A population of highly energetic transient events in the
centres of active galaxies

E. Kankaré*, R. Kotak, S. Mattil&, P. Lundqvist, M. J. Ward, M. Fraset’, A. Lawrencé,
S. J. Smartt W. P. S. Meiklé, A. Brucé, J. Harmaneh S. J. Hutto®’, C. Inserra!,
T. Kangas, A. Pastorellé?, T. Reynold$'?, C. Romero-Caizalés!®, K. W. Smith',
S. Valentt®, K. C. Chamberg, K. W. Hodapp’, M. E. Hubet”, N. Kaiset’, R.-P. Kudritzki”,

E. A. Magniet, J. L. Tonry7, R. J. Wainscoat and C. Waters

L Astrophysics Research Centre, School of Mathematics apdié&h Queen’s University Belfast,
Belfast BT7 1NN, UK.

2Tuorla Observatory, Department of Physics and Astrononmyelsity of Turku, Vaisalantie 20,
FI-21500 Piikkio, Finland.

3Finnish Centre for Astronomy with ESO (FINCA), University/Turku, Vaisalantie 20, FI-21500
Piikkio, Finland.

1Oskar Klein Centre, Department of Astronomy, AlbaNova,c&twmIm University, SE-10691
Stockholm, Sweden.

> Department of Physics, Durham University, South Road, BoribH1 3LE, UK.

S Institute of Astronomy, University of Cambridge, MadinglRoad, Cambridge CB3 OHA, UK.
"School of Physics, O’Brien Centre for Science North, UrsitgrCollege Dublin, Belfield, Dublin
4, Ireland.

8 Institute for Astronomy, University of Edinburgh, Royal §dyvatory, Blackford Hill, Edinburgh

EH9 3HJ, UK.



%Imperial College of Science Technology and Medicine, Lan8V7 2AZ, UK.

Y Department of Physics and Astronomy, University Collegendan, Gower Street, London
WCI1E 6BT, UK.

" Department of Physics and Astronomy, University of Southtam, Southampton, Hampshire,
S0O17 1BJ, UK.

2INAF — Osservatorio Astronomico di Padova, Vicolo dell'Ossewoviat5, I-35122 Padua, Italy.
13Nordic Optical Telescope, Apartado 474, E-38700 Santa @euza Palma, Spain.

4 Millennium Institute of Astrophysics, 7500011 Santiagdjl€E.

5Nacleo de Astronomia de la Facultad de Ingenieria y GésndJniversidad Diego Portales,
Avenida Ejército 441, Santiago, Chile.

16 Department of Physics, University of California, Davis, @8616, USA.

17 nstitute for Astronomy, University of Hawaii at Manoa, Halnlu, HI 96822, USA.

*email: e.kankare@qub.ac.uk

Recent all-sky surveys have led to the discovery of new types transients. These include
stars disrupted by the central supermassive black hole, angupernovae that are 10-100 times
more energetic than typical ones. However, the nature of ememore energetic transients that
apparently occur in the innermost regions of their host galies is hotly debated=3. Here we
report the discovery of the most energetic of these to date: $1-10adi, with a total radiated
energy of~ 2.3 x 10°2 erg. The slow evolution of its light curve and persistently mrrow spec-
tral lines over ~3 yr are inconsistent with known types of recurring black hole variability.

The observed properties imply powering by shock interactio between expanding material



and large quantities of surrounding dense matter. Plausile sources of this expanding mate-
rial are a star that has been tidally disrupted by the centralblack hole, or a supernova. Both
could satisfy the energy budget. For the former, we would bedrced 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 locaton. Remarkably, we also discovered
that PS1-10adi is not an isolated case. We therefore surmisigat this new population of tran-
sients has previously been overlooked due to incorrect assation with underlying central

black hole activity.

We discovered the optical transient PS1-10adi at rightresors 20 h 42 min 44.74 s and dec-
lination 15 30 32.1" (equinox J2000.0) in the Panoramic Survey Telescope ani Ragsponse
System 1 (Pan-STARRS1, or PSk)Baint Galaxy Supernova Survegn 2010 August 15. Within
the root mean square errors, PS1-10adi appeared to bedmmevith the centre of Sloan Digital
Sky Survey (SDSS) J204244.74+153032.1, and 2snag brighter at peak in all optical bands
than the SDSS data release 7 (DR@&ference magnitudes. Over a period~af,000 d, its light
curves evolve slowly and smoothly (Fig. Supplementary Fig. 1); after this phase the quiescent
host galaxy starts to dominate the brightness. The earljtigpare dominated by a blue continuum
and narrow (900 kms) Balmer lines, consistent with a redshift= 0.203 4= 0.001. The shape
of the Balmer lines at early epochs is indicative of broadgriy electron scatterifig Around
~200 d, the Balmer line profiles show a pronounced asymmetityamed wing (Fig2). Spectra
taken at epochg 3 yr are dominated by the quiescent host, and display siggetf both active

galactic nuclei (AGN) and star-forming galaxies (see Md#)o Compared with this quiescent



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

change in the [@1] A5007 or other forbidden lines (Supplementary Fig. 2).

The U- to M-band photometry of PS1-10adi are well describgdWm blackbody compo-
nents (see Methods). Overl,000 d of monitoring, the hot and warm components evolveuhfr
~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~a&x 10 cm and~1.3x10'" cm, respectively. The total
blackbody luminosity (Fig3) declined slowly and exponentially. Integrating over thackbody
evolution yields a radiated energy bf7 x 10° erg; however, this is an underestimate given the
early ultraviolet (UV) excess{20%), and a missing rise-time contribution{0%) (see Methods

and Supplementary Fig. 3). Thus, we infer the total radiateztgy to b&.3 £ 0.5 x 10°? erg.

Spectroscopically, PS1-10adi bears similarities bothaiwaw-line Seyfert 1 galaxiésand
to certain types of supernovae (type fiihat show signatures of ejecta interacting with dense
surroundings. Mg emission (Supplementary Fig. 2) is commonly observed ih B&N°® and

type lIn supernova® and is therefore not a discriminant.

We first explore whether PS1-10adi could be linked to ressed emission from either an
AGN or atidal disruption event (TDE). We begin by considering AGN variability. AGN typically
vary by only a few tenths of a magnitude, and do so stochdlgtlé4Fig. 4). This cannot account
for the smooth>2 mag brightening of PS1-10adi. The increase in the contmbrightness of
‘changing look quasars’ arises from changes in the aceretite or line-of-sight extinctios,

and is directly and positively correlated with the emisdiam the AGN broad-line region. For
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PS1-10adi, this is not the case (F&y. the Hy emission at peak is as narrow (full-width at half
maximum (FWHM)~ 900 km s') as the underlying narrow-line region (FWHMky rs007 ~ 700
km s71), and significantly narrower than the broad-line region ponent £2,800 km s!) as
estimated from the quiescent host galaxy spectrum at +600e narrow-line region of Seyfert
galaxies lies at- 102 — 103 pc (ref.14), corresponding to a light travel time of 10? yr, and cannot
therefore vary on the observed timescales of PS1-10ade that the emission lines in the broad-
line region are expected to become somewhat narrower (FWHM /%), where the underlying
AGN luminosity, L, increases due to gas at higher distances being photoiBhizéowever, the
observed luminosity increases by approximately a facterd, which would lead te-1,600 km
s~! emission lines from the broad-line region of the PS1-10adi that we do not see. To obtain
features that are even narrower, by approximately a fadter2o(as observed), would require a
luminosity increase by a factor gf100. Additionally, such a luminosity variation is not thdug
to be accompanied by the appearance of a kinematicallyndistomponent that we do observe.
Furthermore, high-state AGN show a UV excess associatédtermal emission of the accretion
disk close to~1,500A, and have a distinctive break in the continuum slope ne20A (ref. 19).
No such break is seen in the spectra of PS1-10adi at any epodlour UV observations suggest
that the spectral energy distribution (SED) peaks 2f500A. We conclude that known classes of
AGN variability cannot account for PS1-10adi. If this is avmiype of AGN behaviour, then the

underlying physical mechanism remains to be identified cethd relevant timescales.

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

to it. Such events are expected to be bright as they are pdvbgréne accretion luminosity of a



fraction of the stripped stellar material onto a massivekblaole’’. Compared with PS1-10adi,
canonical TDE light curves decline too rapidly (F8), but it is conceivable that some TDEs could
have slower decline rates. However, the blackbody tempestof PS1-10adi are lower, and
evolve faster than expected for TDEs. More importantly,dpgcal spectra of TDE candidates are
either relatively featureless, or show broad (a FWHM of gends of km s!) H or He emission
lines'® °as expected for material close to a black hole. Reported Tas been found primarily
in poststarburst galaxi€s and do not display signatures indicative of dense ambieatenal.
Even the transient ASASSN-15IRwhich has comparable peak brightness, has markedly ditfere

spectra and a distinctively different host galaxy.

Based on a phenomenogical reprocessing niddete Methods), we estimate the amount
of material required to reprocess radiation from a powerc®(AGN or TDE). To reproduce the
peak luminosity, a shell or layer ef9 solar masses\{), and an accretion rate ef 0.2 M yr—!
is required. However, the blackbody radius of PS1-10adeaks roughly consistent with the size
of a Seyfert broad-line regidéf) 102 — 10~! pc, which would give rise to broad emission lines (a
FWHM of thousands of km), inconsistent with the observations (900 km)s Furthermore,
the source of the red shoulder of the Balmer lines is not céaat disfavours a purely reprocessing

shell without interaction as the source of emission for R8adi.

We now discuss whether the observed characteristics oftP&di could result from the in-
teraction of expanding ejecta with a dense medium. In thesdal interaction model, the ejecta

crash into dense surrounding material, resulting in an atdvwnoving forward shock, and a reverse



shock that recedes into the ejecta. This results in the@fficionversion of kinetic energy into ra-
diative output!, with the narrow emission lines arising from the slow-magvambient medium.
We interpret the appearance of a red shoulder (Bign the Balmer lines as the shock in the ex-
panding ejecta. The absence of such a prominent broad édattire weak blue wing is suggestive
of a non-spherical ejecta geometry, rather than being de&etdron scattering. The red shoulder
cannot be attributed to [N] \6584 given the absence of the [IJl \6548 line and the similarity
of the Balmer line profiles. The asymmetric nature of PSldi@aes not allow us to model the
data reliably, leading to degeneracies in model parametdosvever, the inferred luminosity of
PS1-10adi suggests a large mass of surrounding materiainer of different mechanisms can

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

It has been proposé&d?® that runaway mergers of massive stars in dense and younrg stel
lar clusters can give rise to very massive H-rich circuntstehedium, resulting in ultrabright
supernovae. Suitable dynamical conditions are expectedassive clusters that reside in the
high-density central regions of an active galaxy. An ergtpossibility is that a dense AGN
environment can provide suitable conditions for high isteltar-medium pressure as well as the
photoionizing radiation to trap a large fraction of the mlass from the progenitéf. Furthermore,
the interstellar-medium density of the narrow-line regidSeyfert galaxie'd can itself be compa-
rable (electron density, = 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 typdikie scenario via a TDE. Approx-



imately 50 % of the stellar material falling towards a blackehin a TDE is initially loosely bound
to the black hole. If the radiative cooling of the bound miaies inefficient, only a small fraction
(<1) can accrete onto the black h&leHigh-energy radiation arising from the accretion powers
an outflow of the initially bound material with a velocity ef10* km s™!; that is, the shell of
material becomes unbound and mimics expanding ejecta. Dlaelns qualitatively similar to an
engine-powered supernova. In a Seyfert galaxy, the brioad<¢gion gas clouds have high densi-
ties (. = 10° electrons cm?®)4. If swept up by expanding TDE material, the shock interactio
can give rise to narrow emission lines and slow light-cumaduion, as observed in many narrow-
line supernovae. Passive elliptical galaxies lack thisifdgnsity environment. Thus, such events
should preferentially occur in the high-pressure envirentsa of active host galaxies. Indeed, even
for intrinsic black hole variability, provided a suitabldot as yet unknown — mechanism is found
for outflowing material, interaction with the broad-linegren clouds could result in narrow-line
emission spectra. We conclude that, for both the supernogal®E cases, interaction with a

surrounding medium can account for the observed propegid®ugh some unexplained points

remain, especially for the TDE case.

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

(Fig. 4). PS1-10adi appears to be the most extreme case when cahvpi#ingransients such as



CSS100217:102913+404220 (hereafter, CSS100217) and B®1-The former is also spectro-
scopically similar to PS1-10adiIntriguingly, all three host galaxies display AGN chagaigtics
and line ratios that suggest ongoing star formation (Supetgary Fig. 4). The Large Synoptic
Survey Telescope will discover hundreds of PS1-10aditl&esients, and the exquisite resolution
of the Extremely Large Telescope (0.006 the J band) will allow the nuclear regionsof= 0.1
galaxies to be probed at the 10 pc scale, opening up systestatiies of this new population of

nuclear transients.
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Figure 1: Absolute magnitude M, (Vega system) light curves of PS1-10adi., & he light curves
are corrected for redshift, contribution of the host gaJa&slactic extinction and luminosity dis-
tance. A K correction has also been applied. The rest-frguoetet,., is given relative to the es-
timated time of optical maximum (see Methods). This yieldalpoptical magnitudes closet®3
mag. The NIR peak occurred roughly 100 d later, reaching drakti magnitude ol/y ~ —25
mag. The different symbols show different filters, and the\vkl&nd light curves are shifted for
clarity as indicated in the ke, ResidualsA My from a low-order polynomial fit around the peak
of the B-band light curve show that the evolution is smootkeCa~3 yr monitoring period, no

short-term fluctuations are evident. The dncertainties are smaller than the symbols.
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Figure 2. Evolution of the continuum-subtracted Ha line profile of PS1-10adi at selected
epochs. a The Balmer lines at early epochs are narrow (900 krf).s The +201 to +349 d
spectra display an increasingly prominent red shouldenenHx profile that subsequently fades
away. The fitted components and their sum of the quiescenspestrum at +1,600 d are shown
by the dotted curves, including-a2,800 km s' broad-line region component. The continuum
flux, F., has been subtracted from thexHlux, Fy,. The velocity,v, is given relative to the line
peak velocityv,eac. b, Ha and H3 profiles, whereF' is the flux, normalized with the peak flux,

E

peak, at +349 d, showing the similarity of the red shoulder of ttanBer 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 ot
Lggp(t) oc e7#/320, The expected light curve evolution from a selection of sci@s is also shown:
the canonical bolometric decline rate of tidal disruptieméB’ is L o t=5/3; radioactive decay of
56Co L o e ¥/11:26 gynthesized in supernova explosions; and superluminqesovd® *> mod-
els of magnetar (a rapidly spinning and highly magnetizednoa star) spin-down enerffyhave a
L  t~2 decline rate. For PS1-10adi, the observed luminosity éwlis slower than that of any
of the above. The blackbody luminosity with (BB+UV) and vath (BB) an additional estimated

20% UV component are also shown.
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Figure 4. Sample of PS1-10adi-like transients. a-bR-band images of the PS1-10adi field at
two epochs: +182 da) and +1,216 dif). c, Difference between the two epochs, clearly showing
PS1-10adid-h, False-colour SDS§ri 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 tjednd
PS1-13jw (see Methods), compared to 660 narrow-line Seyfgalaxies £18 mag) from the
Catalina Survey¥ DR2 (blue dots). A representative error for narrow-line f8etyl galaxies is
shown in the key. The average quiescent magnitude), has been subtracted from the observed
magnitudesyn,. The observer-frame epoch,,, is given relative to the estimated light-curve
maximum.j, Absolute light-curve comparison including SN 2008t¢a superluminous type lin
supernova), PS1-10jh(a TDE), ASASSN-15IRh3 (a H-poor superluminous supernova or a TDE)
and three further PS1-10adi-like candidates J094806,60#4nd J233454 (see Methods) from
Catalina DR2. The light curves are in R-, Vcgs- and V-bands as shown in the key. The 1
uncertainties are typically smaller than the symbols foned transients. For PS1-10adi and PS1-
13jw, the errors computed in quadrature include contrimgifrom point spread function and

zeropoint variations.
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Methods

Basic parameters. This study assumes a Hubble constHpt= 69.6 km s Mpc~—!, a cosmolog-
ical constanf), = 0.714 and a matter densifi; = 0.286°. The redshift: = 0.203+ 0.001 from
the Balmer lines of PS1-10adi corresponds to a luminosgitadiceD; = 1.00+ 0.01 Gpc and

a distance modulus gf = 40.00+ 0.02 mag. The redshift is in agreement with the SDSS DR7
photometricz = 0.219+ 0.025 of the host galaxy SDSS J204244.74+153032.1. Forttier o
transients in our sample (see Supplementary Table 1), wet &lde spectroscopic redshifts from
SDSS. From the recent calibration of the Galactic dusthapalactic line-of-sight extinctions
are adopted, for example a V-band extinctibp = 0.281 mag for PS1-10adi. The spectra of PS1-
10adi do not show a feature due to Na\5890,5896 doublet, which is consistent with low host
galaxy extinction. We therefore only apply a correctionydiolr 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 AlFtOwere reduced using the quba
pipeline8, and StanCam data were reduced using basic iraf tasks.ploiwkTelescope (LT) data
products of the RATCam and 10:0 instruments were autonigtipeocessed by the LT pipeline.

LT imaging using theuBVri filters was calibrated directly into the ultraviolet-bluisual-red-
infrared (UBVRI) system. Early imaging was obtained witke fAS1 gigapixel camera (GPC1) as
part of the 3 survey in PS1 photometric system filtgks , 7p; andip, (ref.?°). Thegri calibrated
GPC1 magnitudes were converted into BVRI magnitudes usignitude transformatio®s The

near-infrared (NIR) data from the NOTCam instrument at tl@TNvere reduced with the exter-
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nal notcam package (version 2.5) within iraf. Point spraattfion photometry of the imaging
data was carried out using the quba pipeline. We estimatedgtical peak epoclt,,., of PS1-
10adi by fitting a third-order polynomial to the observed ahld light curve close to maximum,
which yielded a rough,.., estimate of Julian day 2455443. The optical and NIR photoyrut

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

By around day 1,200 in the observer frame, the evolution df-P@&di had plateaued at
values consistent with the optical SDSS DR7 reference madgs. We consider the tail phase
to be dominated by the (quiescent) host galaxy. Therefoeeadopt the observed magnitudes at
+1,242 d (rest frame) as the host galaxy magnitudes,;, and subtract this contribution from
the observed magnitudes,, in a standard way, to obtain the magnitudes,of the transient:

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

Space-based observationdUV imaging data of PS1-10adi were obtained with the Swift Gan
Ray Burst Mission space telescope using the UVOT instrunidre HEASFT tasks were used to
sum the individual exposures and carry out the apertureophetry. The resulting UV photometry
is listed in Supplementary Table 4. Fortuitously, the fidlB@81-10adi has been observed at 3%
and 4.6um with the postcryogenic Wide-field Infrared Survey Expldié&/ISE) space telescope.
We obtained multi-epoch photometry from the ALLWISE and NEISE catalogues for PS1-
10adi in individual WISE frames, and calculated the weidtaeerage magnitudes in these bands

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

measurements were available, these were estimated dyiwiarlinear interpolation.

Blackbody approximation. To approximate the blackbody evolution of PS1-10adi, thespent
host galaxy contribution was subtracted from the observagnitudes, which were subsequently
converted to fluxes following corrections for Galactic egtion and redshift. Two blackbody
components were required to explain the SED (Supplemekfigry3), and were derived by min-
imizing thex? value of the fit for each epoch of photometry. During the fir€0D d of evolution
after the optical maximum, both hot and warm blackbody comepts decrease in temperature
(Thot @and Ty, respectively), withli,,; evolving from~11,000 K to~8,000 K andT,.,, from
~2,500 K to~1,200 K. The radius of the hot componem,., decreases from-6x 10 cm

to ~1x10" cm. The radius of the warm componem,,...., increases from-5x10 cm to
~1.3x 10" cm within ~200 d and then stays fairly constant. A plausible explandto this be-
haviour is that the warm component arises from reprocegsechbradiation by surrounding dust.
The initial value ofT,..., ~ 2,500 K is high enough for some dust to be evaporating. itk fi
Ry reaches a constant radius&200 d coincident with,...., &~ 2,000 K, suggestive of the NIR
emission being dominated by amorphous carbon grains, vilaied a high evaporation temperature
(~2,000-3,000 K depending on the particle size), in contrast to thaileate dust {1,500 K).
The peak luminosity of PS1-10adi suggé%ts dust evaporation radius f3 x10'” cm, which

is consistent withR,...,, at +200 d. Similar NIR component has been observed, for ebegrimp
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type lin SN 2010jl with earlyT},.... ~2,300 K followed by a declin®. Since the line-of-sight

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

The Swift UV points at +27 d and +80 d lie above the two-compoiackbody fit. We es-
timate that this UV excess contributes an addition20% to the total luminosity. An exponential
fit to the IR emission yields a rise time ef115 d (similar to the optical rise time of PS1-13jw)

and suggests an additional contribution~df0% to the total radiated energy of PS1-10adi.

K correction. Due to the lack of high cadence time series of optical and Ni&csa, the K
corrections for the host subtracted light curves were ddriteratively from the observed photom-
etry. Each epoch of photometry was fitted with a two-compbbéackbody as described above,
to approximate the underlying SED from optical to NIR. Thesst-frame blackbodies were red-
shifted back to the observer frame and were used to deriv€ tmerections. Th8VRIJHK filter
magnitudes were corrected tiBVRIJH. The observed U-band (and UV) magnitudes were not K
corrected, since the shape of the SED in the UV region is taicerLikewise, the PS1-13j\griz
magnitudes were K corrected tigri and transformed to the Johnson-Cousins system for Fg.
For CSS100217, the K corrections were taken from the liteehtwhile PS1-10jh, ASASSN-15Ih

and other Catalina Real-Time Transient Suféegrgets were K corrected using.51og,,(1+ 2).

Optical spectroscopy. We acquired a spectroscopic time series (Supplementary2yigf PS1-
10adi using ALFOSC at the NOT, and the ISIS instrument at thkiaiwi Herschel Telescope
(WHT). The data reduction included bias subtraction andfigddl correction. Wavelength cali-

bration of the extracted one-dimensional spectra wasethout using arc lamp exposures; small
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offsets were derived to this calibration by cross-corretatvith sky lines. Relative flux calibra-
tion was carried out using the sensitivity curves of therinsient derived from similarly processed
observations of well-known spectroscopic standard stdygined with an identical setup. The
above-mentioned steps were executed within the quba pgedibsolute flux calibration was per-
formed by integrating over the spectra with the appropbab@adband filter transmission functions,
and deriving scaling factors by comparing them with the ol photometry. Extinction and red-
shift corrections were carried out using standard irafsatkne identifications are based on those

of type 1In SN 2009kn (ref).

X-ray observations. Our UVOT observations of PS1-10adi were accompanied by 003keV
observations with the X-ray Telescope onboard Swift. Werdoaded the photon counting-mode
Level 2 event data products from the Swift archive. For the fpochs of 2010 data during the
PS1-10adi event, no signal was observed at the location bfIP&di. The 3 upper limits were
estimated with the sosta task in the HEASoft package ximaige likewise for the 2015 July 18
epoch. However, sosta found 2.@nd 1.4 sources close to the location of PS1-10adi, in the
July 19 and 20 datasets, respectively. The possible detecti July 19 yields a source intensity
of 3.5+ 1.4 x 1072 counts s' or 1.8 = 0.7 x 10*3 erg s! (full 0.3—10 keV range), corrected
for poinst spread function, sampling dead time and vigngitThe X-ray sosta measurements are
listed in Supplementary Table 4. The count rates were ctewvénto flux using the HEASARC
WebPIMMS tool, assuming a power law photon index 2, and adopting a Galactic Hcolumn

density* Ny = 6.48 x 102 cm2,

Optical and NIR observations of PS1-10adi around 1,800 dgder frame) revealed an
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episode of slow brightening; we name this event as the ‘2@m&d. This light-curve evolution is
consistent with the optical variability of narrow-line Sest 1 galaxies (Fig4). The unchanging
line profiles (Supplementary Fig. 2), and the®X%-ray source at the onset of the 2015 bump,
are also in agreement with Seyfert variability. The 2015 pusprobably not connected to the

PS1-10adi event.

Radio observations. We retrieved archival data of PS1-10adi targeted by the &adlansky Very

Large Array in D-configuration on 2010 September 10.2 Usigkilime, +5.6 d (project code:
AS1020). Observations were obtained at 5.0 GHz (C band)wanchrried out the data reduction
in a standard manner using the Common Astronomy Softwardiédgiions package. This yielded
an upper limit of ' < 65.252 nJy at the location of PS1-10adi, corresponding to a radiatedgy

of < 7.8 x 102 erg s Hz !, or < 6.5 x 10%® erg s! Hz"! in the rest frame. However, radio
emission of a type lIn supernova with a very massive circetfsstmedium could be completely

free-free absorbed for up to a few years.

Reprocessing shell.Our first-order approximation for a reprocessing shell iplaesical, stand-
ing, optically thick (an optical deptir > 1) H-rich shell surrounding a supermassive black
hole (SMBH¥. The SMBH and shell masses can be estimategigy = o1 Lgaa/(4mGm,c)
and My = 87rrn][,li’fﬂmt In(Rpnot / Rsnenin) /0T, respectively, wheren,, is the proton massg

is the velocity of light,G is the gravitational constantr is the Thomson scattering cross-
section, R0t IS the photospheric radius aml,.; i, iS the inner radius of the shell, and we as-
sume Rphot/ Renelnin &~ 100. At light-curve peak, assuming,... ~ Rpg ~ 8 x 10'> cm and

Lida = Lpeax = 7 x 10* erg s'!, whereRgg is the blackbody radiud,zqq is the Eddington lu-
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minosity andL ... is the peak luminosity, yield37 ..y ~ 9 M, and Mgy ~ 6 x 10° M. This

is in reasonable agreement withisyipn ~ 107 M., estimated from the luminosity and FWHM
of the Hx and H3 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 100 compared with the quiescent level to
explain the=>2 mag light-curve brightening. ThBggp at peak is roughly consistent with the size
of an AGN broad-line region, and a velocity~ (G Msypy/Rss)'/? suggests-3,000-4,000 km
s~!, inconsistent with the observations (900 km)s It is also probable that/y,.; < Mgy in
Seyfert galaxies, wheré/g; r is the mass of the broad-line regi&hThe internal energy of the

shell is sufficient to cover the radiated energy, and coudéhte up to tens of yeaid

Additional candidates. PS1-13jw was flagged as a transient in the PS1 Medium Deep\surv
field MDO3, on 2013 February 6. It was contextually classifisdan AGN, and no spectra were
obtained. With the aim of discovering PS1-10adi-like esemte recovered PS1-13jw after eye-
balling Pan-STARRS Transient Science Server light curnfes/ents with hosts that have been
spectroscopically classified as Seyfert galaXiesd other AGN within z = 0.1 — 0.4, and have

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

We also searched for PS1-10adi-like events from the Cat8iwvey¥ DR2 among the
above-mentioned active hosts. Each downloaded light cuaggprocessed by rejecting the bright-
est and faintest 5% of the data points. The quiescent [@webs defined as the average of the
faintest 50% of the remaining data. The brightest point efrmaining data was defined as the
peakP. The standard deviation of the remaining dat2Q mag) was defined as the scatteof

the data. Targets with100 data pointsg) < 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 candidadtis 4) were identified.

Host galaxies.By +1,216 d, PS1-10adi was roughly the same brightness ggjtiescent) host
galaxy. We obtained deep<4.20 s exposures of the field in the R band and | band (seethd’),
and estimate the (point sourcej bnage depth aswg > 23.7 andm; > 23.2 mag. The stacked
images reveal neither signs of structure in the host galargaroreground lensing galaxy (Fig).
Furthermore, no lower redshift features are apparent ispleetra. This argues against the possi-

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

To spatially compare the position of the transient PS1-L@athat of the host galaxy, we
aligned the +182 d ALFOSC R-band follow-up image of PS1-1Qaidel scale 0.190 per pixel,
FWHM ~ 0.6") with the above-mentioned deep +1,216 d StanCam R-bandeirafithe field
(pixel scale 0.176 per pixel). A general geometric transformation using tlaé fasks geomap
and geotran, based on 36 stars in both images, yielded a et sgquare error of 25 mas. The
pixel coordinates of PS1-10adi and the centre of the pdietHost galaxy were measured using
three centering algorithms (Gaussian, centroid and dfilt€nis resulted in an average offset of
21 mas (0.12 pixels). We conclude that PS1-10adi is cointidéth the host galaxy nucleus
within <0.046'. At an angular size distance of 694 Mpc this corresponds tojqted distance
of <150 pc from the host nucleus. This is of the same order as tjegbhed~350 pc host nucleus

distance of the superluminous type lin SN 2008gy

Gaussian components were fitted to the line profiles of th@0fld spectrum of the (quies-

cent) PS1-10adi host galaxy, and the narrow-line compaaios were compared to the theoret-
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ical curve4® in a spectral line ratio Baldwin-Phillips-Terlevich (BP¥fdiagram (Supplementary
Fig. 4). Aside from the Balmer lines, the spectrum shows weakdden lines suggestive of an
H 1n-dominated host. However, the broad base of the Balmer lio&gs suggests the presence of
an AGN and supports the classification as a narrow-line $&yfgalaxy. For the host galaxies of
other transients in our sample, we used the SDSS DR7 spedl&ite the line ratios. Similar to
PS1-10adi, the PS1-13jw and CSS100217 hosts display liiwes that are indicative of ongoing
star formation. J094608, and possibly J094806, hosts demp@ composite galaxies, whereas

the host of J233454 is AGN dominated.

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

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

Transient Host Type ROSAT? Aycal® Myhost  tpeakevent
(mag)  (mag) (JD)
PS1-10adi SDSS J204244.74+153032.1 - N 0.203 0.281-19.7 2455443
PS1-13jw SDSS J084453.56+425744.8 Sin Y 0.345 0.086-22.2 2456435
CSS100217 SDSS J102912.58+404219.7 S1 N 0.147 0.04021.2 2455251
J094806 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
J233454 SDSS J233454.07+145712.8 S1 N 0.107 0.196-20.5 2455220
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Supplementary Table 2: Optical photometry for PS1-10anlh@st subtraction) with theslerrors
given in brackets.

Date JD trost my mp my mp my Instrument

(Um) (2400000+)  (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) - GPC1
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) - - - ABEBO
2010-09-11.07  55450.57 6 17.17(0.02) 17.75(0.01) 17.84j0 17.15(0.01) 16.73(0.01) ALFOSC
2010-09-17.86  55457.36 12 - 17.77(0.02) 17.42(0.02) 1©.02) 16.70(0.02) RATCam
2010-09-30.88 55470.38 23 - 17.78(0.02) 17.49(0.01) Xv.08) 16.72(0.01) RATCam
2010-10-06.82 55476.32 28 17.29(0.02) 17.82(0.01) 1wv.BQj 17.22(0.01) 16.75(0.01) ALFOSC
2010-10-09.83 55479.33 30 - 17.80(0.01) 17.47(0.01) Xv0.04) 16.73(0.01) RATCam
2010-10-21.88 55491.38 40 17.27(0.02) 17.88(0.01) 1@.62j 17.24(0.01) 16.76(0.01) ALFOSC
2010-10-27.81 55497.31 45 - 17.88(0.01) 17.55(0.01) 1@.22) 16.75(0.01) RATCam
2010-11-06.83 55507.33 53 17.36(0.03) 17.95(0.02) 1@.61§j 17.28(0.01) 16.79(0.01) RATCam
2010-11-08.83 55509.33 55 17.45(0.02) 18.02(0.01) 1@v.64j 17.33(0.01) 16.83(0.01) ALFOSC
2010-11-16.91 55517.41 62 - 18.04(0.05) 17.67(0.02) - 2(6.82) RATCam
2011-03-28.25 55648.75 171 17.98(0.03) 18.64(0.02) 18.03) 17.87(0.02) 17.25(0.01) ALFOSC
2011-04-10.23 55661.73 182 - 18.70(0.02) 18.23(0.01) 2ZA@.91) 17.30(0.01) ALFOSC
2011-06-06.12 55718.62 229 18.28(0.02) 18.87(0.01) 18.02) 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) 18.27(0.01) 17.57(0.03) ALFOSC
2011-09-04.87 55809.37 305 18.54(0.05) 19.20(0.02) 18.6Z2) 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) 18.52(0.02) 17.84(0.02) ALFOSC
2012-12-18.80 56280.30 696 - - 19.49(0.03) 19.10(0.02) 34(8.03) StanCam
2013-04-26.18 56408.68 803 - - 19.56(0.06) 19.19(0.04) 38(8.04) StanCam
2013-09-22.00 56557.50 926 19.50(0.12) 20.23(0.06) 10.08) 19.29(0.02) 18.59(0.03) StanCam
2014-09-05.04 56905.54 1216 - - - 19.49(0.02) 18.76(0.02tanGam
2014-09-31.02 56931.52 1237 19.65(0.05) 20.41(0.04) 710.@3) 19.36(0.03) 18.59(0.04) ALFOSC
2014-10-06.94 56937.44 1242 19.73(0.08) 20.40(0.05) 410.93) 19.47(0.02) 18.70(0.03) StanCam
2015-06-18.19 57191.69 1454 19.48(0.03) 20.20(0.02) 810.@2) 19.39(0.03) 18.79(0.03) ALFOSC
2015-07-03.07 57206.57 1466 19.46(0.07) 20.19(0.06) 510.@4) 19.37(0.03) 18.73(0.04) StanCam
2015-08-03.10 57237.60 1492 19.24(0.05) 19.99(0.04) (160.63) 19.18(0.02) 18.57(0.03) StanCam
2015-09-03.04 57268.54 1517 19.11(0.05) 19.85(0.04) 80.83) 19.01(0.03) 18.47(0.03) StanCam
2015-09-11.89 57277.39 1525 - 19.84(0.02) 19.47(0.02) 0740.02) 18.48(0.02) 10:0
2015-09-27.90 57293.40 1538 - 19.67(0.09) 19.36(0.06) 97(8.03) 18.35(0.03) 10:0
2015-10-10.90 57306.40 1549 - 19.88(0.02) 19.47(0.02) 0740.01) 18.42(0.02) 10:0
2015-10-27.92 57323.42 1563 - 20.01(0.09) 19.49(0.04) 09(0.03) 18.50(0.03) 10:0
2015-10-27.93 57323.43 1563 19.36(0.09) 20.01(0.07) 1160.65) 19.13(0.03) 18.56(0.03) StanCam
2015-11-20.86 57347.36 1583 - 20.04(0.05) 19.53(0.03) 1119.02) 18.49(0.03) 10:0
2015-11-23.88 57350.38 1586 - 19.96(0.09) 19.45(0.04) 0140.04) 18.52(0.04) StanCam
2016-03-30.22 57477.72 1691 - 20.00(0.13) 19.59(0.09) - - 0:0l
2016-04-13.19 57491.69 1703 - 20.03(0.06) 19.60(0.03) 1((0.02) 18.49(0.03) 10:0
2016-04-27.22  57505.72 1715 - 20.18(0.07) 19.65(0.04) 2Q(0.02) 18.55(0.03) 10:0
2016-05-25.18 57533.68 1738 - 20.21(0.06) 19.70(0.04) 28(9.02) 18.63(0.03) 10:0
2016-07-06.10 57575.60 1773 - 20.14(0.03) 19.67(0.02) 23(9.02) 18.58(0.02) 10:0
2016-08-03.02 57603.52 1796 - 20.20(0.03) 19.76(0.02) 26(9.02) 18.66(0.03) 10:0
2017-03-15.26  57827.76 1982 - 20.02(0.11) 19.60(0.07) 12(0.04) 18.56(0.04) 10:0
2017-04-08.24 57851.74 2002 - 20.26(0.07) 19.61(0.05) 2119.02) 18.66(0.04) 10:0
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Supplementary Table 2: continued.

Date JD trost my mp my mp my Instrument

(Um (2400000+)  (d) (mag) (mag) (mag) (mag) (mag)
2017-04-24.21 57/867.71 2016 - 20.12(0.05) 19.70(0.03) 27(0.02) 18.65(0.02) 10:0
2017-05-13.19  57886.69 2031 - 20.24(0.08) 19.65(0.04) 26(0.02) 18.64(0.03) 10:0
2017-05-28.07 57901.57 2044 - 20.25(0.05) 19.60(0.03) 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(0.03) 18.58(0.04) 10:0
2017-06-25.11 57929.61 2067 - 20.22(0.15) 19.74(0.60) 36(0.08) 18.72(0.06) 10:0
2017-07-10.08 57944.58 2079 - 20.41(0.11) 19.64(0.06) 38(0.03) 18.74(0.05) 10:0
2017-08-01.06  57966.56 2098 - 20.28(0.03) 19.79(0.02) 33(0.02) 18.70(0.03) 10:0
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Supplementary Table 3: IR photometry for PS1-10adi (no kabtraction) with the & errors
given in brackets.

Date JD trost my M mg M3 45m M4.6m Instrument

(Um (2400000+)  (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) 10.62j - - NOTCam
2010-10-28.87 55498.37 46 15.95(0.03) 15.11(0.04) 10.89} - - NOTCam
2010-11-05.20 55505.70 52 - - - 13.29(0.01) 12.68(0.01) BVIS
2010-11-18.85 55519.35 63 15.94(0.03) 15.17(0.03) 10.82j - - NOTCam
2010-12-12.84 55543.34 83 15.93(0.03) 15.14(0.02) 180.22j - - NOTCam
2011-05-16.20 55697.70 212 16.33(0.02) 15.41(0.01) 1@.02) - - NOTCam
2011-06-11.11 55723.61 233 16.44(0.02) 15.50(0.02) 14@.02) - - NOTCam
2011-08-14.14 55787.64 286 16.62(0.02) 15.67(0.02) 10.63) - - NOTCam
2011-09-14.03 55818.53 312 16.71(0.02) 15.75(0.02) 1@.63) - - NOTCam
2012-05-07.18 56054.68 508 17.20(0.02) 16.26(0.02) 16.02) - - NOTCam
2012-07-05.13 56113.63 557 17.24(0.02) 16.34(0.03) 16.0%) - - NOTCam
2012-08-06.15 56145.65 584 17.39(0.02) 16.48(0.02) 16.28) - - NOTCam
2012-09-07.96 56178.46 611 17.46(0.02) 16.53(0.02) 16.838) - - NOTCam
2013-10-19.95 56585.45 950 17.90(0.03) 17.06(0.03) 16.892) - - NOTCam
2013-12-16.82 56643.32 998 17.79(0.03) 17.03(0.02) 16.93) - - NOTCam
2014-05-11.18 56788.68 1119 - - - 14.32(0.02) 13.27(0.02) ISEV
2014-05-20.20 56797.70 1126 17.92(0.03) 17.21(0.03) (16.03) - - NOTCam
2014-06-10.19 56818.69 1144 17.95(0.03) 17.17(0.03) (16.03) - - NOTCam
2014-07-10.14 56848.64 1168 17.97(0.03) 17.19(0.03) 316.02) - - NOTCam
2014-08-07.11 56876.61 1192 17.97(0.04) 17.27(0.05) (16.24) - - NOTCam
2014-09-05.09 56905.59 1216 17.97(0.03) 17.23(0.03) 416.03) - - NOTCam
2014-10-06.97 56937.47 1242 17.98(0.02) 17.26(0.03) 216.02) - - NOTCam
2014-11-08.82 56970.32 1270 - - - 14.46(0.02) 13.45(0.03) ISEV
2015-07-03.11 57206.61 1466 17.89(0.03) 17.19(0.03) 616.23) - - NOTCam
2015-08-03.08 57237.58 1492 17.76(0.03) 17.08(0.03) (16.22) - - NOTCam
2015-09-03.01 57268.51 1517 17.73(0.02) 17.00(0.04) 216.23) - - NOTCam
2015-10-27.96  57323.46 1563 17.67(0.03) 17.08(0.02) 716.02) - - NOTCam
2015-11-23.85 57350.35 1585 17.71(0.03) 17.08(0.05) 416.02) - - NOTCam
2015-12-22.82 57379.32 1610 17.86(0.29) 17.29(0.31) 116.02) - - NOTCam
2016-03-25.22 57472.72 1687 17.76(0.03) 17.13(0.04) 916.04) - - NOTCam
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Supplementary Table 8nift UVOT (Vega system) UV photometri(y 2 = 1928 A, Ny =
2246 A, and Ay = 2600 A) and XRT X-ray observations (0-3L0 keV) for PS1-10adi (no host

subtraction) with the & errors given in brackets.

Date JD Trest myvwa Myv M2 myvwi counts Lx (5

(uT) (2400000+)  (d) (mag) (mag) (mag) 1Q3sY) (10*3ergs!) (s)
2010-10-06.8  55476.3 28 17.75(0.05) 17.57(0.05) 17.25[0. <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) 17.86j0. <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  57223.4 1480 - 19.37(0.09) - 3.5(1.4) 1.8(0.7) 3424
2015-07-20.5  57224.0 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 hds
galaxy. Arrows on the right side of the figure show the pre-discoldBVRI magnitudes of
the (quiescent) host galaxy convertdtbm the SDSS DRgri magnitudes. The light curves
of PS1-10adi (no host subtraction) appear to have platelayeidy ~1200 to 1500 to this level.
The different symbols show different filters, and some oflitjlet curves are shifted for clarity as
indicated in the legend. Therluncertainties are typically smaller than the symbols.
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Supplementary Figure 2 Spectroscopic time series of PS1-10adi.he spectra have been cor-
rected for Galactic extinction, shifted to the rest frame] affset vertically for clarity. The wave-
lengths of the strongest telluric features are indicated lsymbols. Epochs are labelled respective
to the estimated optical peak, in the rest frame, and tharspeesolutions are indicated.
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Supplementary Figure 3 Spectral energy distribution (SED) of PS1-10adi event arood +55

d. A single blackbody cannot be used to accurately matciUtBeRIJHK photometry; however,
a two-component fit (individual components displayed witteld lines) well describes the SED
from the optical to near-infrared. An AGN template specttiforange) is shown for comparison.
Also shown is a synthetic spectrum (model X@41.7d, binnedlarity) of an interacting type lin
supernové (cyan). Both AGN and supernova spectra have been scaledtti e optical SED
of PS1-10adi. Thed uncertainties are typically smaller than the symbols.
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Supplementary Figure 4 PS1-10adi-like transients in a [NI]A6584/Hx vs. [O111]\5007/H5
BPT diagram. PS1-10adi is shown with a black circle, and similar eventt wther black sym-
bols. The empirical classification cur/eseparating the AGN and the star-forming galaxies are
shown. Composite galaxies are expected to fall in the areeelea the solid line and the dotted
line. The diagram includes galaxies with Seyfert 2 and #bminated nucléj as well as highly
starbursting (SB) galaxisvith log Lig > 10.0 L, with line ratios from SDSS DR7. Further-
more, a sample of narrow-line Seyfert 1 galakiaad host galaxies of type Iin superluminous
supernova¥ are also included. The diagram refers to line ratios of tireomaline components.
Representative errors for Seyfertjikand SB dominated galaxies are shown in the legend.
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