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Recent all-sky surveys have led to the discovery of new types of transients. These include
stars disrupted by the central supermassive black hole, and supernovae that are 10-100 times
more energetic than typical ones. However, the nature of even more energetic transients that
apparently occur in the innermost regions of their host galaxies is hotly debated™. Here we
report the discovery of the most energetic of these to date: PS1-10adi, with a total radiated
energy of ~ 2.3 x 10°? erg. The slow evolution of its light curve and persistently narrow spec-
tral lines over ~3 yr are inconsistent with known types of recurring black hole variability.

The observed properties imply powering by shock interaction between expanding material



and large quantities of surrounding dense matter. Plausible sources of this expanding mate-
rial are a star that has been tidally disrupted by the central black hole, or a supernova. Both
could satisfy the energy budget. For the former, we would be forced to invoke a new and
hitherto unseen variant of a tidally disrupted star, while a supernova origin relies principally
on environmental effects resulting from its nuclear location. Remarkably, we also discovered
that PS1-10adi is not an isolated case. We therefore surmise that this new population of tran-
sients has previously been overlooked due to incorrect association with underlying central

black hole activity.

We discovered the optical transient PS1-10adi at right ascension 20 h 42 min 44.74 s and dec-
lination 15° 30’ 32.1” (equinox J2000.0) in the Panoramic Survey Telescope and Rapid Response
System 1 (Pan-STARRS1, or PS1) 37 Faint Galaxy Supernova Survey® on 2010 August 15. Within
the root mean square errors, PS1-10adi appeared to be coincident with the centre of Sloan Digital
Sky Survey (SDSS) J204244.74+153032.1, and was =2 mag brighter at peak in all optical bands
than the SDSS data release 7 (DR7)" reference magnitudes. Over a period of ~1,000 d, its light
curves evolve slowly and smoothly (Fig. Il Supplementary Fig. 1); after this phase the quiescent
host galaxy starts to dominate the brightness. The early spectra are dominated by a blue continuum
and narrow (900 km s~!) Balmer lines, consistent with a redshift z = 0.203 £ 0.001. The shape
of the Balmer lines at early epochs is indicative of broadening by electron scattering®. Around
~200 d, the Balmer line profiles show a pronounced asymmetry in the red wing (Fig. 2). Spectra
taken at epochs =3 yr are dominated by the quiescent host, and display signatures of both active

galactic nuclei (AGN) and star-forming galaxies (see Methods). Compared with this quiescent



level, the Balmer line and Mg 11 A\2796,2803 line fluxes increased, without any corresponding

change in the [O 111] A5007 or other forbidden lines (Supplementary Fig. 2).

The U- to M-band photometry of PS1-10adi are well described by two blackbody compo-
nents (see Methods). Over ~1,000 d of monitoring, the hot and warm components evolved from
~11,000 K to ~8,000 K, and ~2,500 K to ~1,200 K, respectively. The blackbody radius of the
hot and warm components peaked at ~8x 10 ¢cm and ~1.3x10'7 cm, respectively. The total
blackbody luminosity (Fig. B) declined slowly and exponentially. Integrating over the blackbody
evolution yields a radiated energy of 1.7 x 10°% erg; however, this is an underestimate given the
early ultraviolet (UV) excess (~20%), and a missing rise-time contribution (~10%) (see Methods

and Supplementary Fig. 3). Thus, we infer the total radiated energy to be 2.3 &= 0.5 x 10°? erg.

Spectroscopically, PS1-10adi bears similarities both to narrow-line Seyfert 1 galaxies? and
to certain types of supernovae (type IIn)® that show signatures of ejecta interacting with dense
surroundings. Mg 11 emission (Supplementary Fig. 2) is commonly observed in both AGN® and

type IIn supernovae’® and is therefore not a discriminant.

We first explore whether PS1-10adi could be linked to reprocessed emission from either an
AGN or a tidal disruption event (TDEY". We begin by considering AGN variability. AGN typically
vary by only a few tenths of a magnitude, and do so stochastically’? (Fig. @). This cannot account
for the smooth 22 mag brightening of PS1-10adi. The increase in the continuum brightness of
‘changing look quasars’ arises from changes in the accretion rate or line-of-sight extinction3,

and is directly and positively correlated with the emission from the AGN broad-line region. For



PS1-10adi, this is not the case (Fig. 2)): the Ha emission at peak is as narrow (full-width at half
maximum (FWHM) ~ 900 km s~!) as the underlying narrow-line region (FWHM o111 As007 ~ 700
km s7!), and significantly narrower than the broad-line region component (~2,800 km s~') as
estimated from the quiescent host galaxy spectrum at +1,600 d. The narrow-line region of Seyfert
galaxies lies at ~ 102 — 10° pc (ref.™), corresponding to a light travel time of > 102 yr, and cannot
therefore vary on the observed timescales of PS1-10adi. Note that the emission lines in the broad-
line region are expected to become somewhat narrower (FWHM o L~'/*), where the underlying
AGN luminosity, L, increases due to gas at higher distances being photoionized. However, the
observed luminosity increases by approximately a factor of ~10, which would lead to ~1,600 km
s~! emission lines from the broad-line region of the PS1-10adi host, that we do not see. To obtain
features that are even narrower, by approximately a factor of ~2 (as observed), would require a
luminosity increase by a factor of =100. Additionally, such a luminosity variation is not thought
to be accompanied by the appearance of a kinematically distinct component that we do observe.
Furthermore, high-state AGN show a UV excess associated with thermal emission of the accretion
disk close to ~1,500 A, and have a distinctive break in the continuum slope near 5,000 A (ref. [8h
No such break is seen in the spectra of PS1-10adi at any epoch, and our UV observations suggest
that the spectral energy distribution (SED) peaks at ~2,500 A. We conclude that known classes of
AGN variability cannot account for PS1-10adi. If this is a new type of AGN behaviour, then the

underlying physical mechanism remains to be identified, as do the relevant timescales.

Gravitational tidal forces close to a central black hole can shred a star that passes too close

to it. Such events are expected to be bright as they are powered by the accretion luminosity of a



fraction of the stripped stellar material onto a massive black holeé'Z. Compared with PS1-10adi,
canonical TDE light curves decline too rapidly (Fig.[3), but it is conceivable that some TDEs could
have slower decline rates. However, the blackbody temperatures of PS1-10adi are lower, and
evolve faster than expected for TDEs. More importantly, the optical spectra of TDE candidates are
either relatively featureless, or show broad (a FWHM of thousands of km s~') H or He emission
lines™1 a5 expected for material close to a black hole. Reported TDEs have been found primarily
in poststarburst galaxies™, and do not display signatures indicative of dense ambient material.
Even the transient ASASSN-151n%2 which has comparable peak brightness, has markedly different

spectra and a distinctively different host galaxy.

Based on a phenomenogical reprocessing model2? (see Methods), we estimate the amount
of material required to reprocess radiation from a power source (AGN or TDE). To reproduce the
peak luminosity, a shell or layer of ~9 solar masses (M), and an accretion rate of ~ 0.2 M, yr—!
is required. However, the blackbody radius of PS1-10adi at peak is roughly consistent with the size
of a Seyfert broad-line region™, 10=2 — 10! pc, which would give rise to broad emission lines (a
FWHM of thousands of km s~'), inconsistent with the observations (900 km s~!). Furthermore,
the source of the red shoulder of the Balmer lines is not clear, and disfavours a purely reprocessing

shell without interaction as the source of emission for PS1-10adi.

We now discuss whether the observed characteristics of PS1-10adi could result from the in-
teraction of expanding ejecta with a dense medium. In the classical interaction model, the ejecta

crash into dense surrounding material, resulting in an outward-moving forward shock, and a reverse



shock that recedes into the ejecta. This results in the efficient conversion of kinetic energy into ra-
diative output2!, with the narrow emission lines arising from the slow-moving ambient medium.
We interpret the appearance of a red shoulder (Fig. 2) in the Balmer lines as the shock in the ex-
panding ejecta. The absence of such a prominent broad feature in the weak blue wing is suggestive
of a non-spherical ejecta geometry, rather than being due to electron scattering. The red shoulder
cannot be attributed to [N I1] A\6584 given the absence of the [N 1] A6548 line and the similarity
of the Balmer line profiles. The asymmetric nature of PS1-10adi does not allow us to model the
data reliably, leading to degeneracies in model parameters. However, the inferred luminosity of
PS1-10adi suggests a large mass of surrounding material. A number of different mechanisms can

contribute to the build-up of material around a massive star, some of which are discussed below.

It has been proposed®23 that runaway mergers of massive stars in dense and young stel-
lar clusters can give rise to very massive H-rich circumstellar medium, resulting in ultrabright
supernovae. Suitable dynamical conditions are expected in massive clusters that reside in the
high-density central regions of an active galaxy. An exciting possibility is that a dense AGN
environment can provide suitable conditions for high interstellar-medium pressure as well as the
photoionizing radiation to trap a large fraction of the mass lost from the progenitor?*. Furthermore,
the interstellar-medium density of the narrow-line region of Seyfert galaxies'® can itself be compa-
rable (electron density n, = 10° electrons cm™?) to the circumstellar medium around interacting

supernovae, thereby providing material to slow the ejecta.

Interestingly, it may also be possible to recreate a type-IIn-like scenario via a TDE. Approx-



imately 50 % of the stellar material falling towards a black hole in a TDE is initially loosely bound
to the black hole. If the radiative cooling of the bound material is inefficient, only a small fraction
(< 1) can accrete onto the black hole?®. High-energy radiation arising from the accretion powers
an outflow of the initially bound material with a velocity of ~10* km s~!; that is, the shell of
material becomes unbound and mimics expanding ejecta. The model is qualitatively similar to an
engine-powered supernova. In a Seyfert galaxy, the broad-line region gas clouds have high densi-
ties (ne > 10° electrons cm Y4, If swept up by expanding TDE material, the shock interaction
can give rise to narrow emission lines and slow light-curve evolution, as observed in many narrow-
line supernovae. Passive elliptical galaxies lack this high-density environment. Thus, such events
should preferentially occur in the high-pressure environments of active host galaxies. Indeed, even
for intrinsic black hole variability, provided a suitable — but as yet unknown — mechanism is found
for outflowing material, interaction with the broad-line region clouds could result in narrow-line
emission spectra. We conclude that, for both the supernova and TDE cases, interaction with a

surrounding medium can account for the observed properties, although some unexplained points

remain, especially for the TDE case.

We searched through the PS1 and other transient databases and discovered a population
of transients with characteristics that are remarkably similar to those of PS1-10adi (see Supple-
mentary Table 1 and Methods for details of four further candidates). So far, these have mostly
been ignored and attributed to normal AGN activity. We propose that they are a distinct, and
probably not uncommon, class of transients that have not been recognised as such until now

(Fig. @). PS1-10adi appears to be the most extreme case when compared with transients such as



CSS100217:102913+404220 (hereafter, CSS100217) and PS1-13jw. The former is also spectro-
scopically similar to PS1-10adi’. Intriguingly, all three host galaxies display AGN characteristics
and line ratios that suggest ongoing star formation (Supplementary Fig. 4). The Large Synoptic
Survey Telescope will discover hundreds of PS1-10adi-like transients, and the exquisite resolution
of the Extremely Large Telescope (0.006” in the J band) will allow the nuclear regions of z = 0.1
galaxies to be probed at the 10 pc scale, opening up systematic studies of this new population of

nuclear transients.
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Figure 1: Absolute magnitude )/, (Vega system) light curves of PS1-10adi. a, The light curves
are corrected for redshift, contribution of the host galaxy, Galactic extinction and luminosity dis-
tance. A K correction has also been applied. The rest-frame epoch, .., is given relative to the es-
timated time of optical maximum (see Methods). This yields peak optical magnitudes close to —23
mag. The NIR peak occurred roughly 100 d later, reaching an H-band magnitude of My ~ —25
mag. The different symbols show different filters, and the UBV-band light curves are shifted for
clarity as indicated in the key. b, Residuals A Mg from a low-order polynomial fit around the peak
of the B-band light curve show that the evolution is smooth. Over a ~3 yr monitoring period, no

short-term fluctuations are evident. The 1o uncertainties are smaller than the symbols.
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epochs. a, The Balmer lines at early epochs are narrow (900 km s~1). The +201 to +349 d
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flux, F, has been subtracted from the Ha flux, Fy,. The velocity, v, is given relative to the line
peak velocity, vpeak. b, Ha and Hf profiles, where F' is the flux, normalized with the peak flux,

Fcak, at +349 d, showing the similarity of the red shoulder of the Balmer line profiles.
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Figure 3: Pseudobolometric JHK-, UBVRI- and UBVRIJHK-band and blackbody luminos-
ity evolution of PS1-10adi. The total hot and warm blackbody luminosity has a decline rate of
Lpg(t) o< e~*/3%0, The expected light curve evolution from a selection of scenarios is also shown:
the canonical bolometric decline rate of tidal disruption flares'” is L oc ¢t~°/3; radioactive decay of
%6Co L oc e */M1:26 gynthesized in supernova explosions; and superluminous supernova*>43 mod-
els of magnetar (a rapidly spinning and highly magnetized neutron star) spin-down energy** have a
L oc t=2 decline rate. For PS1-10adi, the observed luminosity evolution is slower than that of any
of the above. The blackbody luminosity with (BB+UV) and without (BB) an additional estimated

20% UV component are also shown.
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Figure 4: Sample of PS1-10adi-like transients. a-b, R-band images of the PS1-10adi field at
two epochs: +182 d (a) and +1,216 d (b). ¢, Difference between the two epochs, clearly showing
PS1-10adi. d-h, False-colour SDSS gri images of the host galaxies (see Supplementary Table 1).
All fields are 1.5" x 1.5'. i, The normalized light curves of PS1-10adi, CSS100217 (ref. III) and
PS1-13jw (see Methods), compared to 660 narrow-line Seyfert 1 galaxies (<18 mag) from the
Catalina Surveys®? DR2 (blue dots). A representative error for narrow-line Seyfert 1 galaxies is
shown in the key. The average quiescent magnitude, (m, ), has been subtracted from the observed
magnitudes, m,. The observer-frame epoch, ., is given relative to the estimated light-curve
maximum. j, Absolute light-curve comparison including SN 2006gy>? (a superluminous type IIn
supernova), PS 1—10j (aTDE), ASASSN-151H28 (a H-poor superluminous supernova or a TDE)
and three further PS1-10adi-like candidates J094806, J094608 and J233454 (see Methods) from
Catalina DR2. The light curves are in R-, r-, Vgs- and V-bands as shown in the key. The 1o
uncertainties are typically smaller than the symbols for named transients. For PS1-10adi and PS1-
13jw, the errors computed in quadrature include contributions from point spread function and

zeropoint variations.
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Methods

Basic parameters. This study assumes a Hubble constant Hy = 69.6 km s~ Mpc~!, a cosmolog-
ical constant {2, = 0.714 and a matter density {2y = 0.286%6. The redshift z = 0.203 + 0.001 from
the Balmer lines of PS1-10adi corresponds to a luminosity distance Dy = 1.00 + 0.01 Gpc and
a distance modulus of 1 = 40.00 £ 0.02 mag. The redshift is in agreement with the SDSS DR7°
photometric z = 0.219 + 0.025 of the host galaxy SDSS J204244.74+153032.1. For the other
transients in our sample (see Supplementary Table 1), we adopt the spectroscopic redshifts from
SDSS. From the recent calibration of the Galactic dust map??, Galactic line-of-sight extinctions
are adopted, for example a V-band extinction Ay = 0.281 mag for PS1-10adi. The spectra of PS1-
10adi do not show a feature due to Na1 A\5890,5896 doublet, which is consistent with low host
galaxy extinction. We therefore only apply a correction only for Galactic extinction, and likewise

for the other transients.

Optical and near-infrared imaging. Imaging observations were reduced in a standard man-
ner. Nordic Optical Telescope (NOT) observations with ALFOSC were reduced using the quba
pipeline®, and StanCam data were reduced using basic iraf tasks. Liverpool Telescope (LT) data
products of the RATCam and 10:0 instruments were automatically processed by the LT pipeline.
LT imaging using the uBVri filters was calibrated directly into the ultraviolet-blue-visual-red-
infrared (UBVRI) system. Early imaging was obtained with the PS1 gigapixel camera (GPC1) as
part of the 37 survey in PS1 photometric system filters gp1, 7p; and ip; (ref.2%). The gri calibrated
GPC1 magnitudes were converted into BVRI magnitudes using magnitude transformations®. The

near-infrared (NIR) data from the NOTCam instrument at the NOT were reduced with the exter-
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nal notcam package (version 2.5) within iraf. Point spread function photometry of the imaging
data was carried out using the quba pipeline. We estimated the optical peak epoch, t,eax, of PS1-
10adi by fitting a third-order polynomial to the observed V-band light curve close to maximum,
which yielded a rough ¢, estimate of Julian day 2455443. The optical and NIR photometry of

PS1-10adi and its host galaxy are reported in Supplementary Tables 2 and 3.

By around day 1,200 in the observer frame, the evolution of PS1-10adi had plateaued at
values consistent with the optical SDSS DR7 reference magnitudes. We consider the tail phase
to be dominated by the (quiescent) host galaxy. Therefore, we adopt the observed magnitudes at
+1,242 d (rest frame) as the host galaxy magnitudes, my,.s, and subtract this contribution from
the observed magnitudes, m,s, in a standard way, to obtain the magnitudes, m, of the transient:

m = —2.5logo(10704mebs — 10~04mhost ),

Space-based observations. UV imaging data of PS1-10adi were obtained with the Swift Gamma-
Ray Burst Mission space telescope using the UVOT instrument. The HEASOFT tasks were used to
sum the individual exposures and carry out the aperture photometry. The resulting UV photometry
is listed in Supplementary Table 4. Fortuitously, the field of PS1-10adi has been observed at 3.4 um
and 4.6 um with the postcryogenic Wide-field Infrared Survey Explorer (WISE) space telescope.
We obtained multi-epoch photometry from the ALLWISE and NEOWISE catalogues for PS1-
10adi in individual WISE frames, and calculated the weighted average magnitudes in these bands

for effective epochs of observations.
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Bolometric evolution. For the pseudobolometric light curves, the observed magnitudes were cor-
rected for Galactic extinction, converted to fluxes at effective wavelengths and corrected for red-
shift. Integrating the SED for each epoch yields the bolometric evolution. For epochs where no

measurements were available, these were estimated primarily via linear interpolation.

Blackbody approximation. To approximate the blackbody evolution of PS1-10adi, the quiescent
host galaxy contribution was subtracted from the observed magnitudes, which were subsequently
converted to fluxes following corrections for Galactic extinction and redshift. Two blackbody
components were required to explain the SED (Supplementary Fig. 3), and were derived by min-
imizing the y? value of the fit for each epoch of photometry. During the first 1,000 d of evolution
after the optical maximum, both hot and warm blackbody components decrease in temperature
(Thot and Tyarm, respectively), with i, evolving from ~11,000 K to ~8,000 K and T, from
~2,500 K to ~1,200 K. The radius of the hot component, Ry, decreases from ~6x10'° cm
to ~1x10" cm. The radius of the warm component, Ry, increases from ~5x10% cm to
~1.3x 10" cm within ~200 d and then stays fairly constant. A plausible explanation for this be-
haviour is that the warm component arises from reprocessed optical radiation by surrounding dust.
The initial value of Ti..m ~ 2,500 K is high enough for some dust to be evaporating. With time,
Ry arm reaches a constant radius at ~200 d coincident with Ty, =~ 2,000 K, suggestive of the NIR
emission being dominated by amorphous carbon grains, which have a high evaporation temperature
(~2,000—3,000 K depending on the particle size), in contrast to that of silicate dust (~1,500 K).
The peak luminosity of PS1-10adi suggests'? a dust evaporation radius of ~3 x10'7 cm, which

is consistent with Ry, at 4200 d. Similar NIR component has been observed, for example, in

23



type IIn SN 20101 with early Tyam 22,300 K followed by a decline®!. Since the line-of-sight

extinction of PS1-10adi appears to be low, the dust distribution can be asymmetric/clumpy.

The Swift UV points at +27 d and +80 d lie above the two-component blackbody fit. We es-
timate that this UV excess contributes an additional ~20% to the total luminosity. An exponential
fit to the IR emission yields a rise time of ~115 d (similar to the optical rise time of PS1-13jw)

and suggests an additional contribution of ~10% to the total radiated energy of PS1-10adi.

K correction. Due to the lack of high cadence time series of optical and NIR spectra, the K
corrections for the host subtracted light curves were derived iteratively from the observed photom-
etry. Each epoch of photometry was fitted with a two-component blackbody as described above,
to approximate the underlying SED from optical to NIR. These rest-frame blackbodies were red-
shifted back to the observer frame and were used to derive the K corrections. The BVRIJHK filter
magnitudes were corrected to UBVRIJH. The observed U-band (and UV) magnitudes were not K
corrected, since the shape of the SED in the UV region is uncertain. Likewise, the PS1-13jw griz
magnitudes were K corrected to ugri and transformed®? to the Johnson-Cousins system for Fig. @
For CSS100217, the K corrections were taken from the literaturel, while PS 1-10jh, ASASSN-151h

and other Catalina Real-Time Transient Survey?? targets were K corrected using —2.5log,(1 + 2).

Optical spectroscopy. We acquired a spectroscopic time series (Supplementary Fig. 2) of PS1-
10adi using ALFOSC at the NOT, and the ISIS instrument at the William Herschel Telescope
(WHT). The data reduction included bias subtraction and flat field correction. Wavelength cali-

bration of the extracted one-dimensional spectra was carried out using arc lamp exposures; small
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offsets were derived to this calibration by cross-correlation with sky lines. Relative flux calibra-
tion was carried out using the sensitivity curves of the instrument derived from similarly processed
observations of well-known spectroscopic standard stars, obtained with an identical setup. The
above-mentioned steps were executed within the quba pipeline. Absolute flux calibration was per-
formed by integrating over the spectra with the appropriate broadband filter transmission functions,
and deriving scaling factors by comparing them with the observed photometry. Extinction and red-
shift corrections were carried out using standard iraf tasks. Line identifications are based on those

of type IIn SN 2009kn (ref. 33,

X-ray observations. Our UVOT observations of PS1-10adi were accompanied by 0.3—10 keV
observations with the X-ray Telescope onboard Swift. We downloaded the photon counting-mode
Level 2 event data products from the Swift archive. For the four epochs of 2010 data during the
PS1-10adi event, no signal was observed at the location of PS1-10adi. The 30 upper limits were
estimated with the sosta task in the HEASoft package ximage, and likewise for the 2015 July 18
epoch. However, sosta found 2.60 and 1.40 sources close to the location of PS1-10adi, in the
July 19 and 20 datasets, respectively. The possible detection on July 19 yields a source intensity
of 3.5+ 1.4 x 1072 counts s~ or 1.8 & 0.7 x 10*® erg s~! (full 0.3—10 keV range), corrected
for poinst spread function, sampling dead time and vignetting. The X-ray sosta measurements are
listed in Supplementary Table 4. The count rates were converted into flux using the HEASARC
WebPIMMS tool, assuming a power law photon index ' = 2, and adopting a Galactic H1 column

density®* Ny = 6.48 x 10%° cm™2.

Optical and NIR observations of PS1-10adi around 1,800 d (observer frame) revealed an
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episode of slow brightening; we name this event as the ‘2015 bump’. This light-curve evolution is
consistent with the optical variability of narrow-line Seyfert 1 galaxies (Fig. d). The unchanging
line profiles (Supplementary Fig. 2), and the 2.60 X-ray source at the onset of the 2015 bump,
are also in agreement with Seyfert variability. The 2015 bump is probably not connected to the

PS1-10adi event.

Radio observations. We retrieved archival data of PS1-10adi targeted by the Karl G. Jansky Very
Large Array in D-configuration on 2010 September 10.2 Universal Time, +5.6 d (project code:
AS1020). Observations were obtained at 5.0 GHz (C band), and we carried out the data reduction
in a standard manner using the Common Astronomy Software Applications package. This yielded
an upper limit of F' < 65.252 pJy at the location of PS1-10adi, corresponding to a radiated energy
of < 7.8 x 10%® erg s~! Hz™!, or < 6.5 x 10 erg s~' Hz™! in the rest frame. However, radio
emission of a type IIn supernova with a very massive circumstellar medium could be completely

free-free absorbed for up to a few years.

Reprocessing shell. Our first-order approximation for a reprocessing shell is a spherical, stand-
ing, optically thick (an optical depth 7 > 1) H-rich shell surrounding a supermassive black
hole (SMBH)?®. The SMBH and shell masses can be estimated Mgypy = o1 Lgaq/ (ArGmyc)
and Mg = 8wmpr)h0t In(Rphot / Rsheirin) /0T, respectively, where m,, is the proton mass, ¢
is the velocity of light, GG is the gravitational constant, o is the Thomson scattering cross-
section, Rphet 1S the photospheric radius and Rgpep in s the inner radius of the shell, and we as-
sume Rpnot/Rsnenin ~ 100. At light-curve peak, assuming Ryt ~ Rpp ~ 8 X 10 c¢cm and

1

Lidd = Lpeax &~ 7 x 10* erg s7!, where Rpp is the blackbody radius, Lrqq is the Eddington lu-
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minosity and L. 1s the peak luminosity, yields Mg, =~ 9 Mg and Mgypn ~ 6 X 108 M,,. This
is in reasonable agreement with Mgypy ~ 107 M, estimated from the luminosity and FWHM
of the Hov and H lines®. An accretion efficiency of € = 0.1 would suggest an accretion rate of
ec?/L =~ 0.2 M, yr—!, with an increase of a factor of ~100 compared with the quiescent level to
explain the 22 mag light-curve brightening. The Rpp at peak is roughly consistent with the size
of an AGN broad-line region, and a velocity v ~ (G Msypy/Rpg)'/? suggests ~3,000—4,000 km
s~1, inconsistent with the observations (900 km s~1). It is also probable that My, < Mgy in
Seyfert galaxies, where Mprg is the mass of the broad-line region % The internal energy of the

shell is sufficient to cover the radiated energy, and could radiate up to tens of years??.

Additional candidates. PS1-13jw was flagged as a transient in the PS1 Medium Deep survey,
field MDO3, on 2013 February 6. It was contextually classified as an AGN, and no spectra were
obtained. With the aim of discovering PS1-10adi-like events, we recovered PS1-13jw after eye-
balling Pan-STARRS Transient Science Server light curves of events with hosts that have been
spectroscopically classified as Seyfert galaxies®? and other AGNS within z = 0.1 — 0.4, and have

>20 (in a single filter) automatic detections after reference image subtraction.

We also searched for PS1-10adi-like events from the Catalina Surveys®2 DR2 among the
above-mentioned active hosts. Each downloaded light curve was processed by rejecting the bright-
est and faintest 5% of the data points. The quiescent level () was defined as the average of the
faintest 50% of the remaining data. The brightest point of the remaining data was defined as the
peak P. The standard deviation of the remaining data (<20 mag) was defined as the scatter .S of

the data. Targets with >100 data points, () < 18.5 mag, S < 0.3 mag, P — @) > 0.5 mag and
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P — (@ > 4 x S were selected for eyeballing. Three potential candidates (Fig. ) were identified.

Host galaxies. By +1,216 d, PS1-10adi was roughly the same brightness as the (quiescent) host
galaxy. We obtained deep 9x 120 s exposures of the field in the R band and I band (seeing ~0.7"),
and estimate the (point source) 5o image depth as mg > 23.7 and m; > 23.2 mag. The stacked
images reveal neither signs of structure in the host galaxy nor a foreground lensing galaxy (Fig.d).
Furthermore, no lower redshift features are apparent in the spectra. This argues against the possi-

bility that PS1-10adi is amplified by a gravitational lensing event®.

To spatially compare the position of the transient PS1-10adi to that of the host galaxy, we
aligned the +182 d ALFOSC R-band follow-up image of PS1-10adi (pixel scale 0.190” per pixel,
FWHM ~ 0.6”) with the above-mentioned deep +1,216 d StanCam R-band image of the field
(pixel scale 0.176” per pixel). A general geometric transformation using the iraf tasks geomap
and geotran, based on 36 stars in both images, yielded a root mean square error of 25 mas. The
pixel coordinates of PS1-10adi and the centre of the point-like host galaxy were measured using
three centering algorithms (Gaussian, centroid and ofilter). This resulted in an average offset of
21 mas (0.12 pixels). We conclude that PS1-10adi is coincident with the host galaxy nucleus
within <0.046”. At an angular size distance of 694 Mpc this corresponds to a projected distance
of <150 pc from the host nucleus. This is of the same order as the projected ~350 pc host nucleus

distance of the superluminous type IIn SN 2006gy>°.

Gaussian components were fitted to the line profiles of the +1,600 d spectrum of the (quies-

cent) PS1-10adi host galaxy, and the narrow-line component ratios were compared to the theoret-
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ical curves in a spectral line ratio Baldwin-Phillips-Terlevich (BPT)*! diagram (Supplementary
Fig. 4). Aside from the Balmer lines, the spectrum shows weak forbidden lines suggestive of an
H 11-dominated host. However, the broad base of the Balmer line profiles suggests the presence of
an AGN and supports the classification as a narrow-line Seyfert 1 galaxy. For the host galaxies of
other transients in our sample, we used the SDSS DR7 spectra to derive the line ratios. Similar to
PS1-10adi, the PS1-13jw and CSS100217 hosts display line ratios that are indicative of ongoing
star formation. J094608, and possibly J094806, hosts are potential composite galaxies, whereas

the host of J233454 is AGN dominated.

Data availability. The data that support the findings of this study are available from the corre-

sponding author upon reasonable request.
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Supplementary Table 1: PS1-10adi-like transients.

Transient Host Typéll ROSAT? 2l AVG&IQ Mg host  Tpeak,event
(mag)  (mag) (D)
PS1-10adi  SDSS J204244.74+153032.1 - N 0.203  0.281 —-19.7 2455443
PS1-13jw  SDSS J084453.56+425744.8  Sln Y 0.345  0.086 —22.2 2456435
CSS100217 SDSS J102912.58+404219.7 S1 N 0.147  0.040 —21.2 2455251
1094806 SDSS J094806.55+031801.9 AGN N 0.207 0.113 —-21.5 2454980
J094608 SDSS J094608.49+351222.4  Sln Y 0.119  0.029 —20.7 2455735
1233454 SDSS J233454.07+145712.8 S1 N 0.107  0.196 -20.5 2455220
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Supplementary Table 2: Optical photometry for PS1-10adi (no host subtraction) with the 1o errors
given in brackets.

Date JD trest my mpg my mg mr Instrument

(UT) (24000004) (d)  (mag) (mag) (mag) (mag) (mag)
2010-07-14.38  55391.88 —42 - 18.18(0.03) 17.73(0.01) - - GPC1
2010-08-15.39  55423.89 —16 - 17.86(0.01) 17.41(0.01) 17.04(0.02) - GPCl1
2010-08-19.30  55427.80 —13 - - - - 16.65(0.05) GPC1
2010-08-29.93 55438.43 —4 - 17.65(0.01) 17.39(0.01) 17.14(0.01) 16.71(0.01) ALFOSC
2010-09-02.90  55442.40 0 17.08(0.02) 17.67(0.01) - - - ALFOSC
2010-09-11.07  55450.57 6 17.17(0.02) 17.75(0.01) 17.44(0.01) 17.15(0.01) 16.73(0.01) ALFOSC
2010-09-17.86  55457.36 12 - 17.77(0.02) 17.42(0.02) 17.12(0.01) 16.70(0.02) RATCam
2010-09-30.88  55470.38 23 - 17.78(0.02) 17.49(0.01) 17.16(0.01) 16.72(0.01) RATCam
2010-10-06.82  55476.32 28 17.29(0.02) 17.82(0.01) 17.50(0.01) 17.22(0.01) 16.75(0.01) ALFOSC
2010-10-09.83 55479.33 30 - 17.80(0.01) 17.47(0.01) 17.16(0.01) 16.73(0.01) RATCam
2010-10-21.88  55491.38 40 17.27(0.02) 17.88(0.01) 17.52(0.01) 17.24(0.01) 16.76(0.01) ALFOSC
2010-10-27.81 55497.31 45 - 17.88(0.01) 17.55(0.01) 17.22(0.01) 16.75(0.01) RATCam
2010-11-06.83 55507.33 53 17.36(0.03) 17.95(0.02) 17.61(0.01) 17.28(0.01) 16.79(0.01) RATCam
2010-11-08.83 55509.33 55 17.45(0.02) 18.02(0.01) 17.64(0.01) 17.33(0.01) 16.83(0.01) ALFOSC
2010-11-16.91 55517.41 62 - 18.04(0.05) 17.67(0.02) - 16.82(0.02) RATCam
2011-03-28.25  55648.75 171 17.98(0.03) 18.64(0.02) 18.13(0.01) 17.87(0.02) 17.25(0.01) ALFOSC
2011-04-10.23 55661.73 182 - 18.70(0.02) 18.23(0.01) 17.92(0.01) 17.30(0.01) ALFOSC
2011-06-06.12  55718.62 229 18.28(0.02) 18.87(0.01) 18.44(0.01) 18.15(0.01) 17.42(0.02) ALFOSC
2011-07-31.97  55774.47 276  18.39(0.04) 19.09(0.02) 18.60(0.01) 18.27(0.01) 17.57(0.03) ALFOSC
2011-09-04.87  55809.37 305 18.54(0.05) 19.20(0.02) 18.77(0.02) 18.44(0.02) 17.74(0.01) ALFOSC
2011-10-28.82  55863.32 349 18.60(0.03) 19.30(0.02) 18.83(0.01) 18.52(0.02) 17.84(0.02) ALFOSC
2012-12-18.80  56280.30 696 - - 19.49(0.03) 19.10(0.02) 18.34(0.03)  StanCam
2013-04-26.18  56408.68 803 - - 19.56(0.06) 19.19(0.04) 18.38(0.04) StanCam
2013-09-22.00  56557.50 926 19.50(0.12) 20.23(0.06) 19.75(0.04) 19.29(0.02) 18.59(0.03) StanCam
2014-09-05.04  56905.54 1216 - - - 19.49(0.02) 18.76(0.02) StanCam
2014-09-31.02  56931.52 1237  19.65(0.05) 20.41(0.04) 19.77(0.03) 19.36(0.03) 18.59(0.04) ALFOSC
2014-10-06.94  56937.44 1242 19.73(0.08) 20.40(0.05) 19.94(0.03) 19.47(0.02) 18.70(0.03)  StanCam
2015-06-18.19  57191.69 1454 19.48(0.03) 20.20(0.02) 19.78(0.02) 19.39(0.03) 18.79(0.03) ALFOSC
2015-07-03.07  57206.57 1466 19.46(0.07) 20.19(0.06) 19.75(0.04) 19.37(0.03) 18.73(0.04) StanCam
2015-08-03.10  57237.60 1492  19.24(0.05) 19.99(0.04) 19.50(0.03) 19.18(0.02) 18.57(0.03) StanCam
2015-09-03.04  57268.54 1517 19.11(0.05) 19.85(0.04) 19.48(0.03) 19.01(0.03) 18.47(0.03) StanCam
2015-09-11.89  57277.39 1525 - 19.84(0.02) 19.47(0.02) 19.07(0.02) 18.48(0.02) 10:0
2015-09-27.90  57293.40 1538 - 19.67(0.09) 19.36(0.06) 18.97(0.03) 18.35(0.03) 10:0
2015-10-10.90  57306.40 1549 - 19.88(0.02) 19.47(0.02) 19.07(0.01) 18.42(0.02) 10:0
2015-10-27.92  57323.42 1563 - 20.01(0.09) 19.49(0.04) 19.09(0.03) 18.50(0.03) 10:0
2015-10-27.93 57323.43 1563  19.36(0.09) 20.01(0.07) 19.51(0.05) 19.13(0.03) 18.56(0.03) StanCam
2015-11-20.86  57347.36 1583 - 20.04(0.05) 19.53(0.03) 19.11(0.02) 18.49(0.03) 10:0
2015-11-23.88  57350.38 1586 - 19.96(0.09) 19.45(0.04) 19.01(0.04) 18.52(0.04) StanCam
2016-03-30.22  57477.72 1691 - 20.00(0.13)  19.59(0.09) - - 10:0
2016-04-13.19  57491.69 1703 - 20.03(0.06) 19.60(0.03) 19.10(0.02) 18.49(0.03) 10:0
2016-04-27.22  57505.72 1715 - 20.18(0.07) 19.65(0.04) 19.20(0.02) 18.55(0.03) 10:0
2016-05-25.18  57533.68 1738 - 20.21(0.06) 19.70(0.04) 19.28(0.02) 18.63(0.03) 10:0
2016-07-06.10  57575.60 1773 - 20.14(0.03) 19.67(0.02) 19.23(0.02) 18.58(0.02) 10:0
2016-08-03.02  57603.52 1796 - 20.20(0.03) 19.76(0.02) 19.26(0.02) 18.66(0.03) 10:0
2017-03-15.26  57827.76 1982 - 20.02(0.11) 19.60(0.07) 19.12(0.04) 18.56(0.04) 10:0
2017-04-08.24  57851.74 2002 - 20.26(0.07) 19.61(0.05) 19.21(0.02) 18.66(0.04) 10:0
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Supplementary Table 2: continued.

Date JD trest my mpg my mg mr Instrument

(UT) (24000004) (d)  (mag) (mag) (mag) (mag) (mag)
2017-04-24.21 57867.71 2016 - 20.12(0.05) 19.70(0.03) 19.27(0.02) 18.65(0.02) 10:0
2017-05-13.19  57886.69 2031 - 20.24(0.08) 19.65(0.04) 19.26(0.02) 18.64(0.03) 10:0
2017-05-28.07  57901.57 2044 - 20.25(0.05) 19.60(0.03) 19.18(0.02) 18.58(0.03) 10:0
2017-06-11.09  57915.59 2055 - 20.33(0.11) 19.78(0.07) 19.19(0.03) 18.58(0.04) 10:0
2017-06-25.11 57929.61 2067 - 20.22(0.15) 19.74(0.60) 19.36(0.08) 18.72(0.06) 10:0
2017-07-10.08  57944.58 2079 - 20.41(0.11) 19.64(0.06) 19.38(0.03) 18.74(0.05) 10:0
2017-08-01.06  57966.56 2098 - 20.28(0.03) 19.79(0.02) 19.33(0.02) 18.70(0.03) 10:0
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Supplementary Table 3: IR photometry for PS1-10adi (no host subtraction) with the 1o errors
given in brackets.

Date JD trest my mg mg M3.4pm M4.6,m Instrument

(UT) (24000004) (d)  (mag) (mag) (mag) (mag) (mag)
2010-05-09.90  55326.40 —-97 - - - 14.48(0.02) 13.67(0.03) WISE
2010-09-29.88  55469.38 22 16.06(0.02) 15.39(0.02) 14.61(0.02) - - NOTCam
2010-10-28.87  55498.37 46 15.95(0.03) 15.11(0.04) 14.39(0.02) - - NOTCam
2010-11-05.20  55505.70 52 - - - 13.29(0.01) 12.68(0.01) WISE
2010-11-18.85  55519.35 63  15.94(0.03) 15.17(0.03) 14.32(0.02) - - NOTCam
2010-12-12.84  55543.34 83 15.93(0.03) 15.14(0.02) 14.24(0.02) - - NOTCam
2011-05-16.20  55697.70 212 16.33(0.02) 15.41(0.01) 14.41(0.02) - - NOTCam
2011-06-11.11 55723.61 233 16.44(0.02) 15.50(0.02) 14.41(0.02) - - NOTCam
2011-08-14.14  55787.64 286 16.62(0.02) 15.67(0.02) 14.55(0.02) - - NOTCam
2011-09-14.03 55818.53 312 16.71(0.02) 15.75(0.02) 14.63(0.02) - - NOTCam
2012-05-07.18  56054.68 508 17.20(0.02) 16.26(0.02) 15.07(0.02) - - NOTCam
2012-07-05.13 56113.63 557 17.24(0.02) 16.34(0.03) 15.14(0.01) - - NOTCam
2012-08-06.15 56145.65 584 17.39(0.02) 16.48(0.02) 15.28(0.02) - - NOTCam
2012-09-07.96  56178.46 611 17.46(0.02) 16.53(0.02) 15.34(0.03) - - NOTCam
2013-10-19.95  56585.45 950 17.90(0.03) 17.06(0.03) 15.89(0.02) - - NOTCam
2013-12-16.82  56643.32 998 17.79(0.03) 17.03(0.02) 15.92(0.03) - - NOTCam
2014-05-11.18  56788.68 1119 - - - 14.32(0.02) 13.27(0.02) WISE
2014-05-20.20  56797.70 1126 17.92(0.03) 17.21(0.03) 16.10(0.03) - - NOTCam
2014-06-10.19  56818.69 1144  17.95(0.03) 17.17(0.03) 16.10(0.03) - - NOTCam
2014-07-10.14  56848.64 1168 17.97(0.03) 17.19(0.03) 16.13(0.02) - - NOTCam
2014-08-07.11 56876.61 1192 17.97(0.04) 17.27(0.05) 16.20(0.04) - - NOTCam
2014-09-05.09  56905.59 1216  17.97(0.03) 17.23(0.03) 16.14(0.03) - - NOTCam
2014-10-06.97  56937.47 1242 17.98(0.02) 17.26(0.03) 16.22(0.02) - - NOTCam
2014-11-08.82  56970.32 1270 - - - 14.46(0.02) 13.45(0.03) WISE
2015-07-03.11 57206.61 1466  17.89(0.03) 17.19(0.03) 16.26(0.03) - - NOTCam
2015-08-03.08  57237.58 1492 17.76(0.03) 17.08(0.03) 16.20(0.02) - - NOTCam
2015-09-03.01 57268.51 1517 17.73(0.02) 17.00(0.04) 16.22(0.03) - - NOTCam
2015-10-27.96  57323.46 1563 17.67(0.03) 17.08(0.02) 16.17(0.02) - - NOTCam
2015-11-23.85 57350.35 1585 17.71(0.03) 17.08(0.05) 16.14(0.02) - - NOTCam
2015-12-22.82  57379.32 1610 17.86(0.29) 17.29(0.31) 16.01(0.12) - - NOTCam
2016-03-25.22  57472.72 1687 17.76(0.03) 17.13(0.04) 16.19(0.04) - - NOTCam
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Supplementary Table 4: Swift UVOT (Vega system) UV photometry (A\yyiwe = 1928 A, Ayyare =
2246 A, and Ay = 2600 A) and XRT X-ray observations (0.3—10 keV) for PS1-10adi (no host
subtraction) with the 1o errors given in brackets.

Date ID Trest myywa myvm2 myyvwi countsx Lx tx

(UT) (2400000+)  (d) (mag) (mag) (mag) (107 3s7hH (10 ergs™!) (s
2010-10-06.8 55476.3 28 17.75(0.05) 17.57(0.05) 17.25(0.05) <2.1 <1.1 5224
2010-10-07.8 55477.3 29 - - - <2.6 <1.3 4211
2010-10-09.9 55479.4 30 - 17.47(0.07) - <12 <6.2 979
2010-12-08.9 55539.4 80 17.98(0.06) 17.86(0.07) 17.56(0.06) <2.4 <1.2 4737
2015-07-18.9 57222.4 1479  19.54(0.09) - - <5.1 <2.6 2242
2015-07-19.9 572234 1480 - 19.37(0.09) i 3.5(1.4) 1.8(0.7) 3424
2015-07-20.5 572240 1480 - : 19.22(0.10)  3.1(2.2) 1.6(1.1) 1314
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Supplementary Figure 1: Observed multi-colour light curves of PS1-10adi and its host
galaxy. Arrows on the right side of the figure show the pre-discovery UBVRI magnitudes of
the (quiescent) host galaxy converted® from the SDSS DR7 ugri magnitudes. The light curves
of PS1-10adi (no host subtraction) appear to have plateaued by day ~1200 to 1500 to this level.
The different symbols show different filters, and some of the light curves are shifted for clarity as
indicated in the legend. The 1o uncertainties are typically smaller than the symbols.
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Supplementary Figure 2: Spectroscopic time series of PS1-10adi. The spectra have been cor-
rected for Galactic extinction, shifted to the rest frame, and offset vertically for clarity. The wave-
lengths of the strongest telluric features are indicated by & symbols. Epochs are labelled respective
to the estimated optical peak, in the rest frame, and the spectral resolutions are indicated.

36



- & Swift +27/+80 d | 1

=~ | @ NOT +55 d | A
L I @ NOT +46/+63 d | |
~ m WISE +52 d
P10 F — NOT +55 d |
£
O
T
(/)]
2
()
© 5
o
L

0 - SRR

0.1 0.2 0.5 1 2 5

)‘rest ('u' m)

Supplementary Figure 3: Spectral energy distribution (SED) of PS1-10adi event around +55
d. A single blackbody cannot be used to accurately match the UBVRIJHK photometry; however,
a two-component fit (individual components displayed with dotted lines) well describes the SED
from the optical to near-infrared. An AGN template spectrum® (orange) is shown for comparison.
Also shown is a synthetic spectrum (model X@41.7d, binned for clarity) of an interacting type IIn
supernova® (cyan). Both AGN and supernova spectra have been scaled to match the optical SED
of PS1-10adi. The 1o uncertainties are typically smaller than the symbols.
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Supplementary Figure 4: PS1-10adi-like transients in a [N 11]\6584/H« vs. [O IIJ\5007/H3
BPT diagram. PS1-10adi is shown with a black circle, and similar events with other black sym-
bols. The empirical classification curves’ separating the AGN and the star-forming galaxies are
shown. Composite galaxies are expected to fall in the area between the solid line and the dotted
line. The diagram includes galaxies with Seyfert 2 and H 11 dominated nuclei’, as well as highly
starbursting (SB) galaxies® with log Lig > 10.0 L, with line ratios from SDSS DR7. Further-
more, a sample of narrow-line Seyfert 1 galaxies”? and host galaxies of type IIn superluminous
supernovael? are also included. The diagram refers to line ratios of the narrow-line components.

Representative errors for Seyfert, H1I and SB dominated galaxies are shown in the legend.
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