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ABSTRACT

Context. Tidal disruption events (TDEs) are expected to release much of their energy in the far-ultraviolet (UV), which we do not
observe directly. However, infrared (IR) observations can observe re-radiation of the optical/UV emission from dust, and if this dust
is observed in the process of sublimation, we can infer the un-observed UV radiated energy. Tidal disruption events have also been
predicted to show spectra shallower than a blackbody in the IR, but this has not yet been observed.

Aims. We present IR observations of the TDE AT 2019azh that span from —3 d before the peak until >1750 d after. We evaluate these
observations for consistency with dust emission or direct emission from the TDE.

Methods. We fitted the IR data with a modified blackbody associated with dust emission. We compared the UV+optical+IR data with
simulated spectra produced from general relativistic radiation magnetohydrodynamics simulations of super-Eddington accretion. We
modelled the data at later times (>200d) as an IR echo.

Results. The IR data at the maximum light cannot be self-consistently fitted with dust emission. Instead, the data can be better fitted
with a reprocessing model, with the IR excess arising due to the absorption opacity being dominated by free-free processes in the
dense reprocessing envelope. We infer a large viewing angle of ~60°, which is consistent with previously reported X-ray observations,
and a tidally disrupted star with a mass >2 Mg. The IR emission at later times is consistent with cool dust emission. We modelled
these data as an IR echo and found that the dust is distant (0.65 pc) and clumpy, with a low covering factor. We show that TDEs can
have an IR excess that does not arise from dust and that IR observations at early times can constrain the viewing angle for the TDE in

the unified model. Near-IR observations are therefore essential to distinguish between hot dust and a non-thermal IR excess.

Key words. methods: observational — black hole physics — galaxies: nuclei

1. Introduction

When a star ventures close enough to a supermassive black hole
(SMBH) the tidal forces of the SMBH can overcome the star’s
self gravity and cause it to be disrupted in what is known as a
tidal disruption event (TDE). If the star is completely disrupted,
approximately half of the stellar material will be accreted onto
the SMBH and power a luminous flare (Rees 1988; Phinney

* Corresponding author: thmire@utu. fi

1989; Evans & Kochanek 1989). Tidal disruption events were
originally a theoretical prediction and were first discovered by
surveys in X-rays (Donley et al. 2002); they are now routinely
discovered in the optical, with >100 TDEs now identified (e.g.
Gezari 2021; van Velzen et al. 2021; Hammerstein et al. 2023;
Yao et al. 2023). Optically discovered TDEs display a blue ther-
mal continuum with high (~30 000 K) temperatures that persist
over the TDE evolution, very broad emission lines of 5000—
15000kms™! (e.g. Arcaviet al. 2014; van Velzen et al. 2021),
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and a smooth power-law decline (e.g. Hammerstein et al. 2023).
The X-ray properties of the optically selected TDEs include
ubiquitous soft X-ray spectra with temperatures ~10° K, along-
side a great deal of variation in their light curve evolution (see
e.g. Saxton et al. 2020; Guolo et al. 2024).

The observed X-ray properties of TDEs are broadly con-
sistent with thermal emission from an accretion disc, as the-
oretically predicted (see e.g. Ulmer 1999; Saxton et al. 2020).
However, the ultraviolet (UV)+optical (hereafter UVO) com-
ponent at early times is not consistent with a bare accre-
tion disc since it is too luminous and has a larger inferred
radii than the accretion disc (see e.g. Gezari 2021). The
observed UVO emission has been suggested to arise from sev-
eral sources: reprocessing via enveloping or outflowing mate-
rial, which can be produced via the intersecting debris streams
(Lu & Bonnerot 2020), an outflow arising from super-Eddington
accretion (Dai et al. 2018; Thomsen et al. 2022), or a quasi-
spherical envelope (Loeb & Ulmer 1997; Guillochon et al. 2014;
Metzger 2022). Alternatively, UVO emission has been sug-
gested to arise from shocks between the intersecting debris
streams themselves rather than reprocessed disc emission (see
e.g. Piran et al. 2015; Bonnerot et al. 2021). In the case of repro-
cessing, various mechanisms such as bulk scattering, absorption
and compton scattering will convert the disc emission to a spec-
tral energy distribution (SED) that peaks in the UVO regime
(see e.g. Roth et al. 2016, 2020, for details). Attempts to model
the resulting TDE spectra have concluded that a non-thermal
spectrum is expected, with excess emission in the unobservable
extreme-UV wavelengths (Roth et al. 2016), and potentially in
the IR regime (Roth et al. 2020; Lu & Bonnerot 2020).

Tidal disruption events have also been observed to produce
substantial emission in the IR in excess of the expected emis-
sion associated with the accretion disc, or the hot (~20000-
30000 K) blackbodies observed in UVO. The IR emission has
been associated with re-radiation of the UVO emission by cir-
cumnuclear dust surrounding the TDE as an IR echo. IR echoes
have been observed from supernovae over several decades (e.g.
Graham et al. 1983; Dwek 1983). Observations of IR echoes
arising from TDEs are a potential method for probing the
nuclear dust and its distribution in the circumnuclear regions of
galaxies and Lu et al. (2016) predicted that they were observ-
able with existing facilities using 1D radiative transfer models.
van Velzen et al. (2016) reported mid-IR variability associated
with TDEs that was consistent with expectations for an IR echo
and suggested that observations of IR echoes could be used to
estimate bolometric luminosities of TDEs, with further observa-
tions of IR echoes from optical TDEs following soon afterwards
(Jiang et al. 2016; Dou et al. 2016). More recently, a system-
atic study by Jiang et al. (2021b) found that optically discovered
TDEs show dust covering factors (Lir/Lyvo) of ~1%, which
suggests that the optical TDE sample favours host galaxies
with small amounts of dust within their nuclear regions. Most
recently, samples of energetic nuclear transients discovered via
IR observations (Mattila et al. 2018; Kool et al. 2020; Jiang et al.
2021a; Reynolds et al. 2022; Masterson et al. 2024, 2025) sug-
gest the presence of a dust obscured population of TDEs that has
remained out of the reach of optical surveys.

In this work, we present novel IR observations of the
TDE AT 2019azh'. As a particularly nearby and recent TDE,
AT 2019azh has been the subject of extensive multi-wavelength

! Recently, the transient name server (TNS) updated the prefix of all
classified TDEs from ‘AT’ to ‘TDE’. We maintain the AT name in this
work, to maintain consistency with previous publications.
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observations, which we briefly summarise here. The UVO obser-
vations of AT 2019azh have been presented in a number of pub-
lications (Hinkle et al. 2021a; van Velzen et al. 2021; Liu et al.
2022; Faris et al. 2024), and collectively provide high cadence
data across the entire UVO spectrum, which makes this TDE
one of the best observed at these wavelengths. The TDE is
quite luminous at peak (third most luminous in the sample of
17 presented in van Velzen et al. 2021); and exhibited an early
bump in its pre-peak light curve (Faris et al. 2024); however, it
is overall a fairly typical optical TDE. X-ray observations of
AT 2019azh reveal a late time brightening, where the X-rays
are initially detected at peak, but are faint, and then brighten
at ~200d before fading again (Hinkle et al. 2021a). Guolo et al.
(2024) find AT 2019azh to be part of a group of late-time X-
ray brightening TDEs and suggest a scenario in which the X-ray
emission is present but suppressed at early time due to reprocess-
ing of high-energy emission by optically thick material, which
becomes optically thin as the accretion rate drops, causing the
X-rays to escape and become observable.

The host galaxy of AT 2019azh is KUG 0810+227, with a
redshift of z = 0.022240 + 0.0000071 (Almeida et al. 2023),
which is a post-starburst galaxy (Hinkle et al. 2021a). These
galaxies are heavily over-represented as host galaxies for TDEs
(see e.g. Arcavietal. 2014; French et al. 2020). Furthermore,
AT 2019azh was identified as hosting an extended emission line
region (EELR) through identification of extended [O III] emis-
sion in spatially resolved spectra (French et al. 2023). These
observations could indicate the presence of a luminous active
galactic nucleus (AGN) approximately 10* years ago, which
has now declined by at least 0.8 dex based on a current AGN
luminosity derived from far-IR observations with the Infrared
Astronomical Satellite (IRAS). Alternatively, the EELR in the
host galaxy of AT 2019azh and other TDEs may be powered
by an elevated TDE rate in these galaxies (Wevers & French
2024; Mummery et al. 2025). There are a number of indirect
SMBH mass measurements available for the host of AT 2019azh
derived from the Mpy—o relation, with two independent mea-
surements of the velocity dispersion from medium resolution
spectra that yield log(Mgy) = 6.36 = 0.43 (Wevers 2020) and
log(Mpy) = 6.44 £ 0.33 (Yao et al. 2023).

This paper is organised as follows. Section 2 presents our
novel IR observations of AT 2019azh, including both the data
reduction and photometry, as well as describing the previously
published data that we make use of in our analysis. In Sect. 3, we
analyse the IR observations through SED fitting of the photom-
etry and IR echo modelling. Sect. 4 discusses the possible inter-
pretations of our analysis and the implications of the evidence
for a non-blackbody spectrum for the TDE emission. Finally, in
Sect. 5 we summarise our findings.

We adopt the same cosmological parameters as used
in Farisetal. (2024), namely a flat ACDM with Hy =
69.6kms™! Mpc™!, Q,, = 0.286, and Q, = 0.714 (Bennett et al.
2014). The luminosity distance to the host of AT 2019azh is
96.6 Mpc with these parameters and the observed host redshift.

2. Observations and data reduction
2.1. UV and optical

We make use of the UVO data presented in Faris et al.
(2024) throughout this work, which combines data presented
in Hinkle et al. (2021a) and Hinkle et al. (2021b) with original
observations. The data are corrected for the Milky Way extinc-
tion of Ay = 0.122mag as described in Faris et al. (2024).
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We assume no host extinction, consistently with Hinkle et al.
(2021a), Liu et al. (2022), Faris et al. (2024), noting that if there
was significant host extinction, the already UV bright TDE
would become extremely luminous compared to the TDE pop-
ulation. All the data are host-subtracted, but we note that the 6
filters from the UltraViolet and Optical Telescope (UVOT) on the
Neil Gehrels Swift Observatory have host subtractions from syn-
thetic magnitudes obtained from SED fitting of the host galaxy
rather than template imaging.

2.2. Near-infrared

We obtained four epochs of near-IR (NIR) imaging in the JHK
bands with the NOTCam instrument mounted on the Nordic
Optical Telescope (NOT) as part of the NUTS2? programme, as
well as NOTCam template imaging long after the transient had
faded (27 December 2023). The NOTCam data were reduced
using a slightly modified version of the NOTCam QUICKLOOK
v2.5 reduction package. The reduction process included flat-field
correction, a distortion correction, bad pixel masking, sky sub-
traction and finally stacking of the dithered images.

One epoch of JHK imaging was obtained with the SOFI
instrument mounted on the New Technology Telescope (NTT)
as a part of the extended Public ESO Spectroscopic Survey of
Transient Objects (ePESSTO; Smartt et al. 2015). The reduced
data was obtained from the ESO archive. Unfortunately, we did
not obtain template imaging with SOFI+NTT before the instru-
ment was decommissioned.

2.3. Mid-infrared

As noted in Faris et al. (2024), AT 2019azh was observed in
the mid-IR (MIR) by the Wide-field Infrared Survey Explorer
(WISE) satellite as part of the Near-Earth Object Wide-field
Infrared Survey Explorer reactivation mission (NEOWISE;
Mainzer et al. 2014). We obtained time-resolved co-adds of the
NEOWISE data of AT 2019azh (Meisner et al. 2018)°. These
are produced using an adaptation of the unWISE code, which
stacks the individual exposures from each NEOWISE visit, with-
out utilising the intentional blurring that is performed in the
NEOWISE data, for maximum depth (for more details, see Lang
2014; Meisner et al. 2017).

2.4. Photometry

Point spread function (PSF) photometry on the NIR data
was performed with the AUTOPHOT pipeline (Brennan & Fraser
2022) after template subtraction and the resulting magnitudes
were calibrated using the 2MASS catalogue (Skrutskie et al.
2006). Images were aligned for template subtraction using stan-
dard IRAF tasks and template subtraction was performed with
the HOTPANTS package®, an implementation of the image sub-
traction algorithm by Alard & Lupton (1998). Template sub-
tracted images were visually inspected to ensure that field stars
subtracted cleanly and no dipole-type residuals were left at
the transient location, which would indicate a poor subtraction.
Additionally, residuals at the transient location were inspected
to ensure their full width half maximum (FWHM) matched the
measured seeing in the image and that they were fitted well by

2 https://nuts.sn.ie/

3 https://portal.nersc.gov/project/cosmo/temp/
ameisner/neo8/

4 https://github.com/acbecker/hotpants

our model PSF. For non-detections, a 30~ limiting magnitude was
obtained by injecting and recovering sources around the tran-
sient location in the template subtracted images. The NOTCam
images obtained on 2019-10-23 and 2019-11-16 display a large
degree of PSF elongation, likely due to issues with the telescope
guiding. We were still able to obtain subtractions in which the
field stars cleanly subtracted but the residual TDE PSF is elon-
gated and so we used aperture photometry to recover magnitudes
from these data.

The JHK s filters mounted in the SOFI and NOTCam instru-
ments are not identical, which introduces systematic uncertainty
into the template subtraction of the SOFI images. A comparison
of the normalised filter transmission curves for the SOFI and
NOTCam filters is shown in Fig. C.1. The H and K filters are
very similar, but the J filters are quite different, with the SOFI
filter being considerably wider. The atmospheric transmission in
the additional region covered by the red side of the SOFI J filter
is very low, but there is some transmission in the blue side. We
do not expect the effective transmission to be extremely differ-
ent, and make no attempt to correct the photometry.

Using the publicly available NEOWISE catalogue,
Faris et al. (2024) find a clear detection in both the W1
and W2 bands very close to the g-band peak of the transient,
which they find to be significantly in excess of the UVO BB,
and a marginal detection in W2 only at a later epoch. For
our MIR photometry, we performed image subtraction with
the time-resolved unWISE co-adds of the NEOWISE data of
AT 2019azh (Lang 2014). As a template, we used the full
depth unWISE co-add that includes all the data before the
first detection of AT 2019azh, i.e. the ‘six-year full-depth
unWISE coadd’ (Meisner et al. 2021), which is the deepest
template available with no possibility of flux associated with
the transient. Template subtraction and photometry were mostly
performed as described above for the NIR photometry, although
the images are already astrometrically calibrated and did not
require alignment. The results of the template subtraction are
shown in Fig. C.2. The images were photometrically calibrated
using the unWISE catalogue presented in Schlafly et al. (2019).
We find consistent results with the detections from Faris et al.
(2024), as well as additional detections that are described below.

We corrected the IR photometry for Milky Way extinction
using the Fitzpatrick (1999) extinction law with the correspond-
ing coeflicients taken from Yuan et al. (2013), as in Faris et al.
(2024). We assumed no additional host extinction, consistent
with Faris et al. (2024) and Hinkle et al. (2021a). We addition-
ally followed Faris et al. (2024) in presenting all phases rela-
tive to their g-band peak brightness of MJD 58565.16 + 0.62. All
phases are presented in the rest frame unless otherwise specified.
The results of the photometry are given in Table D.1.

3. Analysis
3.1. Evolution of the IR light curves

Photometry of AT 2019azh is shown in Fig. 1. Our NIR obser-
vations span the period between —3d and 238d, with NEO-
WISE MIR detections continuing until 738 d, and further upper
limits continuing afterwards. Additionally, there is a single W1
detection at 1640d. Our IR coverage of the peak of the light
curve consists of 3 NIR epochs, at -3, 17 and 38d, and a sin-
gle MIR epoch at 7d, and reveals a rise and fall in both H and
K band, while J experiences only a decline. The NIR detections
after the solar conjunction at ~210d are ~3 magnitudes fainter
in all bands, while the NEOWISE measurements are ~1.7 mag
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fainter. After the solar conjunction, the W1 photometry shows a
flat period of at least 200 d, before a slow decline until the last
detection at 738 d, with multiple non-detections afterwards. The
W2 photometry is similarly flat for 200 d, after which the source
declines beyond our detection limits.

In Faris et al. (2024), the authors find that the redder TDE
emission peaks later compared to bluer bands, as has been found
in other TDEs (see e.g. Holoien et al. 2020). We fitted a second
order polynomial to our H and K band photometry and deter-
mined the implied peak times to be 11.4d and 14.8d for H and
K, respectively, continuing this trend. We note however, that we
only have sparse data, so there is a large uncertainty on these
peak times. The J-band data only declines, so our peak estimate
is an upper limit of 17 d.

3.2. SED fitting with dust emission

To measure the temperature of the dust that is a possible source
of the IR emission, we performed fits to the UVO+IR SED of
AT 2019azh at the epochs where we have IR data. For each NIR
epoch, we linearly interpolated between the closest two epochs
for each UVO filter to generate the full SED, estimating the
uncertainties at the interpolated epochs by adding the uncertain-
ties of the closest two epochs in quadrature. We excluded UVO
filters which do not have two observations within five days of
the IR epoch. For the NEOWISE data, we did not interpolate
between the first two epochs, as there is a large change in bright-
ness (1.7 mag) and a six month gap between these observations,
but we interpolated between the second and third epoch, as there
is very little change in brightness (0.1 mag). The second NEO-
WISE epoch is very fortunately timed within 2 d of a NIR obser-
vation, and we assumed no evolution between these NEOWISE
and NIR epochs.

We simultaneously fitted a linear combination of a ‘hot’
blackbody which we assume describes the contribution from the
direct TDE emission, and a ‘cool’ blackbody which describes
the contribution of the emission arising from the heated dust to
the observed SED. For the ‘cool’ blackbody, we used a modified
blackbody of the form B} (Tqust) = KabsyBy(Tdust), Where Kaps.y
is the mass absorption coefficient for the dust at frequency v,
which is dependent on the choice of distribution of grain radii
a, and the grain composition. We considered both single size
distributions and multiple size distributions, where the number
density of grains per grain radius is proportional to a3 (the
MRN grain size distribution; Mathis et al. 1977) from minimum
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detail.

size a = 0.005 um up to a selected maximum size. For the mod-
ified blackbody, the observed flux density can be expressed as
Foaust = (KabsyMaB,(Taus))/D* where My is the total dust mass
and D is the luminosity distance to the TDE.

The temperature of the cool blackbody should be less than
the dust sublimation temperature, T, Which is dependent on
the grain size, composition and number density. Graphite grains
able to survive temperatures 300—500 K larger than those of sili-
cate, and larger grains have higher T, (Guhathakurta & Draine
1989; Baskin & Laor 2018). Dust survives at higher temperatures
as the number density of grains, or equivalently the gas number
density, increases, with graphite grains having Ty, = 1500 and
2000 K for gas number densities 7 ~ 103 and 10'! cm™3, respec-
tively (Baskin & Laor 2018). Making no assumption for the gas
density, we conservatively limited the cool blackbody tempera-
ture to <2200K in our fits and initially made use of the ks,
for a single size distribution of 0.1 wm graphite dust, which has
a high sublimation temperature. For the fitting, we employed the
EMCEE python implementation of the Markov chain Monte Carlo
(MCMC) method (Foreman-Mackey et al. 2013) to fit the points
and derive uncertainties. We excluded some measurements from
the fits, these are indicated in the figures. This is because the ori
bands at 17 d and 38 d have a significant excess compared to the
hot blackbody implied by the UV data. The origin of the excess
could be strong Ha emission, as is indeed clear in the host and con-
tinuum subtracted spectra presented in Faris et al. (2024). Alter-
natively, there could be an intrinsic deviation from a thermal spec-
trum, as we discuss below.

We show the results of these fits in Fig. 2. In all epochs,
there is an IR excess compared to the hot blackbody, so the IR
emission does not simply represent the Rayleigh-Jeans tail of the
TDE blackbody emission. Before 40d, we can fit the SEDs for
the epochs with only JHK observations using a cool blackbody
with 0.1 um graphite dust. The dust temperatures are very high,
but potentially consistent with dust sublimation if the gas den-
sity was sufficiently high, approximately n ~ 10'! to 10'? cm™
(Baskin & Laor 2018). However, the best fit dust temperature
in the second epoch at 7d, where the SED extends to 4.6 um,
is ~1000 K, much cooler than the surrounding epochs. If we
exclude the measurements at 3.4 and 4.6 um and only fit the
interpolated JHK data with a hot dust component that is con-
sistent with the surrounding epochs, we find a large deficit in
flux density at 3.4 um and 4.6 um (see Fig. 3).

To investigate if any other dust grain size distribution can
produce a good fit, we fitted the second epoch with a range of
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Fig. 2. SED fitting with two blackbodies (hotter TDE and cooler dust) for the observed UVO+IR SEDs at six epochs (labelled). Fitting was
performed with a modified blackbody for the dust. The dust here is entirely composed of graphite with a grain size of 0.1 um. Empty points are

excluded from the fit.

Kabs,y corresponding to graphite dust with different grain sizes,
including both single and multiple size distributions. We used
only graphite grains because the results of our fitting of the other
epochs imply that high temperature dust is required. These fits
are shown in Fig. C.3, with the reduced )(2 statistic listed. No
composition yields a good fit. Although we can obtain good fits
for hot 0.1 um graphite dust in epochs —3d, 17d, and 38d, the
additional MIR data available at the second epoch is inconsistent
with dust of this temperature and composition.

One possibility to fit the MIR data is to include an additional
dust component with a lower temperature. We show such a fit
in Fig. 3, where both dust components are composed of graphite
with a single size of 0.1 um. In this fit, the TDE component was
subtracted from the overall SED and the two dust components
were fitted to the remaining flux. The cooler dust has a rather low
temperature of ~630 K. Notably, the best fit temperature for the
hotter dust is still consistent with the best fit temperatures found
for the surrounding epochs that lack MIR data. This fit could
imply that the NIR part of the SED is explained by hot dust at
the sublimation radius of the TDE, while the MIR part would
arise from much cooler dust much further out. We explore this
scenario further in Sect. 3.4.

The SEDs in the final two epochs, where the phase is more
than 200 d post-peak, have a much different shape, with a clear
double peak. These can be fitted reasonably well with a mod-
ified blackbody, yielding cool dust temperatures of 600-700 K.
Notably, this temperature is similar to that required for the cooler
dust component inferred from the triple blackbody fit at +7 d. At
these cooler temperatures, a graphite dust model is not necessar-
ily required, and using different dust grain compositions can pro-
duce a range of temperatures and masses for the dust. This will
be explored further in Sect. 3.4. In summary, the observed SEDs
of AT 2019azh are consistent with a combination of direct TDE
blackbody emission and cool dust at epochs later than 200 d, but
for epochs earlier than 40 d, multiple dust components with dif-
ferent temperatures are required.

3.3. SED fitting with reprocessing models

An alternative explanation for the observed IR excess is direct
emission from the TDE, which requires that the TDE spec-

Phase: 7 d
LX)
3
iy
)
C
B 03|
x
>
o
— TTDE = 21581tﬁ%% K o
—— Tpust = 2124737 K
16"
Wavelength (A)
°
°
)
= °
>
B 1073
c
(9]
©
35
w || TTDE =21581 K
M Tpust1=1879 + 96 K
M Tpust2 =628 K+ 139K
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Fig. 3. Top: SED fitting with two blackbodies (hot TDE and cooler dust)
for the observed UVO+IR SED at 7d. Fitting was performed with a
modified blackbody for the dust. The 3.4 um and 4.6 um data (open cir-
cles) are excluded from the fit, so that a fit with a high dust temperature
is preferred. Bottom: SED fitting with three blackbodies (hot TDE and
two dust components) at the same epoch, with a modified blackbody
corresponding to graphite dust for both dust components. The TDE tem-
perature is fixed.

trum deviates from a blackbody. This possibility has been dis-
cussed by a number of authors, who argue that the dominant
absorption opacity at >1um can be due to free-free pro-
cesses and produce a power-law slope that is shallower than
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Table 1. Results from fitting a power law L, « v* to the IR SEDs
observed for AT 2019azh.

Phase -3 7 17 38
ANIR 1.42+0.06  1.24+0.09 1.1£0.35 0.77+0.09
ANIR - 126 = 11.5 5+£7 2.64 +0.32
QR - 0.88+0.09 - -
niR — 3.1+0.6 - —

Notes. Parameters derived from fits to the JHK bands and JHKW1W2
bands are denoted with anr and ar respectively. The density profile
index n associated with the measurement of « is also listed.

a blackbody (Lu & Bonnerot 2020; Roth et al. 2016, 2020)°. A
detailed derivation of the expected continuum spectrum is given
in Roth et al. (2020), who find that, under the assumptions of
spherical symmetry and that the density drops as r™" withn > 1
near the surface of the emitting material, L, oc v(=#V/C=3n_This
connects the SED shape in the IR with the density of the material
from the disrupted star.

We fitted our IR data at the four epochs before 40d with a
power-law function L, o v*. The measured parameters are listed
in Table 1, and the fits are shown in Fig. C.4. For a blackbody at
the observed TDE temperatures we expect the emission to fol-
low the Rayleigh-Jeans law, L, o v at low frequencies. We
observe shallower slopes at all epochs, which is visible as an IR
excess in Fig. 2. The JHK SED is well fitted by a power law at
—3 and 38 d, and fitted less well at 7d and 17 d. We note that the
JHK data in the 7 d fit is derived from interpolation, so this is not
an independent measurement. The measured power-law index
decreases steadily and linearly over the 40 d period of our obser-
vations, becoming shallower at a rate of —0.015 per day. The
corresponding values of power-law index for the density profile
are initially very large, implying an extremely steep density pro-
file. The power law at 7d does not fit both the NIR and MIR
part of the IR SED, with the MIR data having a different slope.
This could be due to the interpolation used to estimate the NIR
photometry at this epoch, evidence of excess IR emission due to
dust at this epoch, or an indication that a single power-law slope
does not hold for our data.

3.3.1. The viewing-angle-dependent reprocessing model

To further explore the non-blackbody SED of AT 2019azh,
we made use of the reprocessing framework presented in
Thomsen et al. (2022) and Dai et al. (2018). This model utilises
the radiative transfer code SEDONA and the general relativistic
radiation magneto-hydrodynamics (GRRMHD) code HARMRAD
to calculate the continuum emission from a super-Eddington
accretion flow. Following the methods outlined in Thomsen et al.
(2022), we obtained a 1D density, temperature, and velocity
profile for a given inclination angle of the 3D accretion flow
structure. This 1D structure was then converted to a spherical
structure in SEDONA. The gas composition includes H, He, C, N,
O, Na, Mg, Si, S, Ca, Ti, and Fe, with solar metallicity.

We initialised the radiative transfer simulation by launch-
ing millions of photon packages drawn from a blackbody
spectrum, characterised by a temperature T, = 10°K and
luminosity Li,;. These photon packages propagate through the
3D spherical geometry and undergo scattering, and absorp-

3 This is analogous to continuum formation in the wind atmospheres
of Wolf-Rayet stars (Wright & Barlow 1975).
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Fig. 4. Observed SEDs of AT 2019azh at epochs before 40 d, compared
to the grid of simulated escaping spectra. The models have a wave-
length grid such that the wavelength changes by 2% at each step, and
are smoothed with a median filter of size 3. The top, middle, and bottom
panels show models with 50°, 60°, and 70° inclinations, respectively.
The colouring denotes the value of Li,; as described in the legend, while
the solid, dashed, and dotted lines represent models with a density pro-
file scaling factor of 2, 1.5 and 1, respectively. We additionally show the
X-ray spectrum observed at 20 d (Guolo et al. 2024) with black circles.

tion and re-emission events, transforming the initial black-
body to a reprocessed spectrum. SEDONA incorporates and
models various emission and absorption processes including
Compton scattering, free-free, bound-free, and bound-bound
transitions (Kasen et al. 2006; Roth et al. 2016). Due to the sig-
nificant energy contained in the radiation, all calculations are
considered under non-local thermal conditions when calculat-
ing the ionisation and excitation. SEDONA was run iteratively
at least 20 times to ensure the temperature has converged.

We produced a grid of models with viewing angles 8 €
[50°,60°,70°]; luminosities Ly € [2,4,8,16] Lss, where Lys =
10% ergs™! and accretion rates M. € [7,12,24] Mgqq. As we
lack GRRMHD models with higher values of M, than 24, we
multiplicatively scaled the density profile of the My.. = 24 Mggq
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case to approximate higher mass accretion rates, and produced
models with density scaling parameters ps.ae € [1,1.5,2]. The
grid is incomplete for 70° , where the extremely high densities
for p € [1.5, 2] caused the simulations to fail in most cases. In the
GRRMHD simulations used to create the super-Eddington disc,
the SMBH has Mgy = 10° Mg, and spin parameter a = 0.8. We
found that models with M,.. € [7, 12] were not luminous enough
to fit the data. This is consistent with the physically expected
mass accretion rates — we discuss this below.

Figure 4 shows all the models with My = 24 produced
in our grid, alongside the observed data of AT 2019azh. The
models reproduce the trends discussed in Thomsen et al. (2022).
For a fixed value of L;yj, the spectra emit more in the UVO as
the density of the reprocessing envelope along the line of sight
increases, which occurs either through higher accretion rates
(i.e. increasing pgc,le ), OF increasing the observed viewing angle.
The 50° inclination angle is not able to reproduce the observed
luminosity of AT 2019azh at any epoch. For smaller inclina-
tion angles, the spectrum becomes more X-ray dominated, so
we would expect even lower luminosities in the UVO+IR region.
We therefore rule out viewing angles of 50° or less. For 60° and
70°, the models are able to reproduce the observed luminosity in
the UVO region.

In Fig. 5 we zoom in on the UVO+IR part of the spectrum for
the 60° and 70° models. The NIR slope for AT 2019azh is shal-
lower than the Rayleigh-Jeans part of a blackbody spectrum, and
to reproduce this, we require a strong contribution from free-free
emission. The strength of the free-free opacity is closely tied to
the ionisation state, which decreases with increasing density (i.e.
Pscale OF 6), and increases with Liy;. We discuss this in detail in
Appendix A, and show the contribution of the free-free opacity
and emission in Fig. A.1. In summary, for a significant contri-
bution from free-free emission, the density and injected lumi-
nosity must be such that the ionisation level is high enough for
bound-free processes not to dominate, but not so high that elec-
tron scattering dominates. In these latter two cases, the spectrum
becomes more blackbody-like.

For an inclination angle of 70°, the UVO data around peak is
fitted reasonably well with Liy; = 16 or 8 Lys, although the model
spectrum is slightly too luminous. For the 38 d epoch, the UVO
part of the spectrum is well reproduced with Liyj = 2 or 4 Lys.
In both cases, the IR data are too faint, with the MIR emission
not well fitted at peak, and the NIR data not well fitted at 38 d.
This is because the ionisation level is not high enough to produce
the free-free emission required to reproduce the IR spectrum. In
contrast, the 60° model with pg.ae = 2 and Liy; = 16 Lys is able
to fit the entire spectrum at 7 d including all the IR data.

In Fig. 4 we also show the observed X-ray spectrum of
AT 2019azh at 20d, reported in Guolo et al. (2024). All of our
models are much fainter than the observed X-rays. This could be
explained by the assumption of spherical symmetry inherent in
our 1D models, which prevents us from capturing 2D/3D effects
such as photons scattering from different viewing angles to the
line of sight (see Parkinson et al. 2025). We discuss this further
in Sect. 4.1.

3.3.2. Inferring physical parameters from spectral modelling

From the best fitting model at peak, we measured the accre-
tion rate at 7d, and use analytical expectations for the evolu-
tion of the fallback rate to select models that should fit our data
at the other epochs. The fallback timescale for the most tightly
bound disrupted material for the tidal disruption of a star with
mass m, and radius r, is given by (Evans & Kochanek 1989;
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Fig. 5. As in Fig. 4 but zoomed into the UVO+IR region. The top panel
shows the 70° inclination, whereas the other three panels have an incli-
nation of 60°. The density profile scaling is indicated on the panels.

Guillochon & Ramirez-Ruiz 2013; Rossi et al. 2021):

)G

Mgy
105M,,

tp ~ 41 days (

3/2
()",

ey

and assuming that the fallback rate peaks at g, the post-peak
time associated with a fallback mass accretion rate My, is
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Fig. 6. Observed SEDs of AT 2019azh, compared with both the best
fitting dust models as in Fig. 2, and selected reprocessing models. The
SED at 7d is well fitted by the model with pycaie = 2 and Lip; = 16 Lys.
The models at 17 and 38 d assume that the density and luminosity scale
linearly during the decline of the accretion rate. The reduced y? values
associated with these models are listed in Table 2.

calculated with

Mpy
106M,

)75/3MEdd-

Some quantity of the material that falls back will be lost to out-
flows in the form of a disc wind, so My, = M, + M,,. The
wind value for M, = 24 Mggq measured in the hydrodynami-
cal simulations from Thomsen et al. (2022) was My, = 14 Mgq4 ,
implying My, = 38 Mgqq for the total fallback rate. To estimate
be for our models with pg.ae > 1, we assume that MM and
M, scale linearly with pgqe, S0 that My, = [57,76] Mggq for
Pscale = 1.5,2. The results from Thomsen et al. (2022) show
an increase of the ratio M,,/ M, with i increasing Mee , SO Our
approximation for My, is a lower limit.

Our best fitting models at —3 d and 7 d have pscqe = 2, which
implies that Mg, (t,) = 76 Mggq . We adopt the SMBH mass of
Mgy = 10%4M,, derived from the velocity dispersement mea-
surements of Wevers (2020) and Yao et al. (2023), and assume a
simple stellar mass-radius relation of R, /R = (M, /My)"3. We
also assume that the fallback rate peak coincided with the -3 d
epoch. Equation (2) then implies a mass for the disrupted star of
M, ~ 2.8 M. With this value for M,, we derive expected fall-
back rates at 17 d and 38 d of Mg, (ts, + 17) = 55 Mgaq, Mt +
38) = 40 Mgqq . These values are rather close to the expected
My, values of 57 and 38 Mgyq for pyeae = 1.5 and 1 respectively,
so we expect these models to fit these epochs well.

As we assume that the injected luminosity arises from accre-
tion, the values for L;,; and M, are not independent. We make
the simple approximation that Liy; scales linearly with M, to
select models that we expect to reproduce the spectra at 17d
and 38 d. These models are shown in Fig. 6, and fitted the evo-
lution of the TDE SED quite well. The optical and IR data in
particularly are well fitted, but the UV data are somewhat more
luminous than the models. Note that the model with pgcae = 1.5
and Liy; = 12 Lys was not part of our initial grid.

The total luminosity available for injection is limited by the
accretion rate, with Lipj < Linax = €Mccc? for some efficiency e.
For M. = 24,36,48 Mgqq, corresponding to assumed accretion
rates for our values of pgcq1e, and with the estimated SMBH mass

Mg, ~ 133 ( 2)

e )

Iy
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Table 2. Selected models for the SEDs of AT 2019azh with IR data.

Phase Dust temperature Mass Reduced-y?

(d K Mo

-3 2169*2 5.1%02 x 107 12

7 939+ 2.1%58 x 107 14

7 2124+§ZH 52718 x107°° 26

17 2130%32 7997 x107%  50r93

38 19371;; 83 x107%  3o0r60

215 66872 34%08 x 107 2

239 7593 15708 % 1074 3

Phase Linj Mice Pscale 6 Reduced-y”
(d) Lys MEdd °

-3 16 24 60 25
-3 8 24 60 14
7 16 24 60 16
17 12 24 15 60 23
38 8 24 1 60 29

Notes. The upper table lists the parameters and reduced y-squared for
the dust models, while the lower table lists these values for the repro-
cessing models. Where two values are listed for the reduced y-squared,
the former indicates the value without the ori bands that were excluded
from the blackbody fitting, while the latter indicates the value with all
the data included.

of Mgy = 1054 My, then Liax = 24,36,48 Lggg ~ 8, 11,15 Lys.
Our best-fitting model at peak has Li,; = 16 Lys, broadly consis-
tent but slightly larger than Lp,,x. Reducing the value of Li;; to be
consistent with this limit would not strongly effect the resulting
spectral model.

To explain the mass accretion rates with a lower mass star,
we would require a lower mass SMBH. For a solar mass star,
the SMBH mass required for the best fit peak Mg, is Mgy ~
1051 My, which is well within the uncertainties on our SMBH
mass measurements. As Lpax < Mgy, SO0 Ln.x would also be
halved for this smaller SMBH compared to our adopted value
and so we would need to half the values of Li,; to maintain phys-
ical consistency. The corresponding models are not luminous
enough to fit the spectrum well, particularly in the IR. However,
a somewhat lower value for Mpy and corresponding lower value
of M, cannot be ruled out.

The luminosity we observed, i.e. the escaping luminosity
Lesc, s less than the injected luminosity, as energy is lost to work
done driving outflowing TDE material. Typical values of Le,
measured directly from the model spectrum, are ~0.1-0.2 X Liy;,
depending on the specific model. For example, the best-fitting
model at 7d with pgae = 2,Lip; = 16 Lys, and 6 60° ,
has Les./Linj = 0.2. There is a trend for this ratio to be larger
for larger values of Liy;. The difference between Le. and the
luminosity of the blackbody fit to the UVO data (measured in
Sect. 3.2), Lpg, represents the ‘missing energy’ that we do not
directly observe from the TDE. The best fitting model at 7 d has
Lgp/Lese = 0.05, i.e. the missing energy is 95% of the luminosity
of the TDE at this epoch.

In order to directly compare whether the dust or reprocessing
model best describes the data, we measured reduced y-squared
values for the best fitting dust models and the selected repro-
cessing models that we show in Fig. 6. The results are shown in
Table 2. The quality of fits is comparable between the two mod-
els for the first two epochs, although the hot dust model at 7d is



Reynolds, T. M., et al.: A&A, 708, A139 (2026)

a worse fit. The third and fourth epochs are less well fitted by the
dust model if all the data, including the ori bands, is included.
We note that the reprocessing models come from a sparse grid,
so we would expect to find better y-squared values if are grid
was more densely sampled.

In summary, these reprocessing models can reproduce the
entire UVO+IR SED of AT 2019azh, requiring a viewing angle
of 60°; highly super-Eddington accretion, M,c. > 24 Mgqq; and
a high mass star, with M, > 2. The time evolution can be
well reproduced under a set of simple assumptions for the fall-
back accretion rates. We discuss the implications of these results
and their consistency with other observations of this TDE in
Sect. 4.1.

3.4. IR echo modelling

The most common explanation for an IR excess observed in
TDEs is an IR echo from circumnuclear dust, and many IR
echoes associated with optical TDEs have been observed (see
e.g. van Velzen et al. 2016; Jiang et al. 2016, 2021b; Dou et al.
2016). As shown in Sects. 3.2 and 3.3, the IR brightness before
40d is not consistent with single-temperature dust, but instead
requires either a hotter and cooler dust component, or non-
thermal TDE emission. We detect an IR excess at epochs later
than 200 d which is consistent with cool dust emission, and we
can model this as an IR echo. At late times, we no longer expect
a non-thermal TDE spectrum due to free-free emission, as the
accretion rates and thus densities are much lower. We there-
fore assumed that the TDE’s UVO SED is well modelled with
a blackbody and subtracted the flux density associated with this
blackbody at each epoch from the IR data to obtain the flux den-
sity associated only with the IR echo. The blackbody parameters
were taken from the results of our blackbody fitting in Sect. 3.2,
and the resulting IR echo light curve evolution is shown in Fig. 7.
We also show the cooler dust component from the SED at 7d,
(shown in Fig. 3) after subtraction of both the TDE and hotter
dust component. The observed J-band flux density after 200d is
consistent with the UVO blackbody, and is not shown. We omit-
ted the NIR detections before 40 d, which arise from either much
hotter dust, or non-thermal TDE emission. We did not propagate
the uncertainties on the BB fitting.

3.4.1. Thin shell

We first attempted to model the IR echo with a spatially thin
spherical shell of dust with radius R. We followed Maeda et al.
(2015), and summarise here the key points. The dust shell has a
temperature 7'(0), with 6 the angle between the observer line-of-
sight and the vector directed from the centre of the shell to the
observed shell volume element, and mass M. Then the luminos-
ity of the IR echo is:

T
Lyecto = 27Makanss f sin 6 B,(T(6))do, 3)
0

where kyps,, 1S the mass absorption coefficient of the dust at fre-
quency v, which is determined by the dust properties. We assume
a uniform number density for the shell. We can derive a time-
dependent luminosity by relating ¢’, the time at which light emit-
ted from a given volume element at 6 is observed, to ¢, the time
since the first light from the TDE, as follows:

, R
f=r— ;(1 — cos(6)). 4)

From Egs. (3) and (4):

!

Lyceno§) = 27 Makipn f B(T(#))dr )

max(t— 275 ,0)

We additionally assume that the temperature of the dust is deter-
mined by radiative equilibrium with the TDE flux:

* LtpE,(?)

S kb ydy = 4 vBy(T(1))dv, 6
D ity =47 [ BT (O O

which determines the dust temperature 7'(f) for a given TDE
luminosity evolution and dust shell radius. As discussed in
van Velzen et al. (2016) and Lu et al. (2016), and shown in the
examples from Maeda et al. (2015), such a model produces a
square wave if the light travel time to the dust is larger than the
characteristic timescale of the TDE.

We assumed that the pseudo-bolometric LC derived in
Faris et al. (2024) is a good approximation for the total lumi-
nosity of the TDE at the wavelengths responsible for heating the
dust, and used this as an input to the model. The free parame-
ters are then the dust composition, which determines the mass
absorption coefficient, and the mass and radius of the dust shell.
The dust shell is spatially thin — this is an approximation for a
more physical distribution of dust, that can be extended to larger
radii. This is a reasonable approximation as the IR echo signal
will be dominated by the emission arising at the inner part of the
distribution, where the dust is hottest, the density highest and
the IR echo has a shorter duration, due to shorter light travel
times.

Our SED fitting in Sect. 3.2 implies that the dust tem-
peratures are low (<1000K), much less than the sublimation
temperature. We cannot then assume that the dust composi-
tion and radius is controlled by dust sublimation as a result
of the TDE. Using a graphite dust composition, we require
dust at ~1 pc to reproduce the observed colours; however, sil-
icate dust can be located more nearby, with a good fit to the
observed colours at ~0.65 pc (~2 light years), shown in Fig. 7.
Such a large radius for the dust shell creates a long-lived IR
echo (twice the light travel time, i.e. ~4 years), that does not
reproduce the observed decline and drop in the MIR observa-
tions. Therefore, the spherical shell IR echo model cannot self-
consistently reproduce both the timescale and the colours of the
IR echo we observe. Additionally, the observed cool dust emis-
sion at 7 d is much more luminous than predicted by this model,
implying that an additional dust component is required to fit
these data.

3.4.2. Dust clumps

The temperature of the dust, and therefore the colour of the IR
emission, is determined by the distance to the dust from the TDE.
By altering the geometry of the dust, we can change the time evo-
lution of the IR echo while still obtaining similar colours for the
IR emission. We consider a dust clump, which we here simply
approximate with a section of the overall spatially thin spherical
shell with the same properties as in Sect. 3.4.1, at distance 7ciump-
The section is defined by 6ciump, the angle between the observer
line of sight and the centre of the section, and 8y which is the
opening angle of the section in both the polar and the azimuthal
direction. The section has an infinitely-small radial thickness dr,
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the solid angle of the section is:

Qeump = f rflumpsinﬁ dod¢

Octump+60/2 +60/2
f sind do f
Octump—6o/2 —60/2

¢

_,2
- rclump

d¢

=90r§1ump[cos(gclump - 90/2) - COS(chump + 90/2)]’ (7)
and the density of the clump is:
My
lump = - @
Pelump chumpdr
The luminosity of the IR echo from this clump is:
Lechoy (1) = f47TKabs,va(T(G))pclumpgc]ump dr
B 4T CKaps v My
rclump[cos(eclump —60/2) - COS(eclump +60/2)]
max([1— "2 (1 —cos(Betamp—6o /2))1:0)
X f B,(T(¢)dt 9)
max([7= "2 (1-cos(Getump +60/2))1.0)

where ¢’ is defined as in Eq. (4) and the temperature evolution by
Eq. (6)°.

To fit the IR LC after 200 d, we explored silicate dust clumps
placed at approximately 0.65 pc, in order to match the observed
colours of the IR echo. In Fig. 7 we show models arising from
some dust clumps with r.ymp = 0.65pc, 6y = 30,40, 50°, and
Ocump = 60, 80,100°, respectively. These dust configurations
produce IR echoes that rise as early as possible, to demonstrate
that we expect only a small contribution from this dust at early
times. The epoch at which the echo sharply declines is later for
larger opening angles Gcymp. The slow decline after ~400 d is not
well reproduced by a spatially thin dust shell, but would be nat-
urally produced by extending our model to include an extended
distribution for the dust (see e.g. Nagao et al. 2017). Thus a dust
clump with 6y = 30° and 6jump = 60°, with an extended dust dis-
tribution, could likely fit these data. However, given the lack of
constraints on the many free parameters of the model, we choose
not to further increase the model complexity. Using Eq. (9), we
can calculate the dust covering factor directly by measuring the
total radiated energy of the IR echo (Eq,s) and comparing to
the observed total radiated energy of the TDE (Erpg). For the
model with 6y = 40° and ymp = 80°, we find a covering factor
Egust/ETpE ~ 1%. The mass of dust in this model is 0.01 M.

In order to produce the more luminous emission associated
with the cool dust at 7 d, an additional dust clump is required. We
measured the temperature of this dust to be very similar to that of
the dust at late times, implying it lies at a similar distance. As the
rise of the echo from this dust is very fast, 6cjymp must be small,
corresponding to a clump close to the line of sight. Furthermore,
the opening angle 6y must also be small, to prevent this dust
dominating the IR echo signal after 200 d. The LC resulting from
a configuration with 6y = 5° and 6cump = 10° is shown in
Fig. B.2, and can reproduce the 7d epoch and then decline fast
enough to not contribute significantly at later epochs.

Given that the possible cool dust emission at early times
could be explained by a distant dust clump close to the line of
sight, we now return to the possibility of hot dust as an explana-
tion for the early NIR emission. Such dust must be close to the
sublimation radius for the given graphite dust composition, in

6 For a more detailed derivation, see Maeda et al. (2015).
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Fig. 7. Top: IR echo model for a spherical shell of silicate dust. The dust
shell has a radius of 0.65 pc, to match the observed photometry between
200 and 400 d. The contribution of the hot TDE blackbody, and any hot
dust emission at early times, has been subtracted from the data. The
shell does not reproduce the observed drop in the MIR light curves, and
under-predicts the potential cool dust component at early times. Bottom:
IR echo models for different silicate dust clumps. The dust is at 0.65 pc
from the TDE and has 6, = 30°, 40°, 50°; Oump = 60°, 80°, 100°. The
models with larger values of 6jymp decline at later times.

order to produce the very high temperatures found in Sect. 3.2.
Then, for similar reasons as for the cool dust above, the dust must
be confined to a clump that is close to the line of sight and has a
small opening angle. The most extreme example, a clump almost
in the line of sight with a very small opening angle, will produce
a echo light curve that follows the TDE luminosity evolution
and decline as fast as possible, as there are no light travel time
effects. In this case, the IR echo evolution is driven purely by the
evolution of the dust temperature. As shown in Fig. B.2, we find
that dust with a sufficient mass to fit the first epoch well over-
predicts the NIR brightness at 200d. Additionally, such dust
does not produce the rise observed in the NIR bands at early
times, instead declining rapidly. This NIR LC shape can be pro-
duced by increasing the dust opening angle, but this increases
the HK luminosity at 200d. It is therefore difficult to explain
the early time NIR data with at clump of hot dust. For further
discussion, see Appendix B.
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Interestingly, there is an additional NEOWISE detection in
the W1 band at 1640d, shown in Fig. 1. The W1 mag is fainter
than at 212 and 363 d, and there is no W2 detection. For a time
lag of 1640d, the minimum radial distance to the dust, occur-
ring in the case that the dust is on the far side of the SMBH, is
1640/2 light days, i.e. 0.69 pc. The detection is thus consistent
with the presence of an additional dust clump further out than
the first, and given that the epochs immediately before and after
the detection yield no detection, it should have a relatively small
opening angle.

In summary, it is possible to explain the observed IR data of
AT 2019azh after 200d with an IR echo arising from a clump
of silicate dust that lies ~0.65 pc from the TDE. There is addi-
tionally evidence of further dust clumps at similar distances from
the SMBH but different angles. It is important to note that these
parameters are not strongly constrained. For example, using dif-
ferent dust compositions will change the distance to the dust
(larger radius for larger proportions of graphite) and our sparse
photometry does not properly constrain the rise and fall of the
echo.

4. Discussion
4.1. Reprocessing models for AT 2019azh

Infrared detections of TDEs have previously been interpreted
as arising from an IR echo from dust. However, in the case of
AT 2019azh, the IR emission at epochs before 40 d is difficult to
explain as dust emission. This is primarily because we are unable
to reproduce the SED that extends to 4.6 um at 7 d with a single
blackbody corresponding to any graphite dust composition. It is
possible to fit the NIR SED at the other early epochs with very
hot graphite dust, but a consistent temperature cannot simultane-
ously fit the entire SED we observe at 7d, drastically underes-
timating the 3.4 um and 4.6 um flux. It is possible to introduce
multiple dust components to better fit the SED, requiring a dust
component at the sublimation radius to produce the hot emission
seen in the NIR, and a substantially further out dust component
to produce the bright, but much cooler MIR emission. We show
above that a dust clump close to the line of sight can explain the
cool emission, but any dust clump at the sublimation radius that
can reproduce the early emission will not fade sufficiently fast
to fit our NIR observations at 200 d. We therefore disfavour the
hot dust interpretation for the early NIR emission. However, it is
difficult to rule out this scenario entirely, due to the limited data
available.

The alternative explanation is that the IR emission arises pri-
marily directly from the TDE. To produce an IR excess com-
pared to a hot blackbody describing the TDE emission, the
free-free opacity should dominate in the IR, which requires a
geometrically and optically thick reprocessing envelope. The
predicted spectrum follows a power law, and our NIR data can
be well fitted with such a power law. However, as we only have
three NIR bands, this power-law fit is not well-constrained. We
found that the evolution of the required power-law index implies
a very steep density distribution outside the emitting region
at peak that rapidly and linearly becomes shallower. A major
powering mechanism invoked to produce the UVO emission
from TDEs is stream-stream collisions. Lu & Bonnerot (2020)
presents the collision-induced outflow (CIO) model for TDE:s,
in which self-intersection of the fallback stream unbinds a large
amount of shocked gas and produces an outflow. They predict
that the reprocessing in the unbound envelope will produce a

shallow slope in the IR, L, o v~%3, rather close to our observed
values at ~39d.

The viewing angle dependent model of Daietal. (2018)
and Thomsen et al. (2022) can well reproduce the IR SED of
AT 2019azh, while simultaneously fitting the UVO data. The
best fit parameters require a relatively steep viewing angle for
the observer of ~60° and very high accretion rates of M, >
24 Mgqq at peak. We also found that to reproduce the large value
of My, that is implied by our spectral fitting at peak, we require
a high mass star to be disrupted, with M, > 2 M, being the pre-
ferred mass. The starburst age for the host galaxy of AT 2019azh
has been measured as 200 + 30 Myr (Wevers & French 2024),
and a 3M, star has a main sequence lifetime of ~300Myr
(Kippenhahn et al. 2013); therefore there is a population of such
stars available to be disrupted. Light curve fitting codes have
been used to estimate M, for AT 2019azh: the widely used
code MOSFiT (Guillochon et al. 2018) has found very low val-
ues of 0.1 My (Hinkle et al. 2021a; Faris et al. 2024) as well as
a high value of ~4 My (Hammerstein et al. 2023). Neither result
is secure, with Faris et al. (2024) arguing that the low mass val-
ues are not self-consistent, and the SMBH mass estimated in the
results of Hammerstein et al. (2023) being an order of magni-
tude larger than that derived from the velocity dispersion mea-
surements. The high luminosity of AT 2019azh compared to the
TDE population is also naturally explained if the disrupted star
has a larger mass compared to the general population, and there-
fore a larger fallback rate. We note that there are many assump-
tions that go into this measurement. Some examples include that:
Eq. (2) is not expected to hold for early times when the orig-
inal structure of the disrupted star still impacts the light curve
evolution (Guillochon & Ramirez-Ruiz 2013); the relationship
between the peak optical luminosity in any particular band and
the peak accretion rate is not clear; and our sparse grid means
we do not have a precise measurement of the accretion rate or
the inclination angle.

As well as fitting the UVO+IR SED, the X-ray behaviour of
AT 2019azh is also well described by the viewing angle depen-
dent reprocessing model, with the viewing angle we obtain. The
X-ray emission in this model is prompt, but the X-rays are repro-
cessed in the optically thick material. The optical depth through
the observer line of sight depends on the viewing angle and on
the mass accretion rate of material. At low viewing angles (close
to the pole), X-rays efficiently escape at all times, and the X-
ray luminosity is always large compared to the UVO luminosity.
At high viewing angles, the opposite is the case. At intermedi-
ate angles, the mass accretion rate is important: X-rays are sup-
pressed at early times while the accretion rates are high, but as
the accretion rate drops the optical depth decreases and the ratio
of the X-ray to UVO luminosity increases. X-ray observations
of AT 2019azh show this behaviour, described in Guolo et al.
(2024) as a late-time brightening. AT 2019azh is detected at early
times (20 d) but the ratio of UVO to X-ray luminosity is of order
10°. By 225 d, this ratio has become of order unity, and it remains
so until 404 d. As previously mentioned, the 1-D nature of our
modelling prevents direct comparison of the observed X-rays to
our model spectra. However, the observed X-ray behaviour is
consistent with the expectations for intermediate viewing angles,
such as our predicted viewing angle of 60°. The CIO model also
predicts that an X-ray brightening can occur in some TDEs, due
to the CIO blocking the line of sight to the accretion disc at early
times. Therefore, their scenario is also qualitatively consistent
with the X-ray observations of AT 2019azh.

A single epoch of spectro-polarimetry of AT 2019azh was
observed at 16d and this data was presented and analysed in
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Leloudas et al. (2022). They found that the peak of emission
lines observed was depolarised, while the wings showed polar-
isation peaks, indicative of electron scattering. Leloudas et al.
(2022) argue that the polarimetric observations are consistent
with the viewing angle dependent reprocessing model similar
to that which we present, with super-Eddington accretion and
a massive reprocessing envelope.

In Goodwin et al. (2022), analysis of the radio observations of
AT 2019azhrevealed an outflow occurring at early times (10 d pre-
peak), around the time of the stellar disruption. They argue that
the CIO model would produce an outflow with similar properties
to that inferred from the radio data, and that the early timing can
be explained by the outflow being launched through the stream-
stream collision. An accretion driven outflow is disfavoured by the
lack of X-rays at early times unless there is significant obscuration
of the X-rays, as in the viewing angle dependent model.

In summary, the multi-wavelength observations of
AT 2019azh seem consistent with either the viewing angle
dependent model or the CIO model for TDE emission. We
explored the viewing angle dependent model in greater depth,
and show that we can reproduce the UVO+IR SED, and con-
strain the TDE viewing angle. We encourage further exploration
of both models.

4.2. Dust properties

The IR emission from AT 2019azh later than 200d is consis-
tent with an IR echo from ~0.01 Mg, of dust confined to a rela-
tively small region approximately 0.65 pc from the central SMBH.
Assuming a typical gas to dust mass ratio of 100, this quantity of
dust would correspond to ~1 Mg, of gas. The inner parsec around
the central SMBH thus appears to be quite sparse, consistent with
the nature of the host galaxy as quiescent. We additionally observe
a short lived-late time IR flare that is consistent with another dust
clump, at similar or greater distance than the first one. The obser-
vations are consistent with a distribution of clumpy clouds of gas
and dust, similar to those observed in the Milky Way, where tens
of gas clouds have been observed within 0.5-2 pc of the SMBH
Sgr A*, although these clouds are much more massive (~10* M)
(Mezger et al. 1996; Christopher et al. 2005).

Given that we have concluded that the early time IR excess
is not due to dust, we never observe very hot dust in connection
with AT 2019azh. This implies that the TDE itself does not subli-
mate a significant amount of dust, and therefore the dust distribu-
tion is independent of the TDE flare. The dust properties we infer
are dependent on a number of simplifying assumptions about
the TDE emission, which are not necessarily valid. First, the
inferred luminosity of the TDE we use arises from blackbody fit-
ting of the UVO observations. As discussed above, AT 2019azh
was observed to produce significant X-ray emission and further-
more, it is expected that TDEs produce significant emission in
the extreme-UV which we cannot directly observe. Integrating
the SEDs of the models we present in Sect. 3.3.1, we find that
the total luminosity of the best fitting models is ~10 times that
of the blackbody luminosity at the same epoch. This energy can
be efficiently absorbed by the dust, and will require the dust to
be more distant for our IR echo model to match the observed IR
SED. If the dust is much more distant, then a smaller opening
angle for the dust is required to produce the same timescale flare
than for closer dust. The >0.65 pc dust radius we infer here is
larger than has been previously inferred for most TDE IR echoes
in the literature (see e.g. van Velzen et al. 2016; Masterson et al.
2024), although a recent study found a large radius of >1.2 pc for
the dust echo arising from the TDE AT 2019qiz Wu et al. (2025).
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Independent measurements of the density and location of the
circumnuclear material around the SMBH hosting AT 2019azh
arise from radio observations. Goodwin et al. (2022) found
fluctuations in the synchrotron energy index observed for
AT 2019azh, and argue that an inhomogenous circumnuclear
medium could explain these observations and Burn et al. (2025)
find an unusually flat density profile within the inner 0.1 pc sur-
rounding the SMBH, implying a relatively dense environment.
Additionally, Zhuang et al. (2025) argue that the multiple radio
flares AT 2019azh exhibited significantly after the peak optical
emission (~350 and 600d) were produced by the collision of
the TDE outflow with multiple circumnuclear gas clouds, each
producing a luminous radio flare. By modelling the flare asso-
ciated with the scenario, they find that these clouds should lie
at 0.1 pc and 0.2 pc, and have radii of 0.04 and 0.08 pc, respec-
tively. These clouds are much closer than we infer for the dust
cloud that produces the IR echo, and are close to the sublimation
radius for AT 2019azh. We therefore expect to see high tempera-
tures for any surviving dust in these clouds. As described above,
such clouds with relatively large radii will be too luminous at
>200d to reproduce the faint NIR emission observed. An alter-
native possibility is that all the dust within these clouds could
be destroyed, if the intrinsic bolometric luminosity if the TDE
is higher than that inferred from the blackbody luminosity. The
sublimation radius increases approximately o«LM2. implying that
if we are truly underestimating the peak luminosity by a factor
of 10, the sublimation radius would be ~0.28 pc for the graphite
dust with a multiple size distribution, and any dust in the above
clouds would be destroyed. If the sublimation radius is truly this
large, then radio observations are essential in probing the smaller
physical scales where the dust has been destroyed. Meanwhile,
the IR observations complement the radio, by tracing the larger
physical scales which will not be reached by the slower TDE
outflows for many years.

4.3. Implications for the TDE population

There is a small sample of TDEs in the literature that have
been observed close to the peak in the IR. All of these that we
know of come from the NEOWISE survey, with no peak NIR
observations previously reported. In the upper panel of Fig. 8
we compare the W1 photometry from AT 2019azh with the
sample of NEOWISE observed TDEs presented in Jiang et al.
(2021b). The peak luminosity of AT 2019azh is quite typical
for this sample of objects and the light curve evolution strongly
resembles the TDE AT 2018dyb (also known as ASASSN-
18pg; Holoien et al. 2020; Leloudas et al. 2019), as well as being
quite similar to ASASSN-141i and AT 2018hyz, with slight off-
sets in luminosity. There are only four TDEs in this sample
that have MIR observations within 30d of their peak; however,
three of these exhibit a very similar MIR photometric evolution
as AT 2019azh, with a sharp decline between the first obser-
vation and the later observations. It follows that, similarly to
AT 2019azh, the peak MIR emission could be arising from direct
TDE emission rather than emission from dust in these TDEs.
To further explore this, we show the SEDs of these TDEs at
the epoch of the first MIR observation in the lower panel Fig. 8.
The figure shows that the SED of AT 2018dyb is remarkably
similar to that of AT 2019azh at an almost identical epoch, in
both the UVO and MIR regions. In particular, the W1 — W2
colour is similar to that of AT 2019azh. This indicates that a
reprocessing scenario could potentially explain the IR excess
seen in this TDE. The other TDEs show variety, with both
AT 2018hyz and AT 2018zr being less luminous in the UV,
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Fig. 8. Upper panel: NEOWISE W1 absolute magnitudes for
AT 2019azh, alongside the sample of IR-detected TDEs presented in
Jiang et al. (2021b). Lower panel: SEDs of TDEs in the literature with
IR observations near to the TDEs optical peak. The MIR data are taken
from Jiang et al. (2021b) and Swift data are taken from Hinkle et al.
(2021b). Optical data for AT 2018hyz, AT 2018dyb, AT 2018zr, and
ASASSN-14li are taken from Hung et al. (2020), Holoien et al. (2020),
Holoien et al. (2019), and Holoien et al. (2016), respectively. The listed
epoch is with respect to peak, except for ASASSN-141i, where it is with
respect to the first detection.

indicating a cooler and more thermal spectrum, or potentially
host dust extinction, while ASASSN-14li appears both signif-
icantly less luminous and displays a U-shaped SED that is
indicative of hot dust emission, as claimed in Jiang et al. (2016).
Furthermore, the W1—-W?2 colours of AT 2018zr and AT 2018hyz
are also redder than those of the other TDEs. These TDEs
are additionally all observed later than 20d, in contrast with
AT 2019azh and AT 2018dyb which are observed at ~7 d, pre-
venting a direct comparison. As we lack the NIR data to con-
strain the wavelength region between 1 and 2 um, it is difficult
to conclusively determine the origin of the IR emission in these
cases.

Additionally to those TDEs observed at early times
with NEOWISE, indications of reprocessing envelopes have
been observed in other TDEs without such data. The TDE
AT 2020mot exhibited a strong excess in i-band throughout

A&A, 708, A139 (2026)

its evolution, as well as a bump at 80d post-peak, which
Newsome et al. (2024) argued arose from multiple dust com-
ponents within 0.1 pc of the TDE. Although the bump cannot
be explained easily with the reprocessing model, it is possi-
ble that the persistent red excess was due to free-free emis-
sion. Newsome et al. (2024) argue that a ring of dust placed at
~1073 pc could explain the persistent excess, but this dust would
be well within the expected sublimation radius. In Earl et al.
(2025), the authors argue that the SED of the TDE AT 2020nov
is best fit with the inclusion of a reprocessing envelope, with the
z-band data in particular being poorly fitted with a simple black-
body model. NIR observations would have placed even stronger
constraints on these two models.

5. Conclusions

In this work, we present IR observations of the TDE AT 2019azh
and examine whether they are consistent with emission from
dust heated by the TDE, or direct emission from the TDE in a
reprocessing scenario. We summarise our findings as follows:

— AT 2019azh exhibits a significant IR excess compared to a
blackbody fit to the UVO data. The excess in the NIR alone
before 40d can be fitted by a blackbody corresponding to
very hot (>2000 K) graphite dust, but the NIR and MIR data
together cannot be consistently fitted.

The IR excess exhibits a power-law shape, as predicted for
non-thermal emission arising from free-free opacity in the IR
in TDEs. This requires the presence of a dense reprocessing
envelope.

The early time UVO+IR SED can be well-reproduced by
spectral models produced from simulations of emission from
a super-Eddington accretion flow. This model is viewing-
angle dependent, and by comparing the SED to these models,
we find that a viewing angle of ~60° is necessary to repro-
duce the data. The implied mass accretion rate indicates that
the disrupted star had a mass M, > 2 Mg.

The X-ray brightening of AT 2019azh supports a reprocess-
ing scenario, with either the viewing-angle-dependent model
or the CIO model qualitatively reproducing the observations.
Although the IR SED at early times can be fitted with hot
dust associated with dust sublimation, such dust would be
expected to still be hot and luminous at later epochs, and
is thus disfavoured due to the faintness of the NIR data at
epochs after 200d. We favour the reprocessing scenario to
explain the IR excess at early times.

Late time IR data show the presence of an IR echo from rela-
tively cold (<1000 K) dust. We model the IR echo and show
that the dust must be distant from the TDE (>0.65 pc) to
have these low temperatures, and must have a relatively small
geometrical covering factor in order to consistently produce
an IR echo with a short timescale. We find evidence of a
clumpy distribution of circumnuclear clouds, which is con-
sistent with evidence of a similar distribution observed in the
radio, although probing different distances from the SMBH.
Considering the small sample of previous TDEs observed
close to the peak in the IR, we find that AT 2018dyb potentially
also exhibited an IR excess due to non-thermal TDE emission.
Further observations of TDEs in the IR will be able to mea-
sure the relative rates of TDEs that show such a non-thermal
IR excess, and determine whether these are consistent with the
expected distribution of viewing angles for TDEs. Furthermore,
multi-wavelength observations of TDEs that include the IR will
be able to produce observables that can determine which repro-
cessing model is responsible for the TDEs we observe, and
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we invite further modelling efforts to capitalise on this. As in
the case of AT 2019azh, observing both in the NIR and MIR
will be crucial for distinguishing between non-thermal emission,
and dust emission. Given that the NEOWISE survey has ended,
future MIR facilities such as the NEO Surveyor (Mainzer et al.
2023) and SPHEREX (Alibay et al. 2023) will be essential.
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Appendix A: The contribution from free-free opacity
in our modelling

The NIR slope for AT 2019azh is shallower than the Rayleigh-
Jeans part of a blackbody spectrum, and to reproduce this,
we require a strong contribution from free-free emission. The
strength of the free-free opacity is closely tied to the ionisation
state, which decreases with increasing density (i.e. increasing
Pscale OF 0), and increases with L. In Fig. A.1, we show sim-
ulated escaping spectra from our reprocessing model with incli-
nations of § = 50°, 60°, 70° for a large and small value of L;,;. We
additionally show the same model after turning off the contribu-
tion from free-free opacity and emission, to illustrate its relative
importance for different parameters and at different wavelengths.

In high ionisation states, for example, for a lower inclina-
tion angle of § = 50° and a large Liy; = 16 Lys, the gas is
highly ionised and hot. The contribution from free-free emission
in these cases is weak, as it scales with temperature as 7~7/2
according to Kramers’ law. Therefore, all opacity and emission
terms are weak, and electron scattering is dominant. The injected
radiation interacts with the outflowing wind, and bulk scatter-
ing (adiabatic work) stretches the initial blackbody spectrum,
resulting in a blackbody-like slope in the IR. By contrast, in
low ionisation states, for example, a larger inclination angle of
6 = 70° and a low Lijp; = 2 Lys, bound-free processes domi-
nate, free-free emission makes only a minor contribution, and the
spectral is again blackbody-like. For the 6 = 70° case, the free-
free emission is low due to a low level of ionisation, even when
Liy; is large, so that there can never be a large IR excess. When
the ionisation state is intermediate between the two extremes,
for example, for § = 60° and Lip; = 16 Lys or 6 = 50° and
Linj = 2 Lys we can see that the free-free emission contribution
can be very significant.
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Fig. A.1. Simulated escaping spectra from our reprocessing model, with
free-free opacity and emission on and off for the spectra drawn with a
solid or dashed line respectively. All spectra have M, = 24Mgyqq and
Pscate = 1. The top and bottom panels have Li,; = 16 x 10% and 2 x 10%
erg s~! respectively. The 50° and 70° spectra have been scaled by a
factor of 0.1 and 5 respectively, to improve visual clarity. The spectral
regions covered by UVO and IR observations are indicated by the blue

and red shading respectively.

Appendix B: Additional IR echo modelling

Here we present some additional IR echo models. First, we con-
sider the case in which the TDE evaporates dust out to a cer-
tain radius (Ryyp), leaving a a spatially thin spherical shell of
dust at that radius. The IR echo signal will be dominated by
the emission arising at the inner part of the dust distribution,
where the dust is hottest, the density highest and the IR echo
has a shorter duration, due to shorter light travel times, so the
spatially thin shell is a reasonable approximation. The results of
our temperature fitting in Sect. 3.2 indicated that if the IR echo
model is applicable, the temperature of the dust at early times
is ~2100 K. This is approximately the sublimation temperature
for graphite, and is too high for the survival of silicates, so we
assume that the dust is pure graphite and consider both a sin-
gle grain size distribution of 0.1 um grains and a multiple grain
size distribution with minimum size 0.005 um, number density
of grains following a3, and maximum size 0.1 um. Assum-
ing based on the SED fitting that the dust sublimation temper-
ature is 2100 K, we make use of Eq. (6) to find that the result-
ing evaporation radii are Reyapsingte = 0.037 pc and Reyap multiple
= 0.064 pc for the single and multiple grain size distributions,
respectively. These are lower limits for the sublimation radius,
as any additional extreme-UV or X-ray emission from the TDE
compared to our assumed blackbody spectrum will contribute to
evaporating dust to a larger radius. We then use Eqn. 5 to derive
the IR echo behaviour for these radii and dust compositions. We
show the result for the single and multiple grain size distribu-
tions in Fig. B.1. The resulting IR echoes do not fit the early
time emission well. The time evolution in the NIR is not well
reproduced, although there are significant systematic uncertain-
ties introduced by subtracting the estimated TDE contribution
in the IR, and the MIR data are much brighter than predicted.
Furthermore, at later times, nearly all the data is fainter than
predicted. Thus the simple shell model cannot reproduce the IR
emission we observe.
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Fig. B.1. Top: IR echo model for a spherical shell of graphite dust with
a single size composition of 0.1 um grains. The dust shell has radius
0.037 pc, corresponding to the sublimation radius inferred from the
TDE luminosity. Bottom: As top panel, for a multiple size composi-
tion with radius 0.064 pc.
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We now consider IR echoes from clumps of dust. To repro-
duce the early NIR observations, we invoke a clump of dust close
to the line of sight, with small enough opening angle that it does
not contribute significantly to the observations later than 200 d.
For the MIR observations at early times, a more distant clump
is required. We show the IR echoes arising from such clumps
in Fig. B.2. The early MIR data can be explained with a dis-
tant clump with small extent, and the IR echo produced declines
fast enough to not contribute to the emission observed at epochs
>200d. However, the IR echo arising from a nearby clump can-
not well explain the early time data. If the clump is placed to
well fit the early LC, the clump remains much too luminous com-
pared to the observed NIR data at >200 d. Minimising the size
and proximity to the line of sight for the clump still leaves the
IR echo too bright at later times, while also producing a poor fit
at the TDE peak.
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Fig. B.2. Top: IR echo model for a small clump of distant dust. This
dust can produce the cool dust component observed at 7 d, and declines
rapidly enough that it makes no observable contribution to the observed
IR SED at later epochs. Middle: IR echo model for a small clump of
nearby dust, close to the line of sight. Dust that can reproduce the pre-
peak NIR data does not well reproduce the other early NIR data, or the
NIR data at ~200 d. Bottom: IR echo model for a larger clump of nearby
dust, further from the line of sight. The NIR data around peak is well
reproduced by this configuration, but the IR echo is much too bright to
fit the data at >200d.
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Fig. C.1. Normalised JHK transmission curves for SOFI and NOTCam.

The atmospheric transmission in the region around the J filter is also
shown.
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Fig. C.2. Subtraction residuals after template subtraction for the
unWISE data, with the W1 and W2 band in the upper and lower pan-
els respectively. A linear scaling that shows positive and negative val-
ues symmetrically around zero is used to clearly show dipole-like sub-
traction residuals. White and red circles indicate detections and non-
detections, respectively. The radius of the circle corresponds to the
FWHM of the image PSF.
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Fig. C.3. SED fitting with two blackbodies for the observed UVO+IR SEDs. The fitting was performed with a modified blackbody for the dust.
The dust composed of graphite with a variety of grain sizes, as described in Sect. 3.2, including both single size and multiple size distributions.
The i band was excluded from the fit.
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Fig. C.4. Power-law fits to the NIR and MIR SEDs of AT 2019azh. The
power laws shown in red fit only the NIR data, while those shown in
blue fit both the NIR and MIR data. Uncertainties are listed in Table 1.
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Appendix D: Tables

Table D.1. Photometry of AT 2019azh.

Phase Date MJD Telescope Instrument Band Mag Uncertainty
-2.98 2019-03-20 58562.11 NTT SOFI J 16.06 0.11
17.41 2019-04-09 58582.96 NOT NOTCam J 16.25 0.10
37.87 2019-04-30 58603.87 NOT NOTCam J 16.52 0.14
210.32  2019-10-23 58780.16 NOT NOTCam J 20.43 0.10
233.73  2019-11-17 58804.08 NOT NOTCam J 20.38 0.17
-2.98 2019-03-20 58562.11 NTT SOFI H 16.48 0.10
17.42 2019-04-09 58582.97 NOT NOTCam H 16.36 0.08
37.87 2019-04-30 58603.87 NOT NOTCam H 16.94 0.09
210.33  2019-10-23 58780.17 NOT NOTCam H 20.38 0.11
233.74  2019-11-17 58804.09 NOT NOTCam H 20.37 0.10
-2.98 2019-03-20 58562.12 NTT SOFI K 16.97 0.11
17.42 2019-04-09 58582.97 NOT NOTCam K 16.89 0.06
37.88 2019-04-30 58603.88 NOT NOTCam K 17.01 0.13
210.34  2019-10-23 58780.18 NOT NOTCam K 20.20 0.11
233.75 2019-11-17 58804.10 NOT NOTCam K 20.08 0.16
6.88 2019-03-30 58572.20 WISE WISE Wil 17.22 0.06
212.08 2019-10-25 58781.95 WISE WISE W1 18.96 0.17
363.18 2020-03-28 58936.41 WISE WISE W1 19.17 0.20
568.37 2020-10-24 59146.16 WISE WISE Wil 19.41 0.26
722.29  2021-03-30 59303.51 WISE WISE W1 19.72 0.21
926.73  2021-10-25 59512.48 WISE WISE W1 >19.90 -
1078.48 2022-03-29 59667.60 WISE WISE Wil >19.81 -
1283.80 2022-10-25 59877.50 WISE WISE W1 >19.96 -
1436.25 2022-03-30 60033.33 WISE WISE W1  >20.03 -
1640.05 2023-10-24 60241.66 WISE WISE W1 19.38 0.35
1793.99 2024-03-30 60399.02 WISE WISE W1  >20.07 -
6.88 2019-03-30 58572.20 WISE WISE W2 17.45 0.08
212.08 2019-10-25 58781.95 WISE WISE W2 18.77 0.19
363.18 2020-03-28 58936.41 WISE WISE W2 18.77 0.29
568.37  2020-10-24 59146.16 WISE WISE w2  >19.17 -
72229  2021-03-30 59303.51 WISE WISE W2  >19.03 -
924.68 2021-10-23  59510.39 WISE WISE W2 >19.16 -
1078.48 2022-03-29 59667.60 WISE WISE W2  >19.08 -
1283.81 2022-10-25 59877.50 WISE WISE W2  >18.95 -
1436.25 2022-03-30 60033.33 WISE WISE W2  >19.20 -
1640.06 2023-10-24 60241.66 WISE WISE W2  >19.20 -
1794.00 2024-03-30 60399.02 WISE WISE W2  >19.01 -

Notes. All magnitudes are given in the AB system and have been corrected for Milky Way extinction. Phases are in rest frame days relative to
g-band peak. Limits listed are 30~ upper limits.
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