the accretion disc is formed, the radio properties are consistent
ith an optically thin large-scale outflow (with a speed a few thou-

ands of km s −1 , Zakamska & Greene 2014 ), driven by the radiation
ressure of the accretion disc. This disc wind shocks the surrounding
as and accelerates relativistic electrons that produce synchrotron 
adio emission on scales > 100 pc (Zakamska & Greene 2014 ; Nims,
uataert & Faucher-Gigu ̀ere 2015 ; Karouzos, Woo & Bae 2016 ).
ccording to the wind model from Nims et al. ( 2015 ), the synchrotron

mission from AGN-driven winds has α = −1 and a luminosity 
 radio ∼ (0.01–1) × 10 −5 L bol , 8 where in our case L bol ∼ L Edd ≈
 × 10 44 erg s −1 (although model-dependent, see Section 5.1.4 ), 
ielding L radio ∼ (0.01–1) × 10 39 erg s −1 . Such a range of values
nclude the radio luminosity measured at 10 GHz ( ∼6 × 10 37 erg s −1 )
f the source is accreting at Ṁ � 0 . 1 Ṁ Edd . Furthermore, the high
ddington ratio (greater than unity, see Section 5.1.4 ) and the VLA
pectral index of AT 2019avd lie on the empirical relation found
or AGN-driven outflows (Laor, Baldi & Behar 2019 ; Yang et al.
020 ). At later epochs, a jet would be responsible of the emission
etected during the VLBA observations. In fact, the evidence –
.e. the inverted radio SED, the moderately high T B , the pc-scale
ompactness, and the radio-loud classification – indicates that the 
adio emission is not due to star formation, but rather to a newly
MNRAS 520, 2417–2435 (2023) 

 The range depends on the fraction of the shock energy which goes into 
elativistic electrons. 
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ormed compact radio jet ( < 10 pc, based on the VLBA map), in
nalogy with young radio sources (e.g. O’Dea & Saikia 2021 ). A
ildly-to-lo w relati vistic jet (probably with a jet bulk Lorentz factor
 2) is fa v oured o v er i) a slo w outflo w, since the latter is expected

o have a diffuse morphology (rather than compact on pc-scales) and
n optically-thin spectrum (Falcke & Biermann 1995 ; Panessa et al.
019 ), and ii) a highly-relativistic jet because T B of AT 2019avd
s lower than typical values measured from radio-loud AGN, T B ∼
0 8 –10 13 K (e.g. Ghisellini et al. 1993 ; Nagar et al. 2005 ), with a
ypical jet bulk Lorentz factor � 2–3 (Urry, P ado vani & Stickel 1991 ;
rry & P ado vani 1995 ; Mullin & Hardcastle 2009 ; Hogan et al.
011 ). The contribution to the radio emission from the disc wind
t the VLBA epoch is not expected to be important as the mass
ccretion rate has decreased to the sub-Eddington regime, resulting
n a strong decline of the outflow, although the unknown physical
onditions of the disc and surrounding gas (e.g. magnetic field,
ensity and temperature) prevent from deriving a more conclusive
nterpretation. 

.1.2 Infrared 

R emission can, in principle, originate from either non-thermal or
hermal processes. In the former case, if we associate the IR emission
o optically-thin synchrotron radiation, the radio emission from this
omponent would be much brighter than the observed one. Namely,
he radio emission at 10 GHz would need to be ∼10 mJy, which
s roughly 33 times higher than our 10-GHz VLA detection. This
iscrepancy rules out a non-thermal origin for the IR activity of
T 2019avd. We refer the reader to Appendix C for further details
f this calculation. 
Alternatively, IR emission has been commonly taken as the

vidence of dust echos in both AGNs (Netzer 2015 ) and TDEs
Lu, Kumar & Evans 2016 ; Jiang et al. 2021 ; van Velzen et al.
021 ), i.e. optical, UV and X-ray photons are absorbed by dust
rains and re-radiated in the IR. In the case of AT 2019avd, the IR
mission is very bright, reaching up to 1 . 5 × 10 43 erg s −1 , and is also
ignificantly variable, having increased twice during the two flares
by an additional factor 2–3 during the second one with respect to
he first one). The slight increase in the IR temperature by � T IR ∼
20 K (with a confidence of 12 σ ) from the first to the second flare
lso supports the presence of the second IR flare (see Fig. 5 ). The first
are can be explained by the dust reprocessing the optical/UV light,
hile the second one could be associated with the soft X-rays (and/or
UV). Since the optical/UV fluxes in the two flares are comparable
nd the X-ray is much brighter than the optical/UV in the second
are, the further increase in the IR is very likely due to the additional
ontribution from the X-rays. This hints that there might be no strong
-ray/EUV emission in the first flare. The lack of Bowen features in

he first flare (Malyali et al. 2021 ) could be indicative of the absence
f X-ray/EUV emission (Leloudas et al. 2019 ). 
One important application of dust echos is to calculate the

olometric luminosity. 9 In the context of TDEs, van Velzen et al.
 2016 ) assumes that the reprocessing shell of dust is located at the
ust sublimation radius given by 

 dust ≈ 0 . 15 

(
L 45 

a 2 0 . 1 T 
5 . 8 

1850 

)1 / 2 

pc , (3) 
NRAS 520, 2417–2435 (2023) 

 Since several bands are unobserved (e.g. EUV) and the dust would obscure 
he optical/UV/X-ray emission, the actual bolometric luminosity should be 
igher than the one we estimate. 
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l

here L 45 is the absorbed luminosity in units of 10 45 erg s −1 , a 0.1 

s the size of the dust grains in units of 0 . 1 μm, and T 1850 is the
ust temperature in units of 1850 K. Another parameter required to
easure L bol is the time delay of the dust echo with respect to the TDE
are, τ ∼ R dust / c (Jiang et al. 2016 ). If we assume that the first IR data
oint (MJD 58578) of the flaring component is the peak of the first
R flare, we can get a time delay of τ ∼ 40 d with respect to the first
ptical flare. This leads to R dust ∼ 0.03 pc, which is comparable to the
hotospheric disc radius of 0.01 pc (considering that the latter is likely
nderestimated). Adopting a single dust radius of a = 0 . 1 μm, we
btain an absorbed bolometric luminosity of the dust of ∼ 0 . 24 L 45 

or ∼ 0 . 94 L Edd ). This implies a co v ering factor of the dust in the
uclear region of AT 2019avd, f dust ∼ L IR / L abs ∼ 0.1. Considering the
ncertainties in both the time lag and the size of the dust grains, these
alues, i.e. L abs or L bol and f dust , should be taken with caution. While
n terms of the second flare, the case is more complicated because
f the o v erlap of the dust cooling process (due to the first flare) and
he extra heating from the second flare, as well as the involvement of
he soft X-rays (which are highly variable and peaked at least twice)
nd/or the unobserved EUV. At the time of writing, the dust emission
s still in the cooling phase, so a further, comprehensive investigation
f the IR activity in AT 2019avd will be conducted in a separate
aper. 

.1.3 Optical/UV 

he optical/UV light curve in AT 2019avd has shown a peculiar
attern. The total optical emission lasts for o v er 1000 d and shows
wo distinguished flares: the first one displayed a sharp peak around

JD 58534.3; the second one lasted roughly twice as long as the
rst one with a plateau phase present from MJD 59110 to 59220.
oreo v er, the first flare declined much faster than the second one,

.g. 74 d after the first peak, the luminosity dropped by o v er a factor
f 4, while the second flare only dropped by a factor of 2 in the same
ime. We lack UV observations during the first flare and therefore
annot assess its behaviour during that time, but at least during the
econd flare the UV behaviour is comparable to the optical one. The
ollowing late-time (after the ZTF monitor) UV emission shows there
as a second plateau present at least from MJD 59473 to 59580. 
For the optical emission, we notice that the second flare has

nly been significantly detected by ZTF, but not by UV O T with
ts V and B bands. The lower panel of Fig. A1 illustrates that the
ariability of the flare increase as the wavelength decreases. The
agnitudes of the UV O T- V and - B bands remain nearly constant,

nd are consistent with the host galaxy emission, indicating that the
ptical emission of AT 2019avd in these two bands is comparable to
r lower than the emission from the host galaxy. As the maximum
f fecti ve temperature of the accreting material is proportional to the
ass accretion rate and inversely proportional to the central BH
ass (Shakura & Sunyaev 1973 ), the fact of the optical-UV SED

f AT 2019avd dominated by the UV band suggests that its central
MBH has a small mass. A similar UV dominated SED (Leighly &
oore 2004 ) has been observed in the narrow-line Seyfert 1 Galaxy

H 0707–495 which has a BH mass of 5 × 10 6 M � (Zoghbi et al.
010 ). The main difference between the ZTF- g and - r bands and the
V O T- V and - B bands is that the former are more sensitive to the
 α and H β line emission. Moreo v er, Malyali et al. ( 2021 ) observed

ignificant, broad H α and H β emission lines with a single-peaked
rofile in the optical spectra of AT 2019avd. Therefore, the optical
ares observed by ZTF could be possibly contributed by the Balmer

ines. 
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Figure 7. Interband lag measurements. The contours represent the bootstrap 
distribution, which has been re-scaled for plotting purpose. The dashed lines 
indicate the median of each distribution. 
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Figure 8. Optical to X-ray SED fitted with a bbodyrad (red dotted line) 
plus an absorbed agnsed component (fawn dashed line). The red and fawn 
crosses and lines represent the optical-UV and X-ray data. The black solid 
line represents the unabsorbed model. This SED is the same as the one shown 
in the middle panel of Fig. 4 . 
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10 https:// heasarc.gsfc.nasa.gov/ xanadu/ xspec/ manual/ node132.html 
11 For the set-up of the agnsed component, we assume a non-spin SMBH, a 
relati vely lo w disc inclination of 35 ◦, and adopt a mass of 10 6 . 3 M � (Malyali 
et al. 2021 ), a redshift of 0.028 and a distance of 130 Mpc. As there is no hard 
X-ray emission, we assume that the radius, electron temperature and photon 
index of the hot Componization region are 6 R g , 100 keV, and 2, respectively. 
The radius of the warm Comptonization region is 500 R g , the scale height of 
the radius is 10 R g , and no reprocessing is considered. Overall, besides the 
accretion rate and the outer radius, we also obtain a steep photon index and 
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As the UV emission shows a comparable evolution to the optical 
ine emission and the former shows higher variations than the latter, 
he second optical flare observed by ZTF is likely produced by 
V reprocessing. To verify this conjecture, we applied the same 
ethod described in Section 3 (DCF plus bootstrapping technique) 

o estimate the lag between the optical and the UV. We obtained
alues of τr−UV = −26 . 7 + 8 . 1 

−7 . 3 d between ZTF- r and UV O T- UVW 1,
nd τg −UV = −24 . 5 + 8 . 5 

−7 . 5 d between ZTF- g and UV O T- UVW 1. We
lot the DCF against lag in Fig. 7 , accompanied with the bootstrap
istribution. Such a ne gativ e lag between the emission at long and
hort wavelength, accompanied by the comparable behaviours, has 
een commonly taken as evidence of a reprocessing effect (e.g. re-
erberation mapping in AGN and XRBs; Blandford & McKee 1982 ; 
eterson et al. 2004 ; Uttley et al. 2014 ). The measured lags between

he optical and the UV support the abo v e conjecture. Additionally, if
pplying the same technique to the ZTF- r and - g bands, we obtained a
arginally soft lag of τ r-g = −5.5 ± 3.6 d. Considering only the light-

ravel time, the time-scale of the lags between the optical and UV
orresponds to a distance of 4 . 1 –8 . 6 × 10 16 cm . This implies that the
istance between the optical emitting region and the central SMBH 

s more than three orders of magnitude larger than the circularized 
ebris disc ( R circ = 2 R T , where R T = 1 . 8 × 10 13 cm is the tidal
adius, Hills 1975 ; MacLeod, Guillochon & Ramirez-Ruiz 2012 ) 
f assuming a SMBH with a mass of 10 6 . 3 M � disrupts a sun-like
tar. Therefore, the reflecting surface cannot be the disc itself, but 
ome distant gas instead. Furthermore, these soft lags are roughly a 
actor of 2 smaller than the dust-echo time-scale (see Section 5.1.2 ),
uggesting that the gas reprocessing region locates closer to the 
entre than the dust reprocessing region, but they are adjacent to 
ach other. Overall, we conclude that the sub-pc scale environment 
f the circumgalactic medium of AT 2019avd is gaseous and dusty. 
Additionally, by fitting the SED from the second flare with 

 single-colour blackbody, we obtained the photospheric radius 
f the UV/optical region of R OUV ∼ 1 . 8 –3 . 7 × 10 14 cm , which is
bout three orders of magnitude larger than the X-ray region, 
 X ∼ 0 . 3 –1 . 5 × 10 11 cm (see Fig. 5 ). This suggests the two emission

egions are separated. Although the origin is still contro v ersial, this
henomenon has been commonly observed in TDEs (see Fig. 8 in
ezari 2021 ). 

.1.4 X-ray 

he further increase in the IR luminosity and the emergence of the
owen line (Malyali et al. 2021 ) associated with the second flare

uggest that the soft X-ray emitter might not have been formed
ntil the second flare. Hence, a high accretion rate is required to
fficiently form an accretion disc in roughly 100 d. If simply adopting
˙  = Ṁ / Ṁ Edd = L/L Edd , the accretion rate will be underestimated
see the previous footnote 9). To obtain a reliable accretion rate,
e employ an absorbed AGN SED model agnsed 10 (Kubota & 

one 2018 ) to describe our SEDs. Ho we ver, the UV part of the SED
annot be described well with one agnsed component, for which 
n additional component is required. After adding a bbodyrad 
omponent to the model, the fit significantly impro v ed. F or instance,
he reduced χ2 of the fit 11 to the SED (see the middle panel of Fig. 4 )
round the X-ray peak decreased from 136.60/80 to 81.99/78. Fig. 8
MNRAS 520, 2417–2435 (2023) 
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hows the unfolded spectra with the two components. The best-
tting parameters of the bbodyrad component are comparable to

he second data points in the left-hand panels of Fig. 5 . The inferred
ccretion rate is 6 . 7 + 2 . 7 

−2 . 2 Ṁ Edd and the outer region of the disc locates
t 5 . 3 + 0 . 9 

−0 . 6 R S . Such a compact and soft X-rays dominated disc is very
ifferent from AGN’s but is consistent with TDEs’ (Rees 1988 ).
his result yields that the disc was in a super-Eddington regime,
6 . 7 L Edd , around the peak of the second flare. 
In addition, the luminosity/accretion rate of AT 2019avd may

e (further) underestimated if outflows are present. The soft X-
ays in AT 2019avd show the highest variability across all the
lectromagnetic waves, e.g. L X varying a factor of 4 in 10 d. Such a
ariability seems to be correlated with the luminosity: the variability
as relatively low prior to the X-ray peak (at around MJD 59000),

nd it reduced significantly after the X-ray luminosity dropped
elow 5 × 10 42 erg s −1 ∼ 0 . 02 L Edd (Fig. 2 ). This implies a state
ransition occurring around this X-ray luminosity. Although without
irect e vidence, outflo ws have been commonly observed in accreting
ystems (D ́ıaz Trigo & Boirin 2016 ; Tetarenko et al. 2018 ) in TDEs
Dai et al. 2018 ; Hung et al. 2019 , 2021 ) and in AGN (King & Pounds
015 ; Fiore et al. 2017 ). The X-ray variability of AT 2019avd could be
onnected with the obscuration of clumpy outflows, suppressed after
 decrease of the luminosity/accretion rate (meanwhile the variability
ecreased too). This also means that the variation in the X-ray radius
hown in Fig. 5 could be unphysical as the changes in the X-ray
uminosity are not purely linked to the motion of the inner region
f the accretion disc. Further analyses of the X-ray variability in
T 2019avd will be presented in Wang et al. (in prep.). Additionally,
hen et al. ( 2022 ) interpreted the large-amplitude X-ray variability
s the rigid-body precession of the misaligned accretion disc caused
y the Lense–Thirring effect of a spinning SMBH. 
Additionally, in the late-time of the second flare, when the

ptical and X-ray luminosities decrease, the X-ray spectrum hardens
ith emission abo v e 2 keV (although very faint, see Fig. 4 ). This
robably suggests the formation of a corona, which could lead to
he formation/ejection of a compact jet. In fact, the corona has been
nterpreted as the base of a jet in AGN (e.g. Markof f, No wak &

ilms 2005 ; King, Lohfink & Kara 2017 ). The formation of an X-
ay emitting corona is also temporally associated with the evolution
nto an accretion disc with a very low Eddington ratio ( ∼10 −3 ),
onsistent with radiati vely-inef ficient accretion disc (e.g. Yuan &
arayan 2014 ). The sub-Eddington disc, the X-ray corona, and the

aunch of a jet all reconcile with the typical picture of radio-loud
et-mode AGN (e.g. Falcke, K ̈ording & Markoff 2004 ; Hardcastle,
vans & Croston 2007 ; Heckman & Best 2014 ) and TDEs (e.g.
an Velzen, K ̈ording & Falcke 2011 ; Tchekhovsk o y et al. 2014 ).
ecently, Sfaradi et al. ( 2022 ) interpreted the late-time radio emission
f the TDE AT 2019azh as result of accretion transition to a low hard
tate similar to the observed behaviour in BH X-ray binaries (Fender,
elloni & Gallo 2004 ). 
As mentioned in Section 4 , the disc radius inferred from a single

lackbody model is about 0 . 1 –0 . 5 R S , smaller than the plausible
vent horizon of the central BH. A similar issue has been reported
n previous works in the TDE literature, e.g. Wevers et al. ( 2019 ),
inkle et al. ( 2021 ), Cannizzaro et al. ( 2021 ), and has been related

o the underestimation of the X-ray luminosity. Several explanations
ave been proposed, such as disc inclination angle effects (Stein
t al. 2021 ), obscuration (Mummery 2021 ), and/or Comptonization
NRAS 520, 2417–2435 (2023) 

 low electron temperature for the warm Componization region, which are 
3.31 and ∼0.15 keV. 
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Saxton et al. 2020 ) of disc photons. Given the limited evidence
vailable to us, we cannot draw further conclusions on this. 

We show two schematics of the o v erall multiwav elength emission
n super- and sub-Eddington regimes in Fig. 9 and discuss the possible
ature of AT 2019avd based on the proposed geometry in the next
ection. 

.2 Scenarios of the delay between optical/UV and X-rays 

hanks to the high cadence of ZTF and NICER , we are able to
losely monitor the second flare of AT 2019avd in the optical and
-ray bands. As shown in the long-term light curves (see the upper
anel of Fig. 2 ) after an (at least) 106-d plateau phase, the optical
are started to decline ∼70 d earlier than the X-ray. This time delay
as also been measured from the DCF between the optical (ZTF- g
nd r band) and the X-ray ( NICER ) data, indicating that the optical
ecay leads the X-ray component in AT 2019avd. Due to the limited
adence of Swift , we cannot directly measure the delay between the
V and the X-rays. Ho we ver, as reported in Section 5.1.3 , the UV

rrived the observer 16–34 d earlier than the optical, which means
hat the delay between the UV and the X-ray decay should be larger,
oughly 90–130 d. 

A long hard lag can be interpreted in the framework of viscous
ropagation of the optical/UV fluctuations across the disc (Lyubarskii
997 ; Marshall, Ryle & Miller 2008 ). The viscous time-scale
ignificantly depends on the height-to-radius ratio, t visc ∝ ( H / R ) −2 ,
here H and R are the vertical scale height and the radius of the disc,

espectively. Assuming the X-ray and the optical-UV photospheric
adii (see Fig. 5 ) as the radius of the inner and the outer part of
 Shakura–Sunyaev disc (Shakura & Sunyaev 1973 ) surrounding a
MBH with a mass of 10 6 . 3 M �, the viscous time-scale would be of
everal thousand of years, which is much larger than the observed
ag. Ho we ver, when the accretion rate is super-Eddington, the disc
ould be with a geometrically thick structure, similar to a slim disc

Abramowicz et al. 1988 ), and thus the height-to-radius ratio H / R
ould tend to unity . Consequently , the viscous time-scale would be

ignificantly reduced, which in turn could be consistent with the
bserved delay. 
An alternative scenario to explain a delay between optical and

-rays has been proposed by Gezari et al. ( 2017 ) in the context of
DEs. The y observ ed that in the TDE ASASSN-15oi, the X-ray
mission increased while the optical/UV flare declined. They thus
roposed that the optical/UV originated from the self-interaction
f the debris stream, and the X-ray could be coming from delayed
ccretion through a newly formed debris disc. To discuss our result
n this scenario, we need to consider whether the second flare in
T 2019avd could be due to stream–stream shocks. As seen from
ig. 2 , the second flare started after the first flare nearly quenched.
herefore, even if the first flare is caused by stream–stream shocks,

he rising of the second flare must be due to another process. This
are is unlikely triggered by another TDE given that its profile is

nconsistent with a typical tidal disruption flare. Even though a
lateau has been observed in the optical/UV photometry of some
DEs (e.g. Gezari et al. 2017 ; Wevers et al. 2019 ), they are usually

nterpreted as an additional contribution due to X-ray reprocessing.
fter the optical/UV emissions start to decline, a plateau can only
e formed if at the same time the X-ray emission increases (as the
bscuring/reprocessing materials can only reduce). Ho we ver, in the
ase of AT 2019avd, while a plateau appeared in the optical/UV
hotometries, the X-ray radiation reduced by nearly an order of
agnitude (MJD 59110–59220). Therefore, the behaviour of the

ptical/UV emission in the second flare cannot be simply explained
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Figure 9. Schematics of the multiwavelength emission evolving from the super-Eddington (a) to the sub-Eddington (b) regimes. The main changes between 
the two regimes are i) the inner accretion disc evolves from a puffy to a thin disc geometry; ii) the radio emission was first from the shocks between the outflows 
and distant gas, and then from the late-time launched jets (an alternative scenario for the radio emission is discussed in 5.1.1 ). To simplify the schematics, the 
gases which are shocking with the outflows and are reprocessing the UV emission are not separated. The scales of each emitting region are not directly observed 
but rather inferred either from their luminosity or from the time lag. 
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y circularization shocks plus an X-ray reprocessing process. We 
hus exclude this scenario as an explanation for the delay. 

.3 Nature of the nuclear transient 

ere we discuss the nature of the transient AT 2019avd based on the
rigin of its multiband emission. 
Although rarely observed, a SN can occur in the nuclear region 

f a galaxy (e.g. Ulvestad & Antonucci 1997 ; Mattila & Meikle
001 ; Villarroel et al. 2017 ). If only considering the post-peak period
f the second optical flare of AT 2019avd, the light curve with a
lateau lasting for o v er 106 d is alike to that of a type II-P supernova
e.g. Filippenko 1997 ; Pastorello et al. 2004 ). In such a system, the
lateau phase has been suggested to be mainly powered by hydrogen 
ecombination and radioactive decay (Woosley et al. 1987 ). Ho we ver, 
he X-ray spectrum of SNe is usually hard, which can extend up
o 100 keV (Ofek et al. 2013 ). Furthermore, the emission in the
ptical is thermal, and the temperature of the ejecta is expected 
o increase more significantly along with the drop in luminosity. 
a
hese properties of SNe are incompatible with the ultrasoft X-ray 
mission, the nearly constant optical-to-UV temperature and the 
igh brightness temperature of the detected compact radio source 
f AT 2019avd. 
Although the radio properties cannot be unambiguously inter- 

reted, the most realistic scenario to account simultaneously for the 
adio and multiband properties of AT 2019avd is a temporal evolution
f an accreting BH, whose outflows produce non-thermal emission. 
his can be in line with two plausible natures of the nuclear transient:
n AGN-like phenomenon or a TDE. 

In the former case, the non-detection of the active BH prior to
ts outburst in 2020 does not preclude the activity of central object,
ut sets an upper limit on its luminosity of < 10 41 erg s −1 in X-
ays and < 10 38 erg s −1 in radio. These values are within the typical
ange of luminosities of nearby lo w-po wer AGN (e.g. Nagar et al.
005 ; Balmaverde & Capetti 2006 ; Ho 2008 ). The outburst could be
hen interpreted as due to an increase of BH accretion. The peculiar
pectroscopic properties of the transient identify two possible AGN 

lasses which may be associated with outflows (wind or jet): NLSy1
MNRAS 520, 2417–2435 (2023) 

nd CLAGN. 
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NLSy1 galaxies constitute a class of AGN characterized by the
WHM of the H β broad emission line < 2000 km s −1 and the
ux ratio [O III ]/H β < 3 (Osterbrock & Pogge 1985 ). NLSy1 are
enerally believed to have lower BH masses (10 6 –10 8 M �) and
igher Eddington ratios (e.g. Mathur 2000 ; Komossa ; Rakshit et al.
017 ). The optical lines, the soft and steep X-ray spectrum ( 
 X >

), the strong Fe II emission lines, and the high amplitude, rapid
-ray variability of NLSy1 reconcile with the observed properties of
T 2019avd. Ho we ver, the e volution of this transient is much more
omplex, such as the disappearance of Fe II lines and the presence
f the Bowen lines (Malyali et al. 2021 ), as well as the two optical
ares. These properties do not strictly conform to the definition of

he NLSy1 class. 
CLAGN are another type of transients that occur at the centre

f active galaxies (typically from a type-1 to type-2 or vice versa),
here an evolution of emission line intensity and broadening as well

s high-energy luminosity are interpreted as caused by a change of
he accretion state or Compton-thickness of the AGN (e.g. Goodrich
995 ; Guainazzi et al. 2002 ; LaMassa et al. 2015 ; Ricci et al. 2020 ).
road Balmer emission lines have been observed by Malyali et al.
 2021 ) in both of the optical flares of AT 2019avd, which show no
ignificant evolution in the line profiles. The bolometric luminosity
nd the shape of the X-ray spectrum, ho we ver, sho w significant
hanges during the second flare (see Fig. 4 ). The luminosity decreases
or nearly two orders of magnitude in 264 d as the flare evolves from
he peak to the late time and the X-ray spectrum hardens. Although
 typical AGN spectrum is usually hard with emission up to tens
f keV, there are exceptional transient AGN that emit only soft X-
ays, e.g. ZTF18aajupnt/ AT2018dyk (Frederick et al. 2019 ) and
SASSN-18el/AT2018zf/1ES 1927 + 654 for a certain period when

he corona is argued to be disrupted (Ricci et al. 2020 ). A potential
odel to explain the absence of hard X-rays in AGN is that when

he gas density is high, > 10 −14 g cm 

−3 , the bremsstrahlung losses
xceed the Compton losses for the hot electrons and so they cool
ery efficiently, suppressing the emission of hard coronal X-rays
Proga 2005 ). 

Ho we ver, the e vidence, such as the steady IR emission and the
uenching of the flaring activity after hundred of days, argue against
he existence of a luminous AGN at the location of AT 2019avd, at
east for the period when AT 2019avd appeared. Although follow-up

onitoring of this source would help to further test this scenario. 
A TDE scenario is another possible identification of AT 2019avd

ith typical soft X-ray spectra and a peak optical-X-ray luminosity of
 few 10 43 erg s −1 . The radio luminosities of AT 2019avd – derived
rom the different archival and proprietary data – range between
(0.4–7.3) × 10 37 erg s −1 , which are consistent with other radio-

etected (jetted) TDEs (10 36 –10 42 erg s −1 , Alexander et al. 2020 ).
he delayed radio emission with respect to the optical/X-ray flares

s possibly the result of the transition in accretion state similar to
ther TDE candidates (Horesh, Cenko & Arcavi 2021a ; Horesh et al.
021b ; Cendes et al. 2022 ). The IR luminosity of AT 2019avd is
igher than most of TDEs, as well as the co v ering factor of the
usts (van Velzen et al. 2016 ; Jiang et al. 2021 ). The relatively high
uminosity could be due to the contribution of the luminous soft
-rays/EUV. The co v ering factor is in fact still consistent with the
rediction of a 1D radiative transfer model about the dust echoes
n TDEs (Lu et al. 2016 ). Moreo v er, this value also suggests the
ircumnuclear environment of AT 2019avd is dusty and perhaps
aseous as well. 

The most challenging part of the TDE scheme for AT 2019avd
ould be its second optical flare. Such two consecutive and non-

dentical optical flares, lasting for o v er 1000 d, hav e nev er been
NRAS 520, 2417–2435 (2023) 
bserved in the TDE literature. The optical/UV emission in TDEs can
riginate from different processes when being observed at different
hases. At early times, they can be produced by the self-interaction
f debris streams (Shiokawa et al. 2015 ; Gezari et al. 2017 ); at late
imes, they can be emitted from the outer region of an accretion disc
van Velzen et al. 2019 ; Mummery 2021 ). The X-rays reprocessing
rocess can occur in different phases when the X-ray emission is
eing reprocessed either by an optically-thick envelope formed by
nbound debris or by outflows (Loeb & Ulmer 1997 ; Roth et al.
016 ; Gezari et al. 2017 ; Wevers et al. 2019 ). In AT 2019avd, the
rst flare could be due to circularization paradigm but the second one
hould be produced by a different process as it was observed when
he first one nearly quenched. The reprocessing can also be ruled out
y the facts: i) while the X-rays first declined in MJD 59110–59200,
he optical/UV showed a plateau rather than a decreasing trend in
he photometries (see more explanation in Section 5.2 ); ii) the flare
eclined earlier in the optical/UV than in the X-rays. 
The late-time (at least 5 yr apart from its peak) UV emission in

everal TDEs has been reported by van Velzen et al. ( 2019 ), who
uggest a viscously spreading, unobscured accretion disc model to
e responsible for the detection. Mummery ( 2021 ) also proposed
 unified model with an evolving relativistic thin disc to explain
V and X-ray behaviours in TDEs. Ho we ver, such late-time UV

mission is relatively faint compared to the peak of the flare, only
ontributing 0.2–5.6 per cent of the total bolometric energy of a TDE
van Velzen et al. 2019 ). The second flare of AT 2019avd is apparently
uch more luminous than this. Though the second plateau present

n ∼MJD 59483–59580 of the UV light curve (see Figs 2 and A1 )
s similar to the late-time UV plateau studied by van Velzen et al.
 2019 ). 

Chen et al. ( 2022 ) proposed a two-phase TDE scenario, in which
he first flare of AT 2019avd is due to the stream self-collision (i.e.
ircularization) and the second flare due to a delayed accretion.
or the origin of optical/UV emission of the second flare, they
inted the reprocessing by an outflow or being directly emitted from
he outer region of the late-forming disc, though no details were
rovided. Compared to their work, we propose an accretion disc
cenario with three distinct accretion rates to further elaborate the
rigins of the o v erall multiwav elength emission during the second
aring episode as follows: a compact, hot inner disc region with the
ighest accretion rate, emitting mainly in soft X-rays; a middle region
ossibly obscured by outflows; and a truncated outer disc region with
 mild accretion rate, dominated by UV and relatively weak optical
missions. Moreo v er, the optical emission lines were produced by
V reprocessing from the gas locating at sub-pc away from the disc.
 drawback of this picture is how a late-formed accretion disc emits

t a super-Eddington rate ∼600–800 d (see Section 5.1.4 ) after a
DE. 
More exotic scenarios, such as a stellar binary TDE candidate and a

DE disrupted by a SMBH binary, were discussed for AT 2019avd in
alyali et al. ( 2021 ). By statistically studying 70 X-ray selected TDE

andidates, Auchettl et al. ( 2017 ) found that the column densities of
inary TDE candidates are highly enhanced with respect to their
alactic absorption along the line of sight and persist without
ecreasing beyond 1.5 yr. This result is in good agreement with
he TDE scenario that the X-ray is being reprocessed into longer
avelengths at early times of the e vent. Ho we ver, dif ferent from the

bo v e candidates, the column density of AT 2019avd is relatively
ow, consistent with the Galactic absorption in the direction of the
ransient. This implies that the X-ray flare is unexpected to be
bserved soon after a TDE. Even if considering an extreme case
n which we viewed nearly through the optically thin funnel region
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Dai et al. 2018 ; Thomsen et al. 2022 ), where the inner disc is mostly
xposed to us, there should have been strong X-ray emission from
he first flare as well. Ho we ver, e vidence such as lack of Bowen lines
n the first flare and the further enhanced IR emission associated with
he second flare do not support this scenario. In summary, it seems
ery unlikely that a second TDE caused the second optical flare of
T 2019avd. 
In addition, the combination of multiband brightening, strong 

road and narrow emission lines, and slow decay of luminosities 
onstitutes a new class of transients occurring in the galaxy centre, 
ith the best-studied example being AT 2017bgt (Trakhtenbrot 

t al. 2019 ). A ‘rejuvenated’ SMBH which experiences a sudden 
nhancement or re-ignition of their accretion would produce an 
ntense UV/optical emission. More specifically, AT 2017bgt has 
hown prolonged enhanced multiband emission from optical to X- 
ay with little variability for o v er 400 d, a hard X-ray spectrum with
 photon index of ∼1.9 and a double-peak emission line around 
680 Å; (Trakhtenbrot et al. 2019 ). Even though AT 2019avd has also
hown optical enhancement for o v er 900 d accompanied with strong
-ray emission, it has shown much higher and faster variability –
ultiple rises and declines – in its photometry, combined with its 

ltra-soft X-ray spectrum, both of which make it very different from
T 2017bgt. 

 C O N C L U S I O N S  

T 2019avd has been monitored by ZTF since 2019 and its long-
erm photometry shows two consecutive flares but with different 
hapes. X-ray observations performed during the second flare reveal 
uminous and ultra-soft X-ray emission. We report for the first time 
he radio (VLA and VLBA) detections of this transient near the 
eak of the second flare and when the flare was nearly quenched,
espectively. 

We propose that the UV and X-rays are produced in the outer and
nner regions of the accretion disc, respectively, while the optical 
nd IR emission detected by ZTF (likely line-dominated) and WISE 

re likely produced by the reprocessing occurred in the gas and dust
esiding in the circumgalactic medium of the host galaxy. The ∼90–
30-d delay between the UV and X-ray decay requires the disc to be
eometrically thick, optically thin with a super-Eddington accretion 
ate, which then mo v es to a sub-Eddington regime at later times (see
chematics of the multiwavelength emission in Fig. 9 ). The radio 
roperties change between the two disc regimes, possibly suggesting 
n e volving outflo w related to the BH accretion (e.g. winds/jets). The
bserved Eddington-scaled peak luminosity of ∼0.3 L Edd could be 
nderestimated (e.g. if a portion of the photons are emitted in the
nobserved EUV band, if some (undetected) outflows carry materials 
way, and/or if the mass of the SMBH is overestimated). 

We highlight three crucial epochs of the temporal evolution of this
ransient which we interpret as follows: 

(1) First flare: the ignition of the BH activity; 
(2) Second flare: formation of a slim disc flaring in from optical 

o X-ray bands with super-Eddington luminosity, associated with a 
teep optically-thin radio spectrum. 

(3) Post-flare: the accretion disc evolves to a sub-Eddington low- 
uminosity state, associated with a compact optically-thick radio 
mission. 

Which type of transient could simultaneously explain these three 
tages? A TDE is the most plausible scenario to account for the
roperties of the first flare. The successive convoluted evolution of 
T 2019avd with a second flare with a long, luminous plateau, and
he following luminosity decrease do not simply fit in a single class of
ransients. The possible accretion disc formation at the second flare 
nd the disc transition to a low state with the consequent ejection of a
ompact outflow could reconcile with i) a specific type of jetted TDEs
ith particularly evolving disc properties (Ricarte et al. 2016 ; Gezari

t al. 2017 ; Coughlin et al. 2019 ) or ii) a class of AGN which change
heir disc-jet coupling along their duty c ycle (e.g. Czern y & You
016 ; Davis & Tchekhovsk o y 2020 ; Fern ́andez-Ontiveros & Mu ̃ noz-
arias 2021 ; Moravec et al. 2022 ). Ho we ver, both interpretations fail

n explaining some of the multiband properties of AT 2019avd, e.g.
he long double-peaked optical light curve and the late-time bright 
-ray emission in case of a TDE, or the soft X-ray spectrum in

ase of an AGN. Further theoretical work and long multiwavelength 
onitoring of AT 2019avd are needed to verify these interpretations. 
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PPENDI X  A :  U VOT  H O S T  SUBTRAC TI ON  

e compile the host galaxy (2MASX J08233674 + 0423027) SED 

sing archi v al observ ations in the UV through mid-IR bands, we
hoose magnitudes derived from extended apertures, which for most 
atalogs are defined at the petrosian radius of the galaxies ( ∼10 arcsec
or this host). In the mid-IR, we use WISE (Cutri et al. 2013 ) W 1
nd W 2 magnitudes In the near-IR we use UKIDSS (Lawrence et al.
007 ) K , H , J , and Y bands. We use SDSS DR12 (Alam et al. 2015 )
agnitudes in u , g , r , i , and z optical bands. Finally, for the UV we

erform aperture photometry in the GALEX (Bianchi et al. 2011 )
UV and FUV images with the GPHOTON package (Million et al.
016 ) using a 10 arcsec aperture. 
To estimate the host galaxy properties and its brightness in the

V O T bands, we model the SED using the flexible stellar population
ynthesis (FSPS, Conroy, Gunn & White 2009 ) module. We use the
rospector (Johnson et al. 2021 ) software to run a Markov Chain
onte Carlo (MCMC) sampler (F oreman-Macke y et al. 2013 ). We

ssume an exponentially decaying star formation history (SFH), and 
 flat prior on the five free model parameters: stellar mass ( M ∗),
tellar metallicity ( Z ), E ( B − V ) e xtinction inde x (assuming the
 xtinction la w from Calzetti et al. 2000 ), the stellar population age
 t age ), and the e-folding time of the exponential decay of the SFH
 τ SFH ). 

Using the median and 1 σ confidence intervals of the posteriors, 
e derive the host properties, which are shown in the upper panel of
ig. A1 alongside the observed SED and modeled SED/spectrum. We 
stimate the host galaxy fluxes in the UV O T bands from the posterior
istribution of the population synthesis models. The host contribution 
see lines in the upper panel of Fig. A1 ) was then subtracted from
he observed photometry, which was also corrected for foreground 
alactic extinction. The uncertainty on the host galaxy model was 
ropagated into our measurement of the host-subtracted photometry 
hown in the lower panel of Fig. A1 . 
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M

Figure A1. Upper: Host galaxy spectral energy distribution and best-fitting template used to synthesize host galaxy magnitudes in the UV O T bands. Lower: 
UV O T photometries including the contribution from the host galaxy. The lines indicate the magnitude level of the host galaxy for each UV O T filter. The UVW 1 
data marked with stars are used to represent the UV evolution in Fig. 2 . 
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Table B1. Best-fitting parameters of the SED in the three epochs. 

epoch MJD band log 10 ( kT bb )/ 
 log 10 ( R bb ) log 10 ( F bb )/log 10 ( F pl ) stat/ ν

58994.9 IR 3.05 ± 0.02 17.07 ± 0.02 −11.12 ± 0.01 –
Pre-peak 58994.0 OUV 4.27 ± 0.02 14.32 ± 0.03 −11.73 ± 0.06 13.9/3 

58994.0 X-ray 6.15 ± 0.02 10.57 ± 0.04 −11.85 ± 0.07 17.95/13 

59151.9 IR 3.00 ± 0.02 17.14 ± 0.03 −11.18 ± 0.01 –
Around-peak 59108.4 OUV 4.17 ± 0.02 14.54 ± 0.04 −11.70 ± 0.04 10.0/4 

59108.4 X-ray 6.13 ± 0.01 11.10 ± 0.02 −10.89 ± 0.02 85.4/77 
59519.1 IR 2.96 ± 0.02 17.15 ± 0.04 −11.33 ± 0.01 –

Post-flare 59530.8 OUV 3.93 ± 0.25 14.83 + 1 . 26 
−0 . 64 −12 . 10 + 1 . 32 

−0 . 39 3.25/1 
59483-59725 X-ray 2 . 09 + 0 . 62 

−0 . 54 – −13.35 ± 0.15 1.8/7 

Note. Column description: (1) epoch; (2) MJD observation date; (3) observation band; (4) the blackbody temperature in units of K/the 
photon index; (5) the inner radius in units of cm; (6) the (un)absorbed flux in units of erg cm 

2 s −1 ; (7) the goodness of fit. The Cash and 
χ2 statistics are applied to assess the X-ray and the optical-to-UV SED modelling, respectively. 
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PPEN D IX  B:  BEST-FITTING  PA R A M E T E R S  

F  T H E  SED  IN  DIFFERENT  E P O C H S  

e have fitted the SED from IR to soft X-ray with three individual
lackbody components and show the best-fitting parameters in 
able B1 . The uncertainties of each parameters were estimated using
onte Carlo simulations and are quoted at 1 σ confidence level. 

PPEN D IX  C :  N O N - T H E R M A L  IR  EMISSION  

f we assume that the IR emission is non-thermal, then it would have
o be synchrotron radiation produced by relativistic electrons that are 
ither more energetic than those producing the radio emission, or 
hat are in a stronger ambient magnetic field. These electrons should 
ool down quicker than the ones emitting in the radio, which could
otentially be related with the steepening of the IR photon index (see
ig. 3 ). The transition from a flat spectral index to a ne gativ e one
ould also suggest that the emitter is expanding, thus becoming more 
ransparent to its own emission. 

To properly assess whether this is feasible, we model the IR
mitter as a magnetized non-relativistic blob. The conditions that 
his model needs to take into account are: i) the IR flare duration
ime in the observer frame ( t IR ∼ 300 d); ii) the frequency of the
mitted photons ( νIR = 8.8 × 10 13 Hz); iii) the peak brightness of
he flare ( F IR ∼ 6 mJy); and iv) that a bright ( ∼few mJy) flare is
ot simultaneously seen in the radio band. Both the synchrotron 
ooling time of a particle, t syn ∝ B 

2 E 

−1 
e , and the characteristic

requency of the emitted photons, νsyn ∝ B E 

2 
e , depend on the energy

f the electron, E e , and the magnetic field intensity in the emitter,
 (Blumenthal & Gould 1970 ). We assume that the duration of the
2023 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
R flare is given by the electron synchrotron cooling time, and that
he frequency of the synchrotron photons matches the frequency of 
he observed IR photons. Thus, conditions i) and ii) become t syn ( E ,
 ) = t IR and νIR = νsyn , from where we can derive the magnetic
eld intensity in the jet and the energy of the emitting electrons
 B ≈ 23 mG and E e ≈ 300 MeV, respectively). This calculation
mplicitly assumes that B does not vary significantly during the flare.
n addition, one can assume that the observed flux is due to optically
hin synchrotron emission from a relativistic electron population of 
he form N ( E ) d E = N 0 E 

−p d E , with p ∼ 2.2. We further assume that
he minimum and maximum energies of the electrons are 1 MeV and 1 
eV, respectively, and normalize the electron distribution by adopting 
n energy condition, U e = ηB U B , which ties the energy densities in
elativistic electrons and the magnetic field via the factor ηB ( ηB = 1
orresponds to energy equipartition, usually assumed as a reference 
ase). With that, we can obtain N 0 from U e = 

∫ E max 

E min 
E N ( E ) d E , and

se it to calculate the optically-thin synchrotron SED at any given
requency (Blumenthal & Gould 1970 ). Considering that the emitter 
s homogeneous and spherical, from condition iii) we can estimate 
ts size, R 0 . We do this for values of ηB in the range 0.01–100.

e obtain R 0 ≈ 7 ± 6 × 10 18 cm. Ho we ver, this large size of the
mitter contradicts condition iv), as it leads to a synchrotron-self 
bsorption opacity τ SSA 	 1 even at radio frequencies. The small 
pacity means that the putative IR synchrotron spectrum should 
xtend to radio frequencies with the same spectral index, yielding 
 flux �10 mJy. This is a strong argument against this synchrotron
nterpretation. 
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