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A dust-enshrouded tidal disruption event with a resolved radio jet in a
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Tidal disruption events (TDEs) are transient flares produced when a star is ripped
apart by the gravitational field of a supermassive black hole (SMBH). We have
observed a transient source in the western nucleus of the merging galaxy pair Arp 299
that radiated >1.5x10% erg in the infrared and radio, but was not luminous at optical or
X-ray wavelengths. We interpret this as a TDE with much of its emission re-radiated at
infrared wavelengths by dust. Efficient reprocessing by dense gas and dust may explain
the difference between theoretical predictions and observed luminosities of TDEs. The
radio observations resolve an expanding and decelerating jet, probing the jet formation
and evolution around a SMBH.

The tidal disruption of stars by supermassive black holes (SMBH) in the nuclei of galaxies
was predicted theoretically thirty years ago (/-2). In a tidal disruption event (TDE), roughly
half of the star’s mass is ejected whereas the other half is accreted onto the SMBH,
generating a bright flare that is normally detected at X-ray, ultraviolet (UV), and optical
wavelengths (3-5). TDEs are also expected to produce radio transients, lasting from months
to years and including the formation of a relativistic jet, if a fraction of the accretion power is
channelled into a relativistic outflow (6). TDEs provide a means of probing central black
holes in quiescent galaxies and testing scenarios of accretion onto SMBHs and jet formation
(3,6).



On 2005 January 30, we discovered a bright transient in the near-infrared (IR) (7)
coincident with the western nucleus B1 (Fig. 1) of the nearby [44.8 Mpc (7)] luminous
infrared galaxy (LIRG) Arp 299. In galaxy mergers like Arp 299, large amounts of gas fall
into the central regions, triggering a starburst. The long-term radio variability (8) and the IR
spectral energy distribution (SED) (9) indicate a very high core-collapse supernova (SN) rate
of ~0.3 yr' within the B1 nucleus. The Bl region also harbors a Compton-thick active
galactic nucleus (AGN) that has been seen directly only in hard X-rays (/0). This is
consistent with an extremely high extinction A, of ~460 magnitudes through an almost edge-
on AGN torus (/7). Galaxy mergers like Arp 299 are expected to have TDE rates several
orders of magnitude higher than in field galaxies, albeit for relatively short periods of time
[~3x10° yr (12)].

The transient source (henceforth Arp 299-B AT1) was discovered as part of a near-IR
(2.2 um) survey for highly obscured SNe in starburst galaxies (/3). Over the following years
it became luminous at IR and radio wavelengths, but was much fainter in the optical (7),
implying substantial extinction by interstellar dust in Arp 299. Our follow-up observations
show that the nuclear outburst had a peak brightness comparable to the entire galaxy nucleus
at both near-IR and radio wavelengths (Fig. 1; 8). Based on the energetics and multi-
wavelength behavior of Arp 299-B AT1 over a decade of observations (Figs. 1-3), two broad
scenarios to explain its origin are plausible: (i) an event unrelated to the SMBH, such as an
extremely energetic SN, or a gamma-ray burst; or (ii) accretion-induced SMBH variability,
such as an AGN flare, or a TDE.

High angular resolution [100 milliarcseconds (mas)], adaptive optics assisted, near-IR
imaging observations from the Gemini-North telescope (7) show that Arp 299-B ATl
remained stationary and coincident (within 37 mas, corresponding to ~8 pc projected
distance) with the near-IR K-band nucleus, as seen in pre-outburst imaging from the Hubble
Space Telescope (HST) (Fig. 1). Radio observations obtained with very long baseline
interferometry (VLBI) constrain its position with milliarcsecond angular precision (7). Pre-
discovery Very Long Baseline Array (VLBA) observations showed several compact sources
at 2.3 GHz within the central few parsecs of the B1 nucleus, but no counterparts at higher
frequencies (/4). A new compact radio source was detected on 2005 July 17 at 8.4 GHz with
the VLBA (7, 14). The coincidence of the near-IR and VLBI positions, together with the
appearance of the VLBI source soon after the near-IR detection and their subsequent
evolution (see below; 7), point to a common origin for both.

High angular resolution radio observations of Arp 299-B AT1 with VLBI show that
the initially unresolved radio source developed a prominent extended, jet-like structure,
which became evident in images taken from 2011 onwards (Fig. 1; 7). The measured average
apparent expansion speed of the forward shock of the jet is (0.25+0.03)c between 2005 and
2015 (7), where c is the speed of light. The radio morphology, evolution and expansion
velocity of Arp 299-B ATI rule out a SN origin. Similarly, a gamma-ray burst is inconsistent
with both the observed peak flux density and time to reach that peak in the radio (/5).
Therefore, the most likely explanation is that Arp 299-B AT1 is linked to an accretion event
onto the SMBH. The persistent 2.3 GHz radio emission most likely corresponds to the
quiescent AGN core (7).

The multi frequency radio light curves of Arp 299-B AT1 (Fig. 2) are well reproduced
by a model (/6) of a jet powered by accretion of part of a tidally disrupted star onto a SMBH
(7). The jet initially moves at relativistic speeds ~0.995 ¢, but after a distance of less than
~10"" cm (corresponding to ~760 days after the burst) it has already decelerated significantly
to ~0.22 ¢, in agreement with expectations for TDE-driven jets (6). The apparent speed of the



jet indicated by the VLBI observations, together with the non-detection of the counterjet,
constrains the jet viewing angle, 0, to be within a narrow range: 25°-35° (7). If the jet had
been launched by a pre-existing AGN, its viewing angle with respect to our line-of-sight
should have been close to 90°, as the AGN torus is seen almost edge-on (//), and a counterjet
should have also been detected (7). However, a radio jet associated with a TDE does not
necessarily have to be perpendicular to the pre-existing AGN accretion disc (17). We
therefore identify the observed radio jet as being launched by a TDE. No direct imaging has
previously shown an expanding jet in a TDE, and its likely presence has been inferred based
on unresolved radio observations only in the cases of ASASSN-14li (/8-19), IGR
J12580+0134 (20), and Swift J164449.3+573451 (hereafter Sw J1644+57; 21). Our VLBI
observations show a resolved, expanding radio jet in a TDE, in accordance with theoretical
expectations (6).

The intrinsic (i.e. beaming-corrected) kinetic energy of the jet required to reproduce
the radio light curves (Fig. 2) is (1.8 + 0.9)x10°' erg (7), similar to the case of the relativistic
TDE Sw J1644+57 (16). The rise of the radio emission at high frequencies in less than about
200 days and the significant delay of the lower-frequency radio emission (7) implies the
existence of substantial external absorption, consistent with the jet being embedded in the
very dense nuclear medium of the AGN, which has a constant thermal electron number
density ~4x10* cm™ up to a distance 6.3x10'" cm from the central engine (7).

Observations from the ground and the Spitzer Space Telescope show that the IR SED
of Arp 299-B ATI and its evolution from 2005 until 2016 can be explained by a single
blackbody component (Fig. 3). The blackbody radius expands from 0.04 pc to 0.13 pc
between May 2005 and Jan. 2012 while its temperature cools from ~1050 K to ~750 K. The
size, temperature and peak luminosity (6x10* erg s™) of the IR emitting region agrees well
with both theoretical predictions and observations of thermal emission from warm dust
surrounding TDEs (22-23). Therefore, the IR SED and its evolution are consistent with
absorption and re-radiation of the UV and optical light from Arp 299-B AT]1 by local dust.

We modeled the IR SED of the pre- and post-outburst (734 days after the first IR
detection) components of Arp 299-B1 using radiative transfer models for the emission from a
starburst within the galaxy, and from a dusty torus, as predicted by the standard unified
model for AGN, including also the effect of dust in the polar regions of the torus (Fig. 4, 24).
The model luminosities of the starburst and AGN dusty torus components remain constant
within the uncertainties, whereas the luminosity of the polar dust component is found to
increase by a factor of ~15 after the outburst, and the corresponding polar dust temperature
increases from 500 to 900 K. Therefore, the observed IR SED of Arp 299-B AT1 can be most
plausibly explained by re-radiation by optically thick dust clouds in the polar regions of the
torus, which suffer from a relatively low foreground extinction within Arp 299-B1 (7).

Integrating the luminosity of Arp 299-B ATI1 over the period 2005-2016 (Fig. 3)
yields a total radiated energy of about 1.5x10°* erg. However, a significant fraction of the
total energy emitted by the transient can be expected to be scattered, absorbed, and re-
radiated at substantially longer IR wavelengths by the dusty torus. We estimate that the
fraction of energy that heated the polar dust was in the range 23%-78% (7). Thus the total
radiated energy of Arp 299-B AT1 was (1.9-6.5)x10” erg, which requires a disruption of a
star with a mass of about 1.9-6.5 solar masses (M), assuming a standard accreted fraction
and radiative efficiency (7). Stars in this mass range can be disrupted by the ~2x10" M
SMBH in Arp 299-B1 (10, 25). The kinetic energy of the jet is expected to be about 1% of
the total rest mass energy (6), which agrees well with our estimated kinetic energy for the
radio jet of Arp 299-B AT1 (7).



In addition to Arp 299-B AT1, the only other TDE candidates (although with debated
nature) to have an observed radiated energy on the order of 10°* erg are ASASSN-15Ih (26-
27) and possibly transients similar to PS1-10adi (28). The high energy of ASASSN-15lh was
originally proposed to be the result of an energetic SN (26), but was later explained as a tidal
disruption by a high mass (7.6x10° M), rapidly rotating black hole (27). In the case of PS1-
10adi the large radiated energy was proposed to arise from the interaction of either an
expanding TDE, or SN ejecta, with the dense medium in the nuclear environment (28). Arp
299-B AT1 was most plausibly the result of the disruption of a star more massive than about
2 M, in a very dense medium. The soft X-ray photons produced by the event were efficiently
reprocessed into UV and optical photons by the dense gas, and further to IR wavelengths by
dust in the nuclear environment. Efficient reprocessing of the energy might thus resolve the
outstanding problem of observed luminosities of optically detected TDEs being generally
lower than predicted (29).

The case of Arp 299-B AT1 suggests that recently formed massive stars are being
accreted onto the SMBH in such environments, resulting in TDEs injecting large amounts of
energy into their surroundings. However, events similar to Arp 299-B AT] may remain
hidden within dusty and dense environments, and would not be detectable by optical, UV or
soft X-ray observations. The recent discovery of another TDE candidate in the nucleus of the
luminous infrared galaxy IRAS F01004-2237 (30) yields further support for an enhanced rate
of TDEs in such galaxies, which could be missed due to dust extinction. Such TDEs from
relatively massive, newly formed stars might provide a large radiative feedback, especially at
higher redshifts where galaxy mergers and LIRGs are more common (37).
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Figure 1. The transient Arp 299-B AT1 and its host galaxy Arp 299. (A) A color-composite
optical image from the Hubble Space Telescope (HST), with high resolution, 12.5x13 arcsecond size
near-infrared 2.2 pm images (insets B and C) showing the brightening of the B1 nucleus (7). (D) The
evolution of the radio morphology as imaged with Very Long Baseline Interferometry (VLBI) at 8.4
GHz (7x7 milliarcsecond region centered at the 8.4 GHz peak position in 2005, RA =
11h28m30.9875529s, Dec = 58°33'40".783601 (J2000.0), indicated by the dotted lines). The VLBI
images are aligned with an astrometric precision better than 50 pas. The initially unresolved radio
source develops into a resolved jet structure a few years after the explosion, with the center of the
radio emission moving westward with time (7). The radio beam size for each epoch is indicated in the
lower-right corner.
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Figure 2. Radio properties of Arp 299-B AT1. (A) Radio luminosity evolution of Arp 299-B AT1 at
1.7 (circles), 5.0 (pentagons) and 8.4 GHz (squares) spanning more than 12.1 years of observations,
along with modeled radio light curves, using hydrodynamic and radiative simulations for a tidal
disruption event (TDE) launched jet (/6). The day zero corresponds to 2004 Dec. 21.6. (B) Intrinsic
(beaming-corrected) jet kinetic energy, Ex, versus outflow speed (I, where I' = (1-p?)"? is the bulk
Lorentz factor of the outflow and B = v/c), from radio observations of gamma-ray bursts (GRB),
supernovae (SNe), low-luminosity active galactic nuclei (LLAGN), and TDEs (4, 16, 19-21, 32). The
large circles show, from right to left, the inferred loci for Arp 299-B AT1 at four different epochs in
the observer’s frame: just after the jet is launched by the TDE, and ~1, ~12, and ~760 days thereafter.
For the LLAGN sample, we have assumed a constant jet kinetic power over 10 yr. The triangles
indicate upper limits for the expansion speed of IGR J1258+01 (20) and Sw J1644+57 (21).
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Figure 4. Model for the observed properties of Arp 299-B AT1. Best-fit models for the spectral
energy distribution of the Arp 299 nucleus B at (A) pre-outburst (A) and (B) post-outburst (734 days
after the first mid-infrared detection). The models include a starburst component (dashed line), an
active galactic nucleus (AGN) dusty torus (dotted line), and a polar dust component (thick solid line)
(7). The sum of these components is shown as a thin solid line. In (B) most of the model parameters
were fixed, whilst the temperature of the polar dust varied from 500 K in the pre-outburst case to 900
K in the post-outburst case. This yields a covering factor of the polar dust of 23%-78%, implying that
the total radiated energy is ~(1.9-6.5) x10°* erg. (C) Schematic diagram (not to scale) showing the
geometry of the emitting and absorbing regions (7). The tidal disruption event generates prominent X-
ray, ultraviolet and optical emission. However, the direct line-of-sight to the central black hole is
obscured by the dusty torus, which is opaque from soft X-rays to infrared wavelengths. The polar dust
re-radiates in the infrared a fraction of the total energy emitted by the event. The transient radio
emission originates from a relativistic jet launched by the tidal disruption of a star.
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Materials and Methods

The host galaxy of the transient Arp 299-B AT1

The merging pair of galaxies Arp 299 (Fig. 1) at a 44.8 Mpc distance (33; corrected to the
cosmic microwave background reference frame; H, = 73 km s Mpc™) is one of the brightest
nearby LIRGs with an IR luminosity L ~ 7x10"" L, (34; L, = 3.833x10°° W). The system
consists of two galaxies, Arp 299-A and Arp 299-B, and the merger is thought to have begun

around 750 Myr ago (35). Arp 299 has an estimated total star formation rate of ~150-200 M,
yr' and a total core-collapse SN rate of ~1.5-2 SNe yr' (9). The system has continued to
experience star formation triggered over the last ~50 Myr (/7). Arp 299-B hosts two
prominent nuclei, B1 and B2. A strongly obscured AGN was discovered in the B1 nucleus
using data in the hard X-ray band collected by the BeppoSAX observatory in 2001 (36).

Optical and infrared observations and data analysis

We monitored Arp 299 in the near-IR Ks-band from 2002 Jan. to 2005 Jan. as part of a
program to search for obscured SNe in the nuclear regions of nearby starburst galaxies (37-
38), using the Isaac Newton Group Red Imaging Device (INGRID; 39) and Long-slit
Intermediate Resolution Infrared Spectrograph (LIRIS; 40) instruments on the 4.2-m William
Herschel Telescope (WHT). We reduced the images and compared them to a reference image
using standard Image Reduction and Analysis Facility (IRAF; 4/) routines and the I1SIS2.2
image subtraction package (42-43), to produce difference images. This procedure revealed a
strong outburst in the B1 nucleus of Arp 299 in the Ks-band images obtained on 2005 Jan. 30
(13). The type II SN2005U in Arp 299 was also discovered in the same images (44).

To test whether the transient Arp 299-B ATI1 was detectable in the optical, we
obtained r and i band imaging with the Wide Field Camera (WFC) on the 2.5-m Isaac
Newton Telescope (INT) in 2005 and 2006. For the photometric calibration of the images we
used the r and i band magnitudes (in the AB system; 45) of six field stars available from the
Sloan Digital Sky Survey (SDSS; 46). We compared these images with pre-outburst images
obtained with the INT in 2002 using the same filters and instrument setup. The post-outburst
images were aligned with the pre-outburst images and image subtraction was carried out
using ISI1S2.2. However, our r and i-band observations did not yield an optical detection of
Arp 299-B AT1, and we estimate an i-band limiting magnitude of ~17.5 for a point source at
the position of the K-band nucleus B1 in the 2005 Mar. 24 epoch.

Arp 299 has been observed on multiple occasions by the HST. We used pipeline-
reduced and drizzled images from the Hubble Legacy Archive obtained using the F8/4W
filter (close to I-band) and several different instruments: in 1998 Oct. 25.1 Wide-Field
Planetary Camera 2 (WFPC2; 47) with Planetary Camera (PC), in 2000.0 July 11.2 WFPC2,
in 2001 Mar. 16.4 WFPC2 with PC, in 2001 May 31.1 WFPC2 with PC, in 2006 Mar. 19.3
Advanced Camera for Surveys (ACS; 48) with Wide-Field Channel (WFC) and 2010 Jun.
24.9 Wide-Field Camera 3 (WFC3; 49) with Ultraviolet-Visible channel (UVIS). In cases
where multiple consecutive exposures were taken using the same filter, we combined them
into a single deep image. We derived a geometric transformation between each of the earlier
images and the 2010 image, using 17 point sources and allowing for rotation, an independent



scaling in x and y, and a polynomial term. Once all the F8/4W frames were in the same pixel
coordinates, we performed difference imaging between the 2010 frame and all other images.
As the images were taken with a range of instruments, with different pixel scales and point
spread functions (PSFs), we used the HOTPANTS package (50) to convolve the images and
match their PSFs before scaling them to a common flux level and subtracting them.

The best subtraction, as judged by the absence of residuals and a clean uniform
background across the difference image, was obtained when subtracting the 2006 ACS image
from the 2010 WFC3 image, as shown in Fig. S1. In this subtraction, we see two sources
close to Arp 299-B1. The first source corresponds to the nucleus, and is coincident (within 7
mas) with the source seen in K-band difference imaging. This source is brighter in 2010 than
in 2006. The second source is offset by 0.2" to the East of the nucleus, and is brighter in 2006
compared to 2010. We performed aperture photometry on both sources in the difference
image using a 0.1” aperture (Fig. S1), and set the background flux to zero. We corrected our
measured fluxes to an infinite aperture but did not correct for charge transfer efficiency
losses, as these should be small (~0.01 mag) given the date of the observations and the high
background levels (57-52). We obtain a magnitude of F814W = 19.76+0.01 for the source
coincident with the nucleus, and F814W = 22.07+0.01 for the offset source in 2006. The
photometric uncertainties correspond solely to the Charge-Coupled Device (CCD) noise
although there is likely a larger systematic error due to the difference imaging.

We obtained ground-based near-IR (J, H, Ks-band) imaging follow-up of Arp 299-B
AT1 with LIRIS on the WHT, the 3.8-m United Kingdom Infrared Telescope (UKIRT) and
UKIRT Fast-Track Imager (UFTT; 53), NOTCam (54) on the 2.6-m Nordic Optical Telescope
(NOT), and The Instrument Formerly Known As Mosaic (TIFKAM) on the 2.4-m Hiltner
telescope. Our near-IR imaging follow-up thus covers epochs between 2005 Jan. and 2016
Dec. The near-IR images were reduced and the quiescent host contribution subtracted
following the procedures detailed above and in (55). A WHT/LIRIS image obtained on 2004
Jun. 5 was used as the reference image in K-band and images from National Science
Foundation camera (NSFCAM; 56) on the 3.0-m NASA Infrared Telescope Facility (IRTF)
obtained on 1998 Mar. 2 were used as the reference images in J- and H-bands (57).

For the astrometric calibration the LIRIS Ks-band image was registered with a Two
Micron All-Sky Survey (ZMASS; 58) Ks-band image with absolute astrometric information
available. The centroid coordinates for Arp 299-B AT1 were then measured in the subtracted
image at the epoch of discovery, yielding a right ascension (RA) of 11h28m30.97s and
declination (Dec) of +58°33'40.9” (J2000.0 equinox) with an estimated uncertainty of 0.5” in
each coordinate. For the photometric calibration of the reference images we used the J, H,
and K band magnitudes (on the Vega system) of five field stars surrounding Arp 299
available from 2MASS (55) and transformed the calibration to the IRTF images using
NOTCam images with a larger field of view. We carried our aperture photometry of Arp 299-
B ATI in the subtracted images using the Starlink package GAIA (59). An aperture radius of
3" was used. The photometric errors are dominated by the systematic uncertainties in the
calibration and uncertainties arising from the image subtraction method. The former was
estimated as the standard error of the mean of the zero point magnitudes obtained with the
different field stars and the latter from the scatter between the consecutive light curve points
during a phase of no apparent light curve evolution. We estimate a photometric uncertainty
of 4%, including both of these effects. See Table S1 for the log of near-IR observations and
the photometric results.

We observed Arp 299 using the Gemini-North Telescope (Gemini-N) for a total of ten
epochs (between 2007 Mar. 6 and 2012 Jan. 29; PIs: S. Smartt and S. Ryder) with the Near-



Infrared Imager (NIRI) and the ALTAIR laser guide star adaptive optics (AO) system
(0.022"/pix, FWHM ~ 0.1”). The individual NIRI images were reduced with IRAF using the
NIRI package in IRAF and registered and co-added using a bright star as a reference (for
details see 55). HST Near Infrared Camera and Multi-Object Spectrometer (NICMOS, 60)
observations (6/) with the NIC2 camera (0.076"/pix, FWHM ~0.1") and F222M filter on
1997 Nov. 5 provided a reference image with the nucleus B1 at the quiescent level.

We derived a geometric transformation between each of the Gemini-N images and the
HST image using 9 point-like sources common between the images and a transformation
including x and y shifts, a scaling factor and a rotation angle. We made use of this
transformation to align the HST reference image to each Gemini-N image prior to subtracting
between these two using the ISIS2.2 package. The centroid coordinates of the outburst were
then measured in the subtracted images. The r.m.s. uncertainties of the geometric
transformation and the calculated offsets between the coordinates of the quiescent nucleus
and the outburst are listed in Table S2. We found the RA of the outburst in the nucleus B1 to
be coincident (within the 10 uncertainty) with the quiescent nucleus in all the epochs (also
see Fig. 1). In Dec, there are offsets of up to 37 mas for the individual epochs between the
outburst and the quiescent nucleus, although the offsets are not statistically significant (about
20). It is also likely that our method underestimates the astrometric uncertainties given the
different instruments used for the pre- and post-outburst observations. Therefore, we
conclude that Arp 299-B AT1 is coincident with the quiescent nucleus B1 and we see no
evidence for any systematic shift in the nuclear position between the epochs.

Mid-IR follow-up observations of the outburst were serendipitously obtained from the
Spitzer Space Telescope. Arp 299 was monitored at 4.5 um and 8.0 pm with the Infrared
Array Camera (IRAC, 62) instrument from 2004 May every ~6 months over 10 epochs as a
part of a search for obscured SNe (PI: C. Lawrence). We continued the mid-IR monitoring of
the outburst as a part of the Spitzer warm mission at 4.5 um (PI: S. Mattila) for 14 epochs in
2009-2016. We also included archival 3.6 um IRAC observations obtained in 2013-2015 (PI:
O. Fox). IRAC observations at 3.6, 4.5, and 8.0 um obtained in 2003 (PI: G. Fazio) provided
reference images of Arp 299-B1 at the quiescent level. For the log of mid-IR observations see
Table S3.

The 4.5 and 8.0 um IRAC observations comprised four exposures per dithering
position, the first with an exposure time of 0.6 sec, and the other three each with an exposure
time of 12 sec. Although the nucleus B1 was badly saturated in all 12 sec frames, the 0.6 sec
frames were useful for accurate flux measurements. We used the post-basic calibrated data
(PBCD) product short exposure mosaics throughout (pipeline versions S18.25, 19.1 and
19.2). In the case of the warm mission 3.6 um observations only one short exposure had been
obtained per epoch and the basic calibrated data (BCD) products were used. We carried out
aperture photometry of Arp 299-B ATI1 in the subtracted images using GAIA. A circular
aperture of radius 3.66” was used and the photometry was corrected to an infinite aperture
(63). The sky was measured using a clipped mean sky estimator and concentric annuli outside
the galaxy. For nucleus B1, which is a very bright source, we assume that the photometric
uncertainty is dominated by the Spitzer absolute flux calibration. We adopt 3% errors for all
the cryogenic observations and post-cryogenic PBCD mosaics processed with a pipeline
version earlier than S19.2, 2% errors for the post-cryogenic mosaics processed with the S19.2
pipeline and 10% errors for the 3.6 wm measurements made on the individual BCD frames
(63). The photometric results are presented in Table S3 (before subtracting the quiescent
nuclear flux) and Fig. S2 (after subtracting the quiescent flux based on the first epoch of 3.6
um observation and the first three epochs of 4.5 um and 8.0 um observations). The epoch



when the mid-IR light curves were observed to start rising, 2004 Dec. 21.6 corresponding to
the Julian Date (JD) 2453361.1, was adopted as day O (Julian Date is used by astronomers
and corresponds to the number of days since year 4713 BC plus the fraction of a day since the
preceding noon in Universal Time).

Radio observations and data analysis

We imaged the central few parsecs of Arp 299-B1 using radio interferometry data taken with
the European VLBI Network (EVN) (PI: M. Pérez-Torres), the VLBA (PI: M. Pérez-Torres)
and global VLBI, which included both the EVN and the VLBA (PI: M. Pérez-Torres) at 1.5,
1.7, 2.3, 50 and 8.4 GHz. These observations were part of a VLBI monitoring program
aimed at characterizing the population of compact radio objects in the central starburst
regions and estimating the (radio) SN rates therein (64, 65). We also used publicly available
archival data taken with the Very Large Array (VLA) at multiple frequencies, as well as
VLBA data at 2.3 and 8.4 GHz. (See Table S4 for a log of the observations.)

The EVN and global VLBI data were correlated at the EVN MkIV Data Processor at
the Joint Institute for VLBI in Europe (JIVE) in The Netherlands, while the VLBA data were
correlated at the Array Operations Center in Socorro (USA). We chose time and frequency
intervals small enough to guarantee negligible time and bandwidth-smearing effects in the
data. We phase-referenced our observations to the VLBI calibrator NVSS J112813+592515.
We used the strong source 4C 39.25 as fringe finder and bandpass calibrator and, when this
was not possible, we used J1128+5925 for those purposes. The data were later correlated at
the different nuclei of Arp 299, which included our target source, the nucleus Arp 299-B1.
We performed standard a-priori gain calibration using the measured gains and system
temperatures of each antenna. This calibration, as well as the data inspection and flagging,
were done within the National Radio Astronomy Observatory (NRAO) Astronomical Image
Processing System (AIPS; 66) assisted with ParselTongue (67), which we used as an interface
to AIPS. We also corrected for ionosphere effects (of particular relevance at 1.7 and 2.3 GHz)
and source-structure effects of the phase-reference source at all three frequencies, following
the same procedures described in (64-65).

We complemented our datasets with archival VLA and VLBA + Green Bank
Telescope (GBT) data taken at 2.3 and 8.4 GHz, as well as with VLA data at 8.4 and 22.5
GHz. The angular resolution of the VLA is much poorer than that provided by VLBI arrays,
so the VLA cannot resolve the compact radio emission. Fortunately the nuclear region of Arp
299-B1 is faint enough at high frequencies that the strong burst in 2005 could be detected
with the VLA [(8) and Table S4]. Also, the VLA flux density measurements could contain
contributions from surrounding sources, so we have assumed a 30% calibration error for
those measurements. The archival NRAO VLBA+GBT observations at 2.3 and 8.4 GHz
included a pre-discovery (Jan. 2005) and a post-discovery epoch (Jul. 2005). These data were
published in (/4). We independently re-calibrated and re-analyzed these data, following the
same data reduction procedures described above. We also analyzed archival VLBA+GBT
data prior to 2005. However, these data had severe calibration problems, which prevented us
from detecting any source in the Arp 299 system, and therefore were discarded.

We carried out all imaging and deconvolution procedures within AIPS, using task
IMAGR with Briggs weighting (68) and a ROBUST parameter of 0.5 (Figs. 1 and S4). This
scheme was a good compromise to combine a very high angular resolution and a very low



off-source r.m.s. value in our images. For the archival VLBA+GBT data, we used instead a
ROBUST parameter of O for comparison purposes with the imaging in (/4) (see also Fig. S3).
The off-source r.m.s. value varied significantly from epoch to epoch, but was significantly
lower than the calibration uncertainty, which was typically 10%, depending on the array and
observing frequency. We list in Table S4 the multi-frequency radio interferometric
observations of Arp 299-B AT1, spanning more than 12 years of observations for a total of
more than 30 epochs of milliarcsecond angular resolution radio observations, plus lower
angular resolution observations taken with the VLA at 8.4 and 22.5 GHz.

X-ray observations and data analysis

In the energy range below ~10 keV, Arp 299 has been observed with the Chandra and XMM-
Newton observatories several times during 2002-17 resulting in 5 publicly available datasets
including our own observations obtained through DDT requests (PI: P. Nandra and PI: M.
Pérez-Torres, respectively; see Table S5). Despite the strong absorption and existence of
additional sources of emission in this energy band we can use these observations to constrain
the AGN variability on ~year time scales. We reanalyzed all Chandra and XMM-Newton data
in a consistent way.

We extracted the X-ray spectrum of Arp 299-B1 from the Chandra data for three
epochs: 2001, 2005 and 2013 (where the last epoch consists of observation done on
consecutive days in 2013). First, all the data were aligned, and all standard corrections were
applied using CIAO 4.8 (69) and CALDB 4.7.0 (70). The spectra were extracted using
CIAO's specextract tool from a circular source aperture at the Arp 299-B1 position with a
radius of 1.5”. The background was measured from an empty region outside the galaxy. The
spectra from observations in 2013 were combined. All the extracted spectra were grouped so
that each spectral bin had a minimum of one count. The spectra were analyzed using XSPEC
12.9.01 (71), using C-statistics.

Only channels in the energy range 0.3-8.0 keV were included for the purposes of
fitting. LIRGs such as Arp 299 are well known X-ray emitters from several different sources
(thermal emission of hot gas, X-ray binaries associated with the starburst, AGN).
Furthermore, due to the very strong absorption inferred from the spectral analysis
(corresponding to a hydrogen column density of N, = 3 x 10** cm™) direct emission from the
AGN is detectable only at energies above 10 keV. We adopted the best fitting model from
(72) as initial values, and fitted this model for the combined spectrum from 2013 allowing all
parameters to vary freely. All the emission components were absorbed via photoelectric
absorption (we used the XSPEC model phabs(apec+pcfabs(po+gau))). For the AGN, we
adopted the spectral model (72) consisting of a power-law with additional Gaussian line
components to represent the ~6.4 keV iron emission line seen through a partial covering
absorber plus a thermal plasma component. The results of this fit were consistent within the
errors with the values obtained in (72). We then took our best-fit values for this observation
as starting values for the spectra extracted from the 2001 and 2005 observations. We fitted
the same model for both of these spectra separately, but only allowing the power-law photon
index and the normalization parameters of all components (thermal plasma, power-law and
Gaussian) to vary freely. We also measured, for all three spectra, the flux of the fully
absorbed model as well as the unabsorbed flux of the power-law component (both in the 0.3-
8.0 keV energy range) and the equivalent width of the iron line (see Table S5). We find no
evidence for statistically significant variability in the full model flux, power-law component



flux, photon index or equivalent width of the iron line.

XMM-Newton observed Arp 299 twice, in May 2001 and Dec. 2011. However, the
poorer angular resolution than Chandra did not permit us to isolate photons from the Arp
299-B1 nucleus alone. For these data the source aperture had a radius of 15" and therefore
collected almost all photons from the western component of Arp 299. The background region
was located outside the galaxy and contained neither point sources nor a diffuse thermal
component. The fitting model was taken to be exactly the same as for the Chandra data.
However, taking into account the very different source apertures, the absolute values of the
resulting fluxes obtained with XMM-Newton and Chandra observatories differ by a factor of
a few owing to a contribution from the unresolved high-mass X-ray binaries residing in the
central parts of the western component of Arp 299. Nevertheless, we can compare the fluxes
derived from the two XMM-Newton observations well before and after the discovery of Arp
299-B AT1. We conclude that the soft X-ray flux from the B1 nucleus has remained constant
within the uncertainties.

Proper motion of Arp 299-B AT1

Our VLBI observations allowed us to accurately determine the average proper motion of Arp
299-B AT1. We show in Fig. S5 model fits to the proper motion in both the RA and Dec
directions, over a time span of more than 12 yr. We used only the highest angular resolution
VLBI data (at 5.0 and 8.4 GHz) up to 4000 days for fitting the proper motion of the jet, as the
lower frequency data have a much lower angular resolution, especially in the North-South
direction. The fitted angular velocities are g, ~ -(0.322+0.032) mas yr' and pp,. ~
(0.151+0.015) mas yr'', which correspond to an average apparent transverse linear velocity of
Bapp = (0.25£0.03).

The apparent change in the proper motion in the Dec coordinate after 4000 days
occurs when observations switched from the EVN/Global VLBI observations to VLBA-only
observations, so the change in proper motion beyond ~4000 days is likely an artifact caused
by the poorer angular resolution of the VLBA synthesized beam. We emphasize that the
proper motion estimates found in the paper are not affected by this potential change at late
times.

The nature of Arp 299-B AT1

Pre-discovery VLBA+GBT observations of Arp 299-B AT1 showed four compact sources
within the B1 nucleus at the frequency of 2.3 GHz, but no counterparts at 8.4 GHz [see (/4),
their figure 4]. We show in Fig. S3-4 the resulting images of our reanalysis of the 8.4 GHz
VLBA+GBT observations in Jan. 2005 and Jul. 2005. The 8.4 GHz observations in Jan. 2005
do not show evidence for radio emission above the noise, while the observations in Jul. 2005
show clear evidence for a new, bright radio source (at RA = 11h28m30.9875529s, Dec =
58°33'40.783601"; J2000.0.0) with a peak luminosity at 8.4 GHz of vL,~ 1.6x10®* erg s™.

We monitored the evolution of the flux density and radio morphology of Arp 299-B
ATI using VLBI observations. The high flux density and compactness of the radio emission
from Arp 299-B AT1 implies a non-thermal origin. Initially, the source appeared unresolved
(Fig. S3, right), and therefore its compactness and high flux density could have been



explained by a number of scenarios, either extrinsic to the SMBH (e.g., an extremely
energetic SN, or a GRB), or intrinsic (e.g., accretion-induced SMBH variability, such as an
AGN flare, or a TDE). Our VLBI monitoring shows that Arp 299-B AT1 developed a jet-
like morphology, indicating an apparent expansion speed {3,,, = 0.25+0.03 (Figs. 1 and S4).
Long GRBs occur preferentially in low-metallicity environments (e.g. 73) whereas Arp 299
has a roughly solar metallicity (74). While GRBs may exhibit jet-like features, the time-to-
peak (a few days to a few tens of days), 8.4 GHz peak radio luminosity and flux density
evolution of both short- and long-GRBs (15) are at odds with the observed radio behavior of
Arp 299-B ATI1. A TDE from an intermediate mass black hole (IMBH) is an unlikely
scenario, given the very small number of known IMBH candidates and the fact that the
location of the transient coincides with the dynamical mass center of Arp 299-B1 (as traced
by the 2.2 um light). In addition, the IMBH scenario would also require the disruption of a
subsolar mass white dwarf (25) which is not consistent with our observations (see below).
We therefore conclude that Arp 299-B AT1 is an event related to the SMBH.

The compact 2.3 GHz emission detected with VLBI in January 2005 very close to the
VLBI position of Arp 299-B ATI1 in July 2005 (Fig. S3), together with the long-term
evolving radio morphology, suggests that this 2.3 GHz emission pinpoints the location of the
AGN in Arp 299-B1. This persistent 2.3 GHz emission could in principle be explained by
two alternative scenarios: (i) the AGN core itself; or (ii) a stationary component of the jet
structure very close to the base of the AGN. In the AGN-core scenario, the initial 8.4 GHz
compact emission observed in Jul. 2005 would correspond to the emission of a single
plasmoid from the AGN core, which is shifted at 8.4 GHz with respect to the 2.3 GHz peak
(Fig. S3) because of the well-known core-shift (75), whereby the peaks of emission at
different frequencies are shifted due to opacity effects. The observed shift would correspond
to a linear offset of (0.35+0.11) pc, which is not unexpected for AGN (76). An alternative
scenario would be that of the 2.3 GHz persistent radio emission being due to a stationary
component of the pre-existing AGN jet in Arp 299-B1. However, since the AGN torus is seen
almost edge-on (/) and the activity of a normal AGN jet in Arp 299-B1 would be along the
polar direction, essentially no beamed emission from such a pre-existing jet would be
detected. Therefore, the observed behavior of the compact VLBI radio emission appears to be
at odds with the 2.3 GHz radio emission being from a stationary component, and we assume
hereafter that the 2.3 GHz VLBI peak observed in 2005 corresponds to the core of the AGN
in Arp 299-B1. We emphasize that in either case the 2.3 GHz peak would correspond to pre-
existing emission of the AGN.

We conclude that Arp 299-B AT1 is the result of a sudden change in the accretion rate
onto the SMBH induced by the tidal disruption of a star. Our high-angular resolution VLBI
imaging at 8.4 GHz shows (Figs. 1 and S4) that the radio emission at the initial location has
faded completely a few years later, while the radio jet has been evolving and expanding over
about 10 years. Therefore, the pre-existing low-luminosity AGN, probably being fed at a very
low accretion rate, returned to its steady state shortly after the TDE flare while the TDE-
launched jet continued expanding into a dense surrounding medium, and therefore
decelerated. The average expansion speed of Arp 299-B ATI1 requires a substantial
deceleration of the radio jet over a 12 year period, which is at odds with a jet launched by a
low-luminosity AGN (32; see also Fig. 2B).

The 8.4 GHz VLBI burst in Arp 299-B AT1 and its observed radio jet morphology
and evolution are most naturally explained by a TDE. We therefore modeled the data in Table
S4 using the same techniques as outlined in (16, 77-78), which we briefly outline here. We
first simulated the hydrodynamical evolution using the MRGENESIS code (79-80). The radio



emission was then modeled using the SPEV code (77-78). The (radio) synchrotron emission
arises from relativistic electrons that follow a power-law in energy, N(E) ~ E”, where p is the
index of the injected power-law of relativistic electrons. The energy feeding the relativistic
electrons and the magnetic field comes from the post-shock thermal energy: a fraction, €., of
the post-shock thermal energy goes to the relativistic electrons, and a fraction &g, to the
magnetic field. The values of €, and €, are uncertain, but are unlikely to be much larger than
~0.1 (e.g. 16). Additionally, the code in (16, 77-78) allows the specification of a fraction T, of
the available electrons to be accelerated at the shock. Here, we adopted T, = 1. Fig. 2A shows
the best-fit modeled radio light curves, which are obtained for p = 3.0, i.e., a rather steep
power-law, and for ¢, = 0.125 and &5 = 0.10.

We reproduce the overall multi-frequency radio light behavior with a jet that has a
half-opening angle 0; ~ 6° (Table S7). The jet has an isotropic equivalent kinetic energy, E,,
of 8x10> erg, corresponding to a beaming-corrected kinetic jet energy (16) E.=E((l-
cos 0,)/2 ~ 2x10°! erg. This energy is injected at a distance of r,, = 10" ¢cm from the central
engine, and the jet is embedded in a circumnuclear ambient medium of a constant number
density of n,~3.7x10* cm™ up to a fiducial distance within the AGN torus of r; = 6.75x10"" cm
(Fig. S6A). This dense medium causes the jet to rapidly decelerate. While densities orders of
magnitude higher can be found in the clouds of the broad line regions (BLR) surrounding the
AGNes, the filling factors within these regions are very low (~107).

Our modeling of the radio jet indicates that while it is initially relativistic (I' = 10 and
B~ 0.99 at day zero, and I' = 1.8 and B = 0.87 at ~1.1 days), as soon as ~16 days (in the
observer frame) after the ejection the jet has already decelerated significantly (I' = 1.3; B =
0.64). At a distance ry, the jet reaches the edge of the torus and encounters an external
medium with a 100 times lower density falling off then with distance as (r/r;)*”. The apparent
kink seen in the radio light curves at all frequencies (Fig. 2A) happens also when the jet head
crosses the outer boundary of the constant density medium, r;. This distance corresponds to
about 270 light days. Since the jet head crosses this boundary at about 1065 days after the
ejection (as measured in the galaxy frame), the time at which this is observed in the light
curves is roughly around day 795 (Figs. 2A and S6A). The sudden drop in density causes the
jet to accelerate from 3 ~ 0.09 to 3 ~ 0.22 (Fig. S6A), converting a fraction of its internal
energy into kinetic energy. The jet therefore reaches quasi-asymptotic values I' = 1.0 and § =
0.22 by day ~800. We note that the actual model simulations were done for a 1-dimensional
jet (with a viewing angle of 0°). However, as demonstrated in (16), the results for a larger
viewing angle of 0, up to ~40°) are similar.

The model reproduces well both the early and late time radio emission from Arp 299-
B ATI. The early rise at high frequencies implies the existence of significant external
absorption close to the supermassive black hole of Arp 299-B1. This is due to free-free
absorption of dense gas (n o, ~ 3.7x10* ¢cm™) made of thermal electrons within the torus,
with T, ~ 10* K. The two earliest observations at 8.4 GHz, together with the late time radio
observations, provide a stringent constraint on the distribution of T, within the torus. The
early radio observations (t < 300 days) require that the electron temperature in the inner
regions of the torus (r < 6x10'7 cm) must be at least 7.~ 10* K. On the other hand, 7, must be
around or lower than 3000 K close to the outer edge of the torus, providing the larger
absorption required by the radio observations. If the temperature at the outer edge of the torus
was of ~10* K instead, the parameters of the jet required to explain the first two epochs of 8.4
GHz observations would yield a much lower flux density for the late time (t ~ 400-500 days)
radio emission than is actually observed.



Constraints on the viewing angle and intrinsic velocity of the radio jet

Our VLBI observations provide constraints on the viewing angle, 0., and the average
intrinsic speed, [, of the jet. We can constrain the allowed combinations using standard
relations in the twin-relativistic jet model (87), which assumes that the ejecta are double-
sided and intrinsically the same (jet and the counter-jet have equal intrinsic emitting powers
and equal velocities, [3, in opposite directions), and that the interstellar medium which the jet
and the counter-jet impact with is similar. The apparent jet speed, 3,,,, and the ratio between
the flux densities of the jet and the counterjet, R, are then related with [ and 0, as follows:

Bapp = P sin B4,/ (1 - B cos 6,,,) (S1)
and
R=1[(1+p cos 0,,)/(1 - cos 04, ™ (S2)

where a is the spectral index, defined as S, ~ v*, with S, the flux density at frequency v. Both
the apparent speed of the jet, 3, and the ratio of the flux density of the jet to the (undetected)
counterjet, R, can thus be used to directly constrain 0., and . We show in Fig. S7 the
constraints on 0, and 3, considering 3-0 uncertainties for the measured proper motion, and a
realistic 5-0 upper limit for the counter-jet of Arp 299-B AT]1 at late times (where 0O is the
off-source r.m.s. noise within the B1 nucleus, and is typically about 30 wJy/b). The measured
average value f3,,, and its uncertainties delimit a region of allowed values of 0, and 3 (solid
lines in Fig. S7). In addition, the non-detection of the counterjet implies a curve
corresponding to a constant value of R (dashed curve in Fig. S7).

For the estimate of R, we have accounted for the free-free absorption from both the
AGN torus and the external medium (as per Table S8), as well as for relativistic boosting,
deboosting and light-travel-time effects. For values of the average intrinsic jet speed, {3, larger
than about 0.3, free-free absorption from the AGN torus and the external medium can be
neglected, and the observed ratio R coincides with the value predicted by Eq. (S2), which
assumes no absorption. For smaller values of [3, free-free absorption effects quickly become
very significant, implying that a counter-jet at a relatively large angle (~25°-35°) would
remain undetected. Note also that there is a minimum value for 8. For values of 3 lower than
about 0.10, the deboosting is not high enough to compensate for the free-free absorption and
produce a brightness ratio as high as the one observed.

In summary, our VLBI observations and radio modeling yield an average intrinsic jet
speed of 3 = 0.22+0.02, and constrain the jet viewing angle to be within the range 0, ~ 25°-
35°. Viewing angles larger than ~50° are ruled out by the VLBI observations, which disfavors
the radio jet being produced by normal, quiescent AGN accretion activity, where the jet
would be expected to be launched nearly perpendicular to our line-of-sight to the AGN in
Arp 299-B1, while it is seen nearly edge-on (/7).

obs

Origin of the IR emission

Inspection of the IR SED of Arp 299-B AT1 shows that it can be described well by a single
blackbody component (see Fig. 3). We used the EMCEE python implementation (82) of the



Markov chain Monte Carlo (MCMC) method to estimate the best-fit blackbody parameters
with 10 confidence intervals for each epoch with 4.5 um Spitzer photometry. For this we
interpolated the ground-based JHKs and 3.6 um Spitzer photometric measurements to the
epochs of the 4.5 um observations. The blackbody parameters are listed in Table S6, and their
evolution is shown in Fig. S2, together with the blackbody luminosity and total radiated
energy, obtained by integrating the luminosity over time assuming it changes linearly
between the epochs. We note that this luminosity does not include the contribution of any
cooler dust, which would radiate at longer wavelengths, hence this yields a lower limit to the
total radiated energy of 1.5x10° erg.

We assume that the near- and mid-IR flux was due to thermal emission from dust
heated by optical and UV emission from the transient event (e.g., 83). Here, the transient is
surrounded by local dust that absorbs and re-radiates most of the UV and optical photons
emitted and radiates initially as a T ~ 1050 K blackbody. The blackbody radius indicates a
size for the IR emitting region of ~0.04 pc initially, and later increasing to ~0.13 pc. The fact
that the IR SED is well described by a blackbody up to 4.5 and 8.0 um means that the dust
shell local to the transient must be optically thick at least up to these wavelengths,
corresponding to a visual extinction of A, > 20 mag for a Galactic extinction law (84-85).

Given the high core-collapse SN rate of ~0.3 SN yr"' within the circumnuclear region
of Arp 299-B1 (8), a SN is the most likely explanation for the source detected close to the
nucleus B1 in the Mar. 2006 HST F814W filter observations (see Fig. S1). We emphasize
that its contribution to the IR light curves is very small. Indeed, assuming a normal Type II
SN (the most common core collapse SN type), we expect a total radiated energy less than a
few times 10* erg (e.g., 86) for this event. This is negligible compared to the total radiated
energy of Arp 299-B AT1 event, if most of this energy was absorbed by dust and re-radiated
in the IR. We do not see any evidence of this transient in our IR light curves of Arp 299-B
ATI (see Fig. S2). Furthermore, the optical HST images show a brightening of the nucleus
from 2006 to 2010 corresponding to a new source of F814W = 19.8 (corresponding to 0.03
mJy) which is substantially brighter than extrapolated from our IR blackbody fits. For
comparison the B1 nucleus brightened by ~0.8 mJy in J, ~5 mJy in H and ~16 mJy in K-band
over the same period of time. Therefore the optical detection is not consistent with emission
from hot dust. Instead, the /-band flux could be explained by optical emission of Arp 299-B
AT1 scattered from free electrons above/below the broad line region (87) and/or from the
polar dust.

For a transient event close to the SMBH in Arp 299-B1 we would expect a large
extinction due to the AGN dusty torus (/0-11), given the large column density of ~3 x 10*
cm’ towards the accreting SMBH. The shape of the IR SED is very close to a single
component blackbody in all the epochs, indicating a narrow range of dust temperatures. This
is also not expected if there was substantial 'foreground' extinction due to the reddening
altering the shape of the SED and the likely contribution of cooler dust. Therefore, absorption
and re-radiation by dust in the polar regions of the AGN torus (24,88) appears to be the most
plausible scenario for explaining the observed IR SED. In the surroundings of Arp 299-B1
we expect such polar dust clouds to suffer from a relatively low foreground extinction (89) in
agreement with our single component blackbody fits to the IR SED of the transient. The
presence of dust in the polar regions of at least some AGN, which is most likely concentrated
in discrete optically thick clouds, is now a generally well accepted idea supported by mid-IR
interferometry (88).

We have fitted the spectral energy distributions of the pre- and post-outburst
components of Arp 299-B1 using the CYGNUS (90) radiative transfer code, which models the



emission from a starburst and the AGN torus predicted by the standard unified model. The
GYGNUS starburst model is described in (9/-92) and has been used extensively for modeling
the IR emission of both local and high-z starburst galaxies. The model treats a starburst as an
ensemble of giant molecular clouds (GMCs) centrally illuminated by recently formed stars,
incorporates the stellar population synthesis model (93), and considers the effect of
transiently heated grains/PAHs in the radiative transfer. An important feature of the model is
that the GMCs are at different evolutionary stages. The key parameters of the model are the
initial optical depth of the molecular clouds Ty, the age of the starburst 7. and the e-folding
time of the exponentially decaying star formation history.

The CYGNUS AGN model follows the prescription developed by (94) and can
additionally include the effect of polar dust (24, 95). The model self-consistently solves the
radiative transfer problem in the AGN torus to determine the temperature distribution of dust
grains which have a range of sizes and composition. The model also self-consistently takes
into account absorption of emission from the hot inner torus by dust in the cooler outer parts
of the torus depending on the inclination. The model treats the AGN disc as a tapered one,
i.e., the height of the disc increases with distance from the black hole, but tapers off to a
constant height in its outer part. In this work we used a large grid of tapered discs (94). The
parameters of the model are the ratio of outer to inner radius r,/r, the equatorial UV optical
depth T, the opening angle of the disc 0, and the inclination i.

The pre-outburst SED was adapted from (9) including also data points at near-IR
wavelengths whereas the post-outburst SED was obtained by combining the former with the
near- and mid-IR fluxes of the outburst at 734 days after its first mid-IR detection
(corresponding to 54095.4 MJD) which is the last epoch with 8.0 um photometry available.
The spectral resolution of the Spitzer/IRS data was reduced so that they are better matched to
the resolution of the radiative transfer models. For fitting the SEDs we used a grid of 6475
AGN torus templates, 360 starburst templates and a single polar dust template for each epoch.
The SEDs are fitted with the MCMC SED fitting code SATMC (96) and after post-processing
of the fitting data the covering factor of polar dust f, and its uncertainty are computed. SATMC
combines and interpolates these grids to generate the required number of models to reach
convergence. The models presented in Fig. 4 (for model parameters see Table S7)
demonstrate that both the pre- and post-outburst SEDs can be modeled successfully adopting
plausible parameters for the starburst, the AGN dusty torus, and the polar dust (incl. the
opening angle, inclination, polar dust covering factor). We further assume that these
parameters do not change as a result of the outburst, except for the temperature and
luminosity of the polar dust that are left as a free parameter. In the post-outburst case f, = 23-
78%. This implies that the observed radiated energy from the outburst must be divided by f,
to give the total radiated energy i.e. ~1.9-6.5 x10° erg.

Origin of the X-ray emission

The absence of significant variability in the soft X-ray band (0.3-8.0 keV), as given by pre-
and post-burst Chandra and XMM-Newton observations, can be easily explained by the large
column density (~3 x 10** cm?) towards the AGN in the nucleus Bl: low-energy X-ray
photons are in this case scattered multiple times, removing any evidence of an X-ray flare due
to the different light travel delays introduced by the scattering.

Therefore, the only possibility of clearly detecting a sign of TDE emission at X-rays
towards the nucleus of B1 would have been hard (> 10 keV) X-ray observations (97). While



no hard X-ray observations were made shortly after the burst, the hard X-ray emission
decreased by a factor of two between 2001 and 2013 (/0). Such X-ray variability is not
uncommon in AGNs (98) but could be expected also in the case of a TDE, as the increase in
the number of soft (optical) photons locally to the SMBH cools the corona, partially depleting
the region from hard X-ray photons.

The mass of the disrupted star

Based on our IR observations and modeling, the total radiated energy of Arp 299-B AT1 is
between 1.9x10°* erg and 6.5x10% erg. Following (99) we can estimate the maximum
radiated energy by disruption of a star with a mass M.

Epimax = Nfie M €12~ 107 (0/0.1) (£, /0.1) (M/M,) erg (83)
where f,.. =0.1 andn =
0.1, which are consistent with observations of optical TDEs (99), we find that the disruption

of a star in the range of 1.9 to 6.5 M can explain the energetics of Arp 299-B AT1. Stars in
this mass range can be disrupted by the ~2x10" M o (10) SMBH in Arp 299-B1 (24).

is the accreted fraction and 1) is the radiative efficiency. Assuming f,

acc

Emitting and absorbing regions surrounding Arp 299-B AT1

In Fig. 4 (right panel), we present a schematic diagram showing the assumed geometry of the
emitting and absorbing regions surrounding Arp 299-B AT1. The disruption of a star by the
tidal forces of the SMBH in the nucleus Arp 299-B1 launches a relativistic jet that propagates
outwards from the SMBH. The jet crosses the AGN torus, which is about 100 times denser
than the surrounding circumnuclear medium. Most of the emission from the transient in the
direction of the observer is thus absorbed and scattered by the dense gas and dust within the
torus. However, a fraction of the photons can escape the torus in the polar direction and are
observable in the near- and mid-IR range as thermal re-radiation by the polar dust.

Once the jet breaks out from the high-density region within the AGN torus, it expands
freely and can be observed at radio wavelengths. The main source of opacity for the jet is
external absorption. Consequently, the emission of the radio jet is detected first at high
frequencies (Fig. S3; bottom right panel) and later at lower frequencies. The drop in radio
flux density results from the period in which the jet drills its way through the very dense
regions of the obscuring torus. The early rise of the 8.4 GHz flux density of Arp 299-B ATI,
together with its apparent proper motion as measured with VLBI, imply that the distance
travelled by the jet inside the high-density region of the torus is /, ~ 6.8 x 10" ¢cm, or ~0.22 pc.



Figure S1. HST images of the site of Arp 299-B AT1. HST F814W (close to /-band) images of Arp
299-B AT1 taken on 2006 Mar. 19 (A; 2453813.8 JD) and 2010 Jun. 24 (B; 2455372.4 JD). (C)
Difference image. The source 0.2" to the East from the nucleus which appears white in the difference
image was present in 2006 but not in 2010, while the center of the nucleus, which was brighter in
2010 appears as a dark source. The dashed circles indicate the 0.1"” apertures used for photometry.
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Figure S2. IR observations and derived properties for Arp 299-B AT1. (A) K-band (2.2 um) and
Spitzer 3.6, 4.5 and 8.0 um light curves (after removing the quiescent nuclear flux). The epoch when
the mid-IR light curves were observed to start rising (2004 Dec. 21.6 corresponding to 2453361.1 JD)
has been adopted as day 0. (B) The evolution of the derived blackbody radius, temperature,
luminosity and total energy over time. Our blackbody model fits (see Fig. 3) suggest that an
expanding (from about 0.04 pc to 0.13 pc) and cooling (from about 1050 to 750K) source can account
for the observed near- and mid-IR behavior. Integrating the blackbody luminosities to the current
epoch yields a total radiated energy of about 1.5x10°*erg.
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Figure S3. The appearance of the transient Arp 299-B AT1 in the nucleus B1 at radio
wavelengths. Pre-discovery (2453372.5 JD) VLBI observations of Arp 299-B AT1 at 2.3 (A) and 8.4
GHz (C). Pre-existing radio emission is seen at 2.3 GHz, which we identify with the core of the AGN
in Arp 299-B1. Post-discovery (2453568.5 JD) VLBI observations at 2.3 (B) and 8.4 GHz (D),
showing the appearance of Arp 299-B AT1 at high radio frequencies (dashed vertical and horizontal
lines are centered at the peak position of 8.4 GHz emission). In each map, the contours are drawn at
(3,4.5,7,10,15) times the off-source r.m.s. All maps are centered at RA = 11h28m30.9875529s, Dec =

58°33"40.783601" (J2000.0).
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Figure S4. The radio jet associated with Arp 299-B AT1. VLBI observations of Arp 299-B AT1 at
5.0 GHz on 2011 Jun. 1 (A; 2455713.5, JD), 2013 Oct. 23 (B; 2456588.5 JD), and 2015 Jun. 5 (C;
2457178.5 JD) and at 8.4 GHz on 2012 May 27 (D; 2456074.5 JD), 2013 Nov. 5 (E; 2456601.5 JD),
and 2015 Jun. 3 (F; 2457176.5 JD). There is evidence for resolved emission at 5.0 GHz in Jun. 2011
(A), which is confirmed by the subsequent 5.0 and 8.4 GHz observations (B through F). Data are
displayed in the same way as in Fig. S3.
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Fig. SS. Proper motion of Arp 299-B AT1 as measured from VLBI observations. Angular shift in
right ascension (RA) (A) and declination (Dec) (B), as function of time. The epoch when the mid-IR
light curves were observed to start rising (2004 Dec. 21.6 corresponding to 2453361.1 JD) has been
adopted as day 0. The data show that the head of the jet consistently moved to the North-West for the
first ~4000 days at an average apparent speed of (0.25 £ 0.03) c.
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Figure S6. (A) Model speed of the TDE jet in Arp 299-B AT1 vs. time (solid line). The dotted,
dashed and dot-dashed lines highlight relevant times for the evolution of the jet speed: early time (at
about 1 day in the observer frame, dotted line), Sedov time (the time at which the rest mass energy of
the accumulated material equals the jet E;,,, dot-dashed line), and the epochs at which the jet reaches
the lowest velocity (close to the outer edge of the AGN torus; thin dashed line in the inset figure) and
the acceleration (very shortly after leaving the dense torus and entering the much less dense
circumnuclear material; thick dashed line in the inset figure). (B) Modeled (beaming-corrected) jet
kinetic energy versus speed of the jet (as in Fig. 2), highlighting the same moments as in panel A.
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Figure S7. Viewing angle versus average intrinsic jet speed (0,,, §) parameter space for Arp
299-B AT1. The shaded area below the dashed line corresponds to the allowed range of viewing
angles and average intrinsic speeds for the jet, as constrained by our VLBI observations. The solid
lines correspond to the 3-0 uncertainties for the measured proper motion of the jet. The dashed line
corresponds to the 5-¢ upper limit for the counter-jet of Arp 299-B AT1 at late times. The dash-dotted
lines correspond to the 3-0 range of values of the intrinsic jet speed found from our radio modeling (3
=0.22 + 0.02). Our VLBI observations and radio modeling yield an average intrinsic jet speed of 3 ~
(0.2-0.3) corresponding to a viewing angle of 0,,~ (25°-35°).



Table S1. Log of ground-based near-IR photometry. Col. 1: Julian Date since day 2400000; col. 2:
the telescope and instrument used; col. 3: the flux densities given after subtraction of the quiescent
nuclear flux. The photometric errors are dominated by the systematic uncertainties and are assumed to

be 4%.
Julian Date Telescope/instrument |Flux density |Flux density Flux density
(2400000+) J-band (mJy) |H-band (mJy) |K-band (mJy)
50875.0 IRTF - - -
53162.5 WHT/LIRIS - - -
53400.8 WHT/LIRIS - - 7.36
53410.1 UKIRT/UFTI 1.22 343 8.33
53446.7 WHT/LIRIS - - 16.27
53455.6 NOT/NOTCam - - 21.72
53500.7 TIFCAM 3.58 - 29.33
53833.7 NOT/NOTCam - 7.56 24.75
54156.6 NOT/NOTCam 2.59 8.61 26.95
542504 NOT/NOTCam - - 31.92
54608 4 NOT/NOTCam - 12.15 39.82
54786.7 NOT/NOTCam - 14.29 45.76
54905.5 NOT/NOTCam - - 43.76
55027.5 NOT/NOTCam 4.20 13.70 46.04
55234 .8 NOT/NOTCam - - 43.11
553155 NOT/NOTCam 4.03 12.97 40.89
55543.7 NOT/NOTCam 346 11.07 37.95
556414 NOT/NOTCam - - 36.66
55697.5 NOT/NOTCam 2.52 8.35 30.25
557874 NOT/NOTCam - - 25.88
55934.7 NOT/NOTCam - 6.46 24.30
56054.5 NOT/NOTCam 2.16 427 19.05
56221.8 NOT/NOTCam - - 1941
56318.7 NOT/NOTCam - 408 13.79
56408.5 NOT/NOTCam - 2.96 13.39
56496 4 NOT/NOTCam - 345 12.68
56621.7 NOT/NOTCam - - 11.59
56701.6 NOT/NOTCam - - 11.85
56818.6 NOT/NOTCam 1.88 301 1091
57028.6 NOT/NOTCam - - 9.97
57206 .4 NOT/NOTCam - - 9.33
57379.6 NOT/NOTCam - - 8.07
57502.5 NOT/NOTCam 1.42 2.28 8.45
575614 NOT/NOTCam - - 9.08




Table S2. Log of high-resolution near-IR imaging observations. Col. 1: Julian Date since day
2400000; col. 2-3: the telescope, instrument and filter used; col. 4-5: the root-mean-square (rms)
uncertainty of the derived geometric transformation between each Gemini image and the reference
HST image in right ascension (RA) and declination (Dec); cols. 6-7: the offset between the position of
Arp 299-B AT1 (as measured in the difference images) and the B1 nucleus (as measured in the
reference HST image) in RA and Dec. In RA Arp 299-B AT1 is found to be coincident with the
quiescent nucleus in all epochs within 10. In Dec we find a maximum offset of 37 milliarcseconds (at
about 20 level).

Julian Date |Telescope/ Filter |rmsin rms in Dec |Offset in Offset in
(2400000+) |Instrument RA (mas) |(mas) RA (mas) Dec (mas)
50757.5 HST/NICMOS2 |F222M |- - - -

54165.9 Gemini/NIRI K 17 13 -7 -22
54639.8 Gemini/NIRI K 17 14 -3 -23
54818.1 Gemini/NIRI K 18 15 -10 -23
54928.8 Gemini/NIRI K 19 16 -6 -23
54958.8 Gemini/NIRI K 19 15 -6 -28
54859.1 Gemini/NIRI K 17 16 -12 -37
55252.0 Gemini/NIRI K 18 16 -20 -37
55317.8 Gemini/NIRI K 19 15 -5 -27
55668.8 Gemini/NIRI K 18 16 -14 -2
55956.1 Gemini/NIRI K 14 12 -4 -11




Table S3. Log of Spitzer observations. Col. 1: Julian Date since day 2400000; col. 2-4: the flux
densities are listed before removing the quiescent nuclear flux (96.4, 164.3 and 879 mlJy at 3.6, 4.5
and 8.0 um, respectively) and the 10 uncertainties are listed in parentheses. The epoch when the mid-
IR light curves were observed to start rising (2004 Dec. 21.6 corresponding to 2453361.1 JD) has

been adopted as day O in Figures 2, 3 and S2.

Julian Date Flux Flux Flux
(2400000+) density density density
3.6um 4.5pum 8.0nm
(mJy) (mJy) (mJy)
52991.7 96.4(2.9) 165.1(5.0) |875(26)
53152.2 - 162.7(49) |882(26)
53328.3 - 165.2(5.0) |881(26)
53361.1 - 169.1(5.1) |886(27)
53497.2 - 232.5(7.0)  923(28)
53698.6 - 265.4(8.0) [961(29)
53740.3 - 272.0(8.2) |975(29)
53854.0 - 285.0(8.6)  [990(30)
53889.9 - 290.0(8.7) 1000(30)
54064.6 - 314.7(9.4) 1039(31)
54095 4 - 318.6(9.6) 1047(31)
55183.5 - 419(8) -
553464 - 421(8) -
55569.5 - 423(8) -
55732.2 - 408(8) -
55940.9 - 391(8) -
56078.1 - 374(8) -
56302.7 193(19) - -
563240 - 347(7) -
56360.3 195(20) - -
56450.7 190(19) - -
56460.1 - 334.3(7) -
56505.7 191(19) - -
56677.9 - 321(6) -
56682.7 185(19) - -
567374 179(18) - -
56820.7 181(18) - -
56822.1 - 312(6) -
57052.0 168(17) - -
57056.7 - 299(6) -
571954 - 291(6) -
574334 - 282(6) -
57568.3 - 276(6) -




Table S4. Log of interferometric radio observations for the source Arp 299-B AT1. Col. 1:
Julian Date since day 2400000; col. 2: the observing array (EVN=European VLBI Network,
VLBA=Very Long Baseline Interferometry, VLA = Very Large Array, GBT = Green Bank
Telescope); col. 3: observing frequency, in GHz; col. 4: Size of the radio interferometric synthesized
beam at each epoch and for the given array, in (mas x mas); col. 5: peak flux density, in pJy beam™;
col. 6: total flux density in wJy; col. 7: flux density uncertainty, in pJy. The values in cols. 5 and 6 for
the VLA array have been obtained after having subtracted a baseline flux density at each frequency,
following (/7). The quoted flux density uncertainties in col. 7 are 16 when the source is detected, and
include the sum in quadrature of the off-source r.m.s. noise in the image plus the calibration
uncertainties. When the source was not detected, col. 7 gives the 30 upper limit, where 1o
corresponds to the off-source r.m.s. noise of the image. 2004 Dec. 21.6 was adopted as day O,
corresponding to the Julian Date (JD) 2453361.1.

Julian Array Freq. |Beam size Peak flux | Total flux | Flux density

Date (GHz) | (mas x mas) | density (uJy| density | uncertainty

(2400000+) beam™) (WJy) (nJy)

533115 |VLA 8.4 780x730 0 0 390
53372.5 |VLBA+GBT 8.4 2.2x1.2 0 0 99
533725 |VLBA+GBT 2.3 6.6x4.0 0 0 195
53409.5 |VLA 22.5 296x102 2704 2704 820
53539.5 |VLA 22.5 850x300 11395 11395 3450
53568.5 |VLBA+GBT 8.4 1.8x1.2 966 1150 132
53568.5 |VLBA+GBT 2.3 6.5x4.8 0 0 210
53840.5 |VLA 8.4 780x730 7670 7670 2320
54989.5 |EVN 1.7 11.1x8.2 10161 9574 963
549945 |EVN 50 2.7x1.1 5299 7645 767
553445 |EVN 50 3.0x1.0 2124 3967 416
553525 |EVN 1.7 59x2.3 13288 15143 1522
557135 |EVN 50 2.6x0.9 1791 3428 361
557245 |EVN 1.7 8.7x4.0 8195 8893 892
55855.5 |EVN 50 3.2x1.7 2931 3815 391
56074.5 |EVN 8.4 2.1x1.1 697 1557 171
56090.5 |EVN 1.7 10.0x3.8 9037 9547 959
56231.5 |EVN 50 2.4x0.8 4653 4653 489
56348.5 |EVN 50 3.2x14 2149 3187 337
56358.5 |EVN 8.4 1.7x0.8 767 2416 263
56364.5 |EVN 1.7 6.4x3.0 6483 9826 985
56438.5 |EVN 50 2.8x0.9 2150 3078 312
564495 |EVN 1.7 6.9x3.3 6161 9804 983
564525 |EVN 8.4 1.4x0.5 680 770 107
56588.5 |EVN 50 2.6x1.2 1306 3010 307
56601.5 |EVN 8.4 1.6x0.7 760 1349 146
56720.5 |EVN 50 2.7x1.0 1899 2204 224
57085.5 |EVN 50 3.5x14 738 1520 179
57176.5 |EVN+VLBA 8.4 0.7x0.4 95 878 153
57178.5 |EVN+VLBA 50 1.3x0.7 486 2721 316
571855 |EVN+VLBA 1.7 5.1x2.7 2443 5913 603




57605.5 |VLBA 50 5.2x1.5 1152 1841 201
57605.5 |VLBA 1.5 13.7x4.3 4501 5813 597
57605.5 |VLBA 8.4 2.3x0.7 274 562 114
57788.5 |VLBA 50 5.1x1.5 774 1880 200

Table S5. Log of soft X-ray observations. Col. 1: Julian Date since day 2400000; col. 2: name of
the observatory and identificator of the specific observation; col. 3: full observed flux in the
0.3-8 keV energy band, in 10" erg s’ cm™; col. 4: model flux of the power-law spectral
component n the 0.3-8 keV energy band corrected for the photoelectric absorption, in 107"
erg s' cm™; col. 4: photon index of the power-law spectral component; col. 4: equivalent
width of the iron 6.4-keV fluorescent emission line, keV.

Julian Instrument, Full flux Power-law flux | Power-law Fe K
Date Obsld 0.3-8 keV 0.3-8 keV, photon Equivalent
(2400000 (10" erg unabsorbed index Width
+) cm’s™) (10" erg cm*s™) (keV)

52035.5 |XMM-Newton, |7.16"%, 14.90*7 ., 1.87%% e [-0.64%% o
ID 0112810101

55910.5 |XMM-Newton, |8.26%%, 16.35% 4 1.82%% o [-0.317"%
ID 0679381101

52103.5 |Chandra, 1.84%1, o [2.53%% 1.10%%,,,  [-0.31"%,,
Obsld 1641

53415.5 |Chandra, 1.48%%7 1.76%7 ) s 0.99*% ., |-0.597% o
Obsld 6227

56363- Chandra, 2,137 o 317, 1, 136", [-0.7571

56364 Obsld

15077+15619




Table S6. Derived Infrared properties of Arp 299-B AT1. Col. 1: Julian Date since day 2400000;
col. 2-3: blackbody parameters derived for the dates with 4.5um photometry (the 10 uncertainties in
the last digit are listed in parentheses); col. 4: the blackbody luminosity; col. 5: the total radiated
energy obtained by integrating the luminosity over time assuming it changes linearly between the

epochs.

Julian Date |Radius Temperature |Luminosity |Energy
(2400000+) |(pc) (K) (10% erg s |(10°' erg)
53497.2 0.0423(6) 1045(7) 1.54 0.091
53698.6 0.0596(7) 983(6) 2.35 0434
53740.3 0.0646(7) 965(5) 2.53 0.522
53854.0 0.0699(7) 957(5) 2.85 0.786
53889.9 0.0738(8) 943(5) 2.85 0.874
54064.6 0.0883(9) 902(5) 3.56 1.36
54095 .4 0.0914(9) 894(4) 3.66 1.45
55183.5 0.108(1) 919(5) 5.90 5.95
55346 .4 0.112(1) 904(5) 5.90 6.78
55569.5 0.119(2) 877(5) 592 7.92
55732.2 0.126(2) 840(5) 5.57 8.73
55940.9 0.133(2) 803(6) 5.10 9.69
56078.1 0.135(2) 783(5) 472 10.3
56324.0 0.127(3) 771(6) 4.05 11.2
56460.1 0.124(3) 770(6) 3.76 11.7
56677.9 0.123(3) 759(7) 3.53 12.3
56822.1 0.123(3) 748(6) 3.11 12.8
57056.7 0.117(3) 752(7) 3.08 134
571954 0.113(5) 755(7) 2.87 13.7
57433 4 0.112(4) 747(7) 2.70 14.3
57568.3 0.103(3) 766(7) 2.53 14.6

Table S7. Pre- and post-outburst properties of the nucleus B in Arp 299. The luminosities of the
AGN torus (L,gy), starburst (L), and polar dust (L,,,,) components, the AGN fraction (f,sy) and the
polar dust temperature (7,,,,) and covering factor (fc) obtained from the infrared SED fits for Arp
299-B before and after (734 days after the first mid-IR detection corresponding to 2454095 .4 JD) the

outburst.

Pre-outburst

Post-outburst

LAGN(lolO LO) 3'184—0-77.037 3-02“-31.0.66
LSB (1010 LO) 9.84“'15_0.79 9‘91+O.07_0.16
Ly (10°Lo) 0.527% 798 07
fAGN O ‘24+O .04_0.06 O ‘23+O .07_0.04
Tpolar (K) 500 900

fc O ‘03+O .40_0.03 O ‘52+O .26_0.29




Table S8. Best-fit parameters of the TDE jet model for the radio light curves of Arp 299-B AT1.
The jet (col. 1) has a beaming-corrected kinetic energy, E,, and a (constant) half-opening
angle 0;, and its bulk motion is described by the Lorentz factor, I'; p is the index of the
injected power-law of relativistic electrons, €, and €5 are the fractions of post-shock thermal
energy going to relativistic electrons and magnetic fields, respectively, and T, is the fraction
of electrons being accelerated at the shock; r,, is the distance from the central engine at which
E,, is injected; n, and T, are the thermal electron density and electron temperature inside the
AGN torus (col. 2) and in the external medium (col. 3).

Jet Torus External medium
E,=18x10"erg n, (r <r)=37x10* cm™ n, (r>r) =370 (t/r)*’ cm™
0, =6 degrees T,r<r)=10'K T,(r>r)=3x10'K

I' (initial) = 10 T,(r<r<r)= 3x10° K re= 6.75x10" cm

p=30 r,=6.0x10" cm

e, =0.125 r;=6.75x10" cm

e, =0.1

C=1

ry,; = 10" cm




