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ABSTRACT

ASASSN-14ae is a candidate tidal disruption event (TDE) found at the center of
SDSS J110840.11+340552.2 (d ~ 200 Mpc) by the All-Sky Automated Survey for
Supernovae (ASAS-SN). We present ground-based and Swift follow-up photometric
and spectroscopic observations of the source, finding that the transient had a peak
luminosity of L ~ 8 x 10*3 erg s~! and a total integrated energy of E ~ 1.7 x 10°? ergs
radiated over the ~ 5 months of observations presented. The blackbody temperature of
the transient remains roughly constant at T ~ 20,000 K while the luminosity declines
by nearly 1.5 orders of magnitude during this time, a drop that is most consistent
with an exponential, L oc e/t with ¢y ~ 39 days. The source has broad Balmer lines
in emission at all epochs as well as a broad He II feature emerging in later epochs.
We compare the color and spectral evolution to both supernovae and normal AGN to
show that ASASSN-14ae does not resemble either type of object and conclude that a
TDE is the most likely explanation for our observations. At z = 0.0436, ASASSN-14ae
is the lowest-redshift TDE candidate discovered at optical/UV wavelengths to date,
and we estimate that ASAS-SN may discover 0.1 — 3 of these events every year in the
future.

Key words: accretion, accretion disks — black hole physics — galaxies: nuclei

arXiv:1405.1417v2 [astro-ph.GA] 16 Sep 2014

1 INTRODUCTION sumed that the resulting luminosity is proportional to this

rate of return to pericenter, this is only a crude approxi-

When a star’s orbit brings it within the tidal disruption ra-
dius of a supermassive black hole (SMBH), the tidal shear
forces become more powerful than the star’s self-gravity and
the star breaks apart. Roughly half of the mass of the star is
ejected while the rest of the stellar material remains bound
to the black hole and is accreted. These tidal disruption
events (TDEs) result in a short-lived (¢ <1 yr) accretion
flare (Lacy et al. 1982; Phinney 1989; Rees 1988; Evans &
Kochanek 1989). For Mpy <10"Mg, the initial fallback rate
is super-Eddington and the eventual rate at which material
returns to pericenter becomes a t75/3 power law (Evans &
Kochanek 1989; Phinney 1989). While it is commonly as-
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mation to the complex physics associated with evolution of
the accretion stream (Kochanek 1994), and the exact return
rates depend on, for example, the structure of the star (e.g.,
Lodato & Rossi 2011).

In the most luminous phases, TDE emission is likely
dominated by a photosphere formed in the debris rather
than any direct emission from a hot accretion disk (Evans
& Kochanek 1989; Loeb & Ulmer 1997; Ulmer 1999; Strubbe
& Quataert 2009). Only in the late phases, as the debris be-
comes optically thin, will there be any direct emission from
the disk. The exact balance likely depends on the view-
ing angle, as illustrated by the simulations of Guillochon,
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Manukian & Ramirez-Ruiz (2014). Observationally, TDEs
would be expected to show spectral characteristics and light
curve evolution that would distinguish them from both su-
pernovae (SNe) and normal active galactic nuclei (AGN),
and the detection and study of TDEs remains a useful av-
enue for studying the properties of SMBHs despite their low
predicted frequency ((1.5—2.0)77 x 1075 yr~* per galaxy;
van Velzen & Farrar 2014), as the light emitted during the
TDE flare may be sensitive to the black hole spin and mass
(e.g., Ulmer 1999; Graham et al. 2001).

At present candidate TDEs can be divided into two ob-
servational classes based on the wavelength at which they
were discovered. The first consists of those found in UV
and X-ray surveys, such as candidates in NGC5905 (Ko-
mossa & Bade 1999) and IC3599 (Grupe et al. 1995; Brandt,
Pounds & Fink 1995), a candidate in the galaxy cluster
A1795 (Donato et al. 2014), Swift J164449.3+573451 (Bur-
rows et al. 2011; Bloom et al. 2011; Levan et al. 2011; Zaud-
erer et al. 2011), Swift J0258.4+0516 (Cenko et al. 2012b),
and GALEX candidates D1-9, D3-13, and D23H-1 (Gezari
et al., 2008; Gezari et al. 2009). These typically do not have
strong optical emission. The second consists of those found
in optical surveys, including PTF10iya (Cenko et al. 2012a);
SDSS TDE 1 and TDE 2 (van Velzen et al. 2011); PS1-10jh
(Gezari et al. 2012); PS1-11af (Chornock et al. 2014); and
PTF09ge, PTF09axc, PTF09djl, PTF10iam, PTF10nuj, and
PTF11glr (Arcavi et al. 2014). While the X-ray candidates
currently outnumber the optical and UV candidates, vari-
able AGN activity can also mimic the behavior expected for
TDEs in the X-ray, making it difficult to disentangle true
TDEs from AGN (van Velzen et al. 2011). Modern wide-field
optical transient surveys, such as the All-Sky Automated
Survey for Supernovae (ASAS-SN': Shappee et al. 2013),
the Palomar Transient Factory (PTF; Law et al. 2009), and
the Panoramic Survey Telescope & Rapid Response System
(Pan-STARRS; Chambers 2007) allow for the identification
and monitoring of such TDE candidate events on a rapid
time cadence across many wavelengths, helping to differen-
tiate true TDEs from AGN and SNe, and should prove a
very useful resource for discovering TDF's in the future.

Here we describe the discovery and follow-up observa-
tions of ASASSN-14ae, a potential TDE. The transient was
discovered by ASAS-SN, a long-term project to monitor the
whole sky on a rapid cadence to find nearby supernovae and
other bright transients (see Shappee et al. 2013 for details),
such as AGN activity (e.g., Shappee et al. 2013), extreme
stellar flares (e.g., Schmidt et al. 2014), outbursts in young
stellar objects (e.g., Holoien et al. 2014), and cataclysmic
variable stars (e.g., Stanek et al. 2013; Kato et al. 2013). Our
transient source detection pipeline was triggered on 2014
January 25, detecting a new source with V' = 17.14+0.1 mag
(Prieto et al. 2014). The object was also detected on 2014
January 26 at roughly the same magnitude, but is not de-
tected (V 2 18 mag) in data obtained on 2014 January 1
and earlier. A search at the object’s position in the Sloan
Digital Sky Survey Data Release 9 (SDSS DR9; Ahn et al.
2012) catalog revealed the source of the outburst to be the
inclined spiral galaxy SDSS J110840.11+4340552.2 at red-
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Figure 1. Discovery image of ASASSN-14ae. The top-left panel
shows the ASAS-SN V-band reference image and the top-right
panel shows the ASAS-SN subtracted image from 2014 January
25. The bottom-left panel shows the archival SDSS g-band image
of the host galaxy and the bottom-right panel shows an LT 2-m g-
band image from 2014 February 08. The dates of the observations
are listed in each panel, and the lower panels show a smaller field
of view, indicated by the red box in the top-left panel. The red
circles have radii of 50 and are centered on the host position.

shift z = 0.0436, corresponding to a luminosity distance
of d = 193 Mpc (Ho = 70 km s~ Mpc™', Qu = 0.3,
QA = 0.7), and that the ASAS-SN source position was con-
sistent with the center of the host galaxy. Follow-up images
obtained on 2014 January 27 with the Las Cumbres Obser-
vatory Global Telescope Network (LCOGT) 1-m telescope
at McDonald Observatory (Brown et al. 2013), the 2-m Liv-
erpool Telescope (LT) (Steele et al. 2004), and the Swift
UltraViolet and Optical Telescope (UVOT; Roming et al.
2005) confirmed the detection of the transient. After astro-
metrically aligning an LT image of the source in outburst
with the archival SDSS image of the host galaxy, we mea-
sure an offset of 0.28 & 0.45 pixels (0.09 £ 0.14 arcseconds)
between the position of the brightest pixel in the host galaxy
in the LT image and the position of the brightest pixel in the
SDSS image. This indicates that the source of the new flux is
consistent with the center of the galaxy, providing evidence
for a TDE interpretation. Figure 1 shows the ASAS-SN V-
band reference and subtracted images of the source as well
as SDSS pre-discovery and LT g-band images.

The archival SDSS spectrum of the host is that of an
early-type spiral with little evidence of emission lines from
an AGN, although it does show [O III] 5007 in emission
indicating that there is some recent star-formation. A tran-
sient classification spectrum obtained on 2014 January 29
with the Dual-Imaging Spectrograph (DIS) mounted on the
Apache Point Observatory (APO) 3.5-m telescope showed a
blue continuum as well as a broad (FWHM ~ 17000 km/s)
Ha line. The blue continuum and Ha emission suggested
that this transient was likely a young Type II SN, but the
proximity to the galactic nucleus and its absolute magni-
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Table 1. Photometry of Host Galaxy

Filter =~ Magnitude Magnitude Uncertainty

u 19.16 0.03
g 17.60 0.02
r 16.94 0.02
% 16.65 0.02
z 16.45 0.02
J 15.34 0.05
H 14.73 0.10
K 14.34 0.10

These are 5”0 radius aperture magnitudes from SDSS and
2MASS.

tude at discovery (My ~ —19.3 mag from the ASAS-SN
host-subtracted image) made a tidal capture event a poten-
tial alternative. We decided to start a follow-up campaign
in order to fully characterize this interesting transient.

In §2 we describe pre-outburst archival observations,
including both photometry and spectroscopy of the host
galaxy, as well as new data taken of the transient during
our follow-up campaign. In §3 we analyze these data and
describe the properties of the transient. Finally, in §4 we
compare these properties to those of supernovae, AGN, and
other proposed TDEs to examine the nature of the object.

2 OBSERVATIONS AND SURVEY DATA

In this section we summarize the available archival data of
the transient host galaxy as well as our new photometric
and spectroscopic observations of ASASSN-14ae.

2.1 Archival Photometry and Spectroscopy

We retrieved archival reduced images in wugriz of SDSS
J110840.11+340552.2 from SDSS DR9. We then measured
the fluxes in a 5”0 aperture radius (the same aperture used
to measure the source in follow-up data, chosen to match
the Swift PSF and to minimize the effects of seeing varia-
tions on the photometry) to use for galaxy SED modeling
and for subtracting the host galaxy fluxes from the tran-
sient fluxes. We also retrieved near-IR JH K, images from
the Two-Micron All Sky Survey (2MASS; Skrutskie et al.
2006) and measured aperture magnitudes of the host galaxy
in the same fashion. The measured SDSS and 2MASS mag-
nitudes of the host galaxy are presented in Table 1.

There are no archival Spitzer, Herschel, Hubble Space
Telescope (HST), Chandra, or X-ray Multi-Mirror Mission
(XMM-Newton) observations of the source. The host galaxy
is not detected in the ROSAT All-Sky Survey with an upper
flux limit of 3 x 107! erg s™! cm™2 in the 0.1 — 2.4 keV
band (Voges et al. 1999), providing further evidence that
the galaxy is inactive. We also retrieved archival mid-IR
photometry from the Wide-field Infrared Survey Explorer
(WISE; Wright et al. 2010). From the WISE W1 and W2
measurements we calculate that the host galaxy has (W1 —
W2) ~ 0.06+0.06 mag, and this blue mid-IR color is further
evidence against AGN activity (e.g., Assef et al. 2013).

We used the code for Fitting and Assessment of Syn-
thetic Templates (FAST v1.0; Kriek et al. 2009) to fit stel-
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lar population synthesis (SPS) models to the 570 SDSS
ugriz and 2MASS JH K, magnitudes of the host galaxy.
The fit was made assuming a CCM extinction law (Cardelli,
Clayton & Mathis 1988) with Ry = 3.1, an exponentially
declining star-formation history, a Salpeter IMF, and the
Bruzual & Charlot (2003) models. We obtained a good
SPS fit (reduced x2 = 0.4), with the following param-
eters: Ay = 0.157071% mag, M, = (6.370%) x 10° Mg,
age= 2.270% Gyr, and SFR= (3%3) x 1072 Mg yr'. We
note that these properties do not appear to be consistent
with SDSS J110840.11+340552.2 being an E4+A galaxy, as
many of the hosts of the TDE candidates in Arcavi et al.
(2014) were. The FAST estimate of Ay = 0.15 mag incorpo-
rates both Galactic and host extinction and this value is con-
sistent with the Galactic extinction (Ay = 0.057 mag based
on Schlafly & Finkbeiner 2011). In fits to the transient SED,
we find no evidence for additional extinction, even though
the Swift UV data, particularly the UV M2 band which lies
on top of the 2200 A extinction curve feature, is a power-
ful probe for additional dust (though this depends on the
strength of the UV bump in the dust law). In the analy-
ses of the event’s SED which follow we only correct for this
Galactic extinction.

We also obtained the spectrum of SDSS
J110840.11+340552.2 from SDSS-DR9. The archival spec-
trum is dominated by absorption lines (e.g., Balmer lines,
Ca I G-band, Mg I, Na I, Ca H&K, and the 4000 A break)
that are characteristic of intermediate-age and old stellar
populations. This is consistent with the results of the
FAST fit to the SED of the host. The spectrum does not
show strong emission lines, except for the detection of an
unresolved [O IIT] 5007 line with FWHM ~ 250 km s™*
and integrated luminosity Liommn =~ 2.4 x 10%° erg s~ 1.
This is likely a sign of a low level of recent star formation,
indicating the galaxy could host core-collapse supernova
events, but without detecting other emission lines (e.g., HE,
Ha, [N II]) we cannot constrain the rate of star formation.
We note that the [O III]/HB and [N II]/Ha ratios may
indicate that the host contains a very weak Type 2 AGN,
consistent with the analysis done in Arcavi et al. (2014).
However, other factors (e.g., the WISE photometry) argue
against significant activity.

We use the FWHM = 250 km s™" of the [O IIT] line from
the latest spectroscopic epoch, presented in §2.3, to estimate
a velocity dispersion for the galaxy and place an upper limit
on the mass of the black hole of Mgy < 10%% Mg using
the M-o relation from Giiltekin et al. (2009). SDSS reports
a velocity dispersion of o = 42.9 £ 7.3 km s~ !, which is well
below the velocity resolution of the SDSS spectrograph of
~ 100 km s~ !, so we will conservatively regard the SDSS
estimate as a limit of o < 100 km s~'. Using the same M-o
relation from Giiltekin et al. (2009) and the SDSS resolution
of 100 km s~ gives an upper limit of Mg < 10%° Mg, con-
sistent with the limit we derive from the width of the [O III]
line. Finally, from the FAST fit, we have M, ~ 10%% Mg,
which is consistent with a bulge mass of Mp ~ 10%4 Mg
(Mendel et al. 2014). Using the Mp-Mpp relation from Mec-
Connell & Ma (2013) gives My ~ 10°8 Mg, which is again
consistent with the limits derived from the host and tran-
sient spectra.



4 T. W.-S. Holoien et al.

2.2 New Photometric Observations

After detection of the transient, we were granted a series
of Swift X-ray Telescope (XRT; Burrows et al. 2005) and
UVOT target-of-opportunity (ToO) observations. The Swift
UVOT observations of ASASSN-14ae were obtained in 6 fil-
ters: V (5468 A), B (4392 A), U (3465 A), UVW1 (2600 A),
UV M2 (2246 A), and UVIW2 (1928 A) (Poole et al. 2008).
We used the UVOT software task uvotsource to extract the
source counts from a 5”0 radius region and a sky region
with a radius of ~4070. The UVOT count rates were con-
verted into magnitudes and fluxes based on the most recent
UVOT calibration (Poole et al. 2008; Breeveld et al. 2010).
The UVOT Vega magnitudes are shown along with other
photometric data in Figure 2.

The XRT was operating in Photon Counting mode (Hill
et al. 2004) during our observations. The data from all
epochs were reduced and combined with the software tasks
xrtpipeline and zselect to obtain an image in the 0.3—10 keV
range with a total exposure time of ~ 42,030 s. We used a re-
gion with a radius of 20 pixels (47”1) centered on the source
position to extract source counts and a source-free region
with a radius of 100 pixels (235”7) for background counts.
We do not detect X-ray emission from ASASSN-14ae to a
3-sigma upper limit of 5.9 x 10™* counts s~*. To convert this
to a flux, we assume a power law spectrum with I' = 2 and
Galactic H I column density (Kalberla et al. 2005), yield-
ing an upper limit of ~ 2.9 x 107! erg cm™2 s~'. At the
host distance of d = 193 Mpc, this corresponds to an up-
per limit of Ly < 1.3 x 10" erg s™! (3.4 x 10" L) on the
average X-ray luminosity. The constraints for the individual
Swift epochs are on average ~ 10 times weaker, and we only
consider the combined X-ray limit.

In addition to the Swift observations, we obtained gri
images with the LCOGT 1-m at the MacDonald Observa-
tory and ugriz images with the LT 2-m telescope. We mea-
sured aperture photometry? using a 570 aperture radius to
match the host galaxy and Swift UVOT measurements. The
photometric zero points were determined using several SDSS
stars in the field. These data are shown in Figure 2.

Figure 2 shows the UV and optical light curves of
ASASSN-14ae from MJD 56682.5 (the epoch of first de-
tection) through our latest epoch of observations on MJD
56828 (146 days after first detection) without extinction cor-
rection or host flux subtraction. Also shown are the SDSS
ugriz magnitudes and synthesized Swift UVOT magnitudes
of the host galaxy extrapolated from the host SED fit. With
the host flux included, the light curve shows ASASSN-14ae
brightened much more strongly in the blue and UV fil-
ters than in the red bands, with the largest increase in
the Swift UV M2 band (2246 A), where it brightened by
Amyvy a2 ~ —4.9. The brightness also appears to be declin-
ing at a faster rate with respect to the host in bluer filters.
We further analyze this light curve and compare it to SNe
and TDEs in the literature in §3.1.

After correcting our photometric measurements for
Galactic extinction, we construct SEDs for 5 follow-up

2 We also attempted to do image subtraction with the SDSS
archival images as templates. However, due to the lack of stars in
the field-of-view close to ASASSN-14ae, the quality of the sub-
tractions was sub-optimal.
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Figure 2. Light curves of ASASSN-14ae, starting at discovery
(MJD = 56682.5) and spanning 146 days. Follow-up data ob-
tained from Swift (UV + optical), the LCOGT 1-m (optical),
and the LT 2-m (optical) are shown as circles. 3-sigma upper
limits are shown as triangles for cases where the source is not de-
tected. All magnitudes are shown in the Vega system. The data
are not corrected for extinction and error bars are shown for all
points, but in some cases they are smaller than the data points.
Host galaxy magnitudes measured by SDSS in a 5”0 aperture for
ugriz and synthesized from our host SED model for the Swift
UVOT bands are shown as stars at —5 days. Dates of spectro-
scopic follow-up are indicated with vertical bars at the bottom of
the figure with colors matching the corresponding spectra in Fig-
ures 4 and 5. ASASSN-14ae brightened by nearly 5 magnitudes
in the UV with respect to the host galaxy while brightening by
a progressively smaller amount in redder filters. The relative de-
cline rate with respect to the host is steepest for those filters with
larger increases in brightness, with the Swift UV M2 magnitude
declining at a rate of roughly 3.5 magnitudes per 100 days. Ta-
ble Al contains all the follow-up photometric data.

epochs. These are shown with the extinction-corrected SDSS
archival data and host SED fit from FAST in Figure 3.

2.3 New Spectroscopic Observations

We obtained seven low- and medium-resolution optical spec-
tra of ASASSN-14ae spanning more than four months be-
tween 2014 January 29 and 2014 June 6. The spectra were
obtained with DIS mounted on the Apache Point Obser-
vatory 3.5-m telescope (range 3500 — 9800 A, R ~ 1000)
and with the Multi-Object Double Spectrographs (MODS;
Pogge et al. 2010) on the 8.4-m Large Binocular Telescope
(LBT) on Mount Graham (range 3200—10000 A, R ~ 2000).
The spectra from DIS were reduced using standard tech-
niques in IRAF and the spectra from MODS were reduced
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Figure 3. Observed spectral energy distribution of ASASSN-
14ae and its host galaxy. The colored squares show the SED of
ASASSN-14ae at the different epochs noted in the legend (listed
as days since discovery). The black circles show archival SDSS
ugriz data and the black line shows the best-fit host galaxy SED
from FAST. All fluxes have been corrected for Galactic extinc-
tion and all data points include error bars, although they can be
smaller than the data points.

using a custom pipeline written in IDL3. We applied telluric
corrections to all the spectra using the spectrum of the spec-
trophotometric standard observed the same night. We cal-
culated synthetic r-band magnitudes and scaled the fluxes
in each spectrum to match the r-band photometry. Figure 4
shows a montage of the flux-calibrated spectra from both
DIS and MODS, while Figure 5 shows the same six spectra
with the host galaxy spectrum subtracted.

The main characteristics of the spectra of ASASSN-
14ae are the blue continuum, consistent with the photomet-
ric measurements, and the detection of broad Balmer lines
in emission, which are not present in the host galaxy spec-
trum. The He line has FHWM > 8000 km s~! at all epochs
and does not show a P-Cygni absorption trough. The blue
continuum present in the first follow-up spectrum from 2014
January 29 becomes progressively weaker over time, with the
spectrum from 2014 April 29 showing only slight emission
above the host at wavelengths shorter than ~ 4000 A. While
the latest spectrum from 2014 June 6 appears to show more
blue continuum emission than the previous epoch, the flux
calibration and host subtraction for this spectrum are un-
certain, and the corresponding Swift photometry indicates
the UV emission of the source should be fading. The broad
Ha emission feature becomes stronger relative to the con-
tinuum (higher equivalent width) after the initial spectrum
and continues to show strong emission in all later epochs.
Other broad emission features can be seen as well, including
a He II 4686 line which has become stronger in equivalent
width relative to the Balmer lines in the latest spectrum. We

3 http://www.astronomy.ohio-state.edu/MODS/Software/
modsIDL/
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Figure 4. Spectral time-sequence of ASASSN-14ae during the
outburst. Each spectrum shows the UT date it was obtained. Also
plotted is the archival SDSS host spectrum, in black. Absorption
features from the host galaxy are identified with black dotted
lines. The transient spectra continue to show prominent broad
Ha emission at all epochs, as well as other Balmer lines.

further analyze the features of these spectra in comparison
to SNe, AGN, and TDEs in §3.3.

3 ANALYSIS
3.1 Light Curve Analysis

After correcting both the host and transient fluxes for Galac-
tic extinction, we produced host-subtracted light curves for
all 9 photometric filters. From these data we calculate peak
absolute magnitudes and decline rates for all Swift filters,
which are reported in Table 2. Comparison with luminous
supernovae SN 2008es (Miller et al. 2009) and SN 2009kf
(Botticella et al. 2010), both of which had absolute V-
band magnitudes roughly equal to or greater than that of
ASASSN-14ae, shows that the UV decline rates of these
highly luminous supernovae are much faster than what we
observe for ASASSN-14ae, indicating that a supernova ex-
planation for the event is disfavored.

ASASSN-14ae’s UV-UV and UV-optical color evolu-
tion are also atypical of hydrogen-rich supernovae with
broad lines. Figure 6 shows the full host-subtracted UV-
UV and UV-U color evolution for ASASSN-14ae in all
Swift filters and Figure 7 compares the (UVM2 — UVW1)
and (UVM2 — U) colors to those of SN 2008es, a super-
luminous SN IIL (Miller et al. 2009; Gezari et al. 2009), and
SN 2012aw, a normal SN IIP (Bayless et al. 2013), which
were also heavily observed with Swift. For SN 2008es we ap-
plied cross-filter K-corrections to obtain the rest-frame col-
ors assuming a blackbody with Teg = 8000 K (Miller et al.
2009; Gezari et al. 2009), but we did not apply these cor-
rections to SN 2012aw or ASASSN-14ae as they are much
lower redshift. ASASSN-14ae shows almost no change in
(UVM2—-UVW1) color and became only slightly redder in
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Table 2. Peak absolute magnitudes and estimated decline rates of ASASSN-14ae in Swift filters

Filter Absolute Magnitude = Magnitude Uncertainty = Decline Rate (mag/100 days) Decline Rate Uncertainty
\% —19.5 0.20 1.9 0.30
B —19.4 0.07 3.6 0.36
U —19.8 0.05 3.5 0.30
Uuvwi —19.8 0.04 4.0 0.30
UV M2 —20.0 0.04 3.3 0.16
Uvw2 —19.7 0.04 3.6 0.13
8 ‘ T T T T
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Figure 5. Host-galaxy-subtracted spectral time-sequence of
ASASSN-14ae. Each spectrum shows the UT date it was ob-
tained. Prominent emission features are identified with black dot-
ted lines. The transient spectra show many broad emission fea-
tures in all epochs, and blue continuum emission is still present at
wavelengths shorter than ~ 4000 A in the latest spectrum from
2014 June 6. In later epochs, the He II 4686 line has become
stronger relative to the Balmer lines

(UVM2 —U) during the ~ 80 days shown in the Figure. In
contrast, SN 2008es became redder in both colors over time,
while SN 2012aw became significantly redder in both colors
over the first ~ 20 days after discovery and then remained
roughly constant in later epochs. ASASSN-14ae looks like
neither of these, and all its (UV —UV) and (UV —U) colors
show little change over the time shown in Figure 6, implying
the most likely SN types that could produce the observed
spectra of ASASSN-14ae are unlikely to be the sources of
the transient.

3.2 SED Analysis

Using the host-subtracted fluxes of ASASSN-14ae we fit
the transient SEDs with blackbody curves using Markov
Chain Monte Carlo (MCMC) methods. The evolution of the
source’s SED along with the best-fit blackbody curves are
shown in Figure 8. At early epochs, the blackbody fit is not
able to replicate the apparent excess in the UV M2 (2246 A)
filter. This excess is not created by the extinction correction
and corresponds to no obvious emission line. Using the best-
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Figure 6. (UV —UV) and (UV —U) color evolution of ASASSN-
14ae for all Swift UV bands. All fluxes used to calculate the colors
shown were corrected for Galactic extinction and host-subtracted.
(UVW2 — X) colors are shown as circles colored different shades
of purple, (UVM2 — X) colors are shown as squares colored dif-
ferent shades of blue, and (UVW1—U) is shown as diamonds and
colored green. Each color term is offset in magnitude by a con-
stant indicated in the legend and offset in epoch by 1 day from the
term above it in order to make the plots easier to read. Horizontal
dashed lines are centered on the average value of the color term
plotted in the same color and are shown to aid the eye in seeing
the general shape of the curves. ASASSN-14ae becomes slightly
bluer in (UVW2— X) colors and slightly redder in (UVW1—U),
but all terms show only slight evolution over the time shown.

fit blackbody curves we estimate the temperature and lumi-
nosity evolution of ASASSN-14ae. The derived estimates,
along with 90% confidence errors and the x? values of the
best-fit blackbody curve, are given in Table 3 and shown
in Figure 9. When there were Swift observations the tem-
perature was estimated as a free parameter. When the UV
data were not available, the temperature was constrained
by a prior shown by the solid line in Figure 9 that roughly
tracks the epochs with UV data. There are some degenera-
cies between the temperature and luminosity because much
of the luminosity is farther in the UV than our data cover for
these temperatures, resulting in relatively large uncertain-
ties in some cases. In general, the temperature of the source
falls from 7" ~ 20,000 K to T" ~ 15,000 K during the first
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Figure 7. Comparison of (UVM2 — UVW1) (top panel) and
(UVM2 —U) (bottom panel) color evolution between ASASSN-
14ae (blue circles); SN 2008es, a super-luminous SN IIL (Gezari
et al. 2009, green squares); and SN 2012aw, a SN IIP (Bayless
et al. 2013, red diamonds). K-correction has been applied to the
photometry for SN 2008es. ASASSN-14ae shows little evolution
in either color while SN 2008es becomes redder in both colors and
SN 2012aw becomes significantly redder over the first ~ 20 days
after detection and remains roughly constant thereafter.

~ 20 days of the outburst, then rises again to T' ~ 20,000 K
over the next ~ 50 days, and then remains roughly constant
for the rest of the period shown. Conversely, the luminosity
fades steadily over the 150-day period shown. Integrating
over the luminosity curve using the epochs with directly es-
timated temperatures gives a value of E ~ 1.7 x 10°° ergs
for the total energy radiated by ASASSN-14ae during this
time. This only requires accretion of AM ~ 107377&% Mg of
mass, where = 0.1n9.1 is the radiative efficiency.

After the first ~ 10 days, the luminosity evolution is
well fit as an exponential L o e t/% with to ~ 39 days
as shown in Figure 9. This differs from most TDE models
where the luminosity evolution is described as a power law
t7% with ¢ ~ 5/12 — 5/3 (e.g., Strubbe & Quataert 2009;
Lodato & Rossi 2011). However, this temperature and lu-
minosity behavior would be highly unusual for a supernova,
which typically exhibit a temperature that drops consider-
ably within days of the explosion along with either a rela-
tively constant luminosity (Type IIP; e.g., Botticella et al.
2010) or a declining luminosity (Type IIn, IIL, Ic; e.g., Miller
et al. 2009; Inserra et al. 2013; Graham et al. 2014).

While it is unlikely we are seeing direct emission from
a thin disk, we can model the data using the surface bright-
ness profile of a thin disk (Shakura & Sunyaev 1973). We
make the disk infinite, where the location of the inner edge
is unimportant given our wavelength coverage. Adding an
outer edge could be used to make the profile rise more
steeply towards shorter wavelengths. Figure 10 shows the
implied luminosity of the disk in Eddington units, where
the estimate of L/Lgqq depends on the black hole mass
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Figure 8. Evolution of the SED of ASASSN-14ae (shown in
different colors) along with the best-fitting blackbody models
for each epoch. Only epochs with both Swift and ground data
taken within 0.5 days of each other and only data points with
Ssub/frost > 0.3 are shown. All data points have been extinction-
corrected and include error bars, although they can be smaller
than the data points. At early epochs, the blackbody fits are not
able to replicate the apparent excess in the Swift UV M2 band.

Mgy = 10°Mpre Mg, the disk inclination factor cosi and
the radiative efficiency 7 = 0.1no.1 in the sense that rais-
ing the black hole mass, making the disk inclined to the
line of site or lowering the radiative efficiency will reduce
the observed luminosity relative to the Eddington limit. In
general, the SED of a thin disk fits the data significantly
worse than a blackbody. Like the bolometric luminosity,
the estimated thin disk luminosity drops exponentially with
time rather than as a power law, following a plateau at
L/Lgaqa ~ 10170,1M1§12_16 cos /2 for the first ~ 20 days.
Raising the black hole mass scale to Mpg ~ 106-3 Mg would
allow L/LEgqq ~ 1 at peak. The differences compared to the
Eddington limit shown in Figure 9 arise from the enormous
increase in the unobserved hard UV emission which we dis-
cuss in §3.3 using the broad emission lines.

3.3 Spectral Analysis

The spectra of ASASSN-14ae show broad Balmer lines in
emission with a blue continuum, including an important con-
tribution of the host galaxy (especially in the red) at late
times (see Figure 4). We subtracted the SDSS host galaxy
spectrum from ASASSN-14ae spectra in order to compare to
other objects and for analyzing the spectral line profiles. Fig-
ure 11 shows a comparison of ASASSN-14ae host-subtracted
spectra at two different epochs after discovery with the spec-
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Table 3. ASASSN-14ae blackbody Evolution

MJD Best-Fit x>  Luminosity (10° L)  Temperature (10* K)  Radius (10'* cm)
56684.6 35.5 21.6 +1.3 2.24+0.1 7.0+0.3
56697.4 37.2 10.74+0.4 1.6 +0.0 9.3+0.5
56698.5 27.0 9.3+0.8 1.5+£0.1 10.4 £0.8
56728.6 9.8 3.1+0.2 1.6+0.1 5.3+0.6
56734.2 15.0 2.9+0.2 1.6 £0.1 4.8 +£0.6
56739.6 17.2 2.6 £0.2 1.94+0.2 3.4+0.5
56744.1 1.7 2.3+0.2 1.9+0.2 3.1+04
56755.2 32.1 1.7+0.2 1.7+0.2 3.1+£0.5
56763.2 9.7 1.4+04 2.1+0.5 1.9+0.7
56770.3 18.2 1.5+04 2.2+0.4 1.94+04
56794.8 28.4 0.8+0.1 2.0+0.2 1.7+£0.3

The results are given only for epochs with Swift data, where the temperature can be estimated
without a prior.

| | | |
0 50 100 150

MID-56682.5 (days)

log,,(L/L,)

11

10

0 50

MJD-56682.5 (days)

100

Figure 9. Left Panel: Evolution of ASASSN-14ae’s blackbody temperature with temperatures fit with a prior (open points) and
without a prior (filled points). The horizontal lines show our temperature prior, with the solid line showing our central temperature
prior and the dashed lines showing the 1o spread in the prior. The temperature of the source falls from 7" ~ 20,000 K to T" ~ 15,000 K
during the first ~ 20 days of the outburst, then rises again to T' ~ 20,000 K over the next ~ 50 days before remaining roughly constant
for the rest of the period shown. Right Panel: Evolution of ASASSN-14ae’s luminosity over time. Dashed lines show popular power
law fits for TDE luminosity curves L o< t~% (e.g., Strubbe & Quataert 2009; Lodato & Rossi 2011) while the diagonal solid line shows
an exponential fit. The solid horizontal line shows the Eddington luminosity for a M = 106 Mg black hole. The exponential model
appears to fit the luminosity curve of ASASSN-14ae better than any of the power law fits typically used for TDEs.

tra of SNe II (SN 2010jl, ASASSN-13co, and SN 2008es)
and a broad-line AGN (SDSS J1540-0205). SN 2010jl is
a luminous SN IIn (My ~ —20 mag, Stoll et al. 2011),
SN 2008es is a super-luminous SN IIL (My ~ —22 mag,
Miller et al. 2009), and ASASSN-13co is a luminous SN IIP
(My ~ —18 mag, Holoien et al. 2013). At the earliest epoch,
the spectrum of ASASSN-14ae is similar to ASASSN-13co
and SN 2008es, dominated by a blue continuum. At the
later epoch, the spectrum of ASASSN-14ae stays blue, but
the spectra of the SN II ASASSN-13co and SN 2008es be-
come significantly redder, consistent with the comparison in
color evolution illustrated in Figure 7. The spectral lines
also show differences. In ASASSN-14ae the Ha is broad

(FWHM > 8,000 km s~ ') at all times and does not show the
P-Cygni profile that is characteristic of SNe II with broad
lines. The spectrum of ASASSN-14ae is quite different from
the Type IIn SN 2010j1 (Stoll et al. 2011; Zhang et al. 2012)
at early and late times, both in line profiles (SNe IIn have
narrower lines with FWHM < 5,000 km s71) and continuum
shape. The spectrum of the low-ionization broad-line AGN
SDSS J1540-0205 (Strateva et al. 2003) does not resemble
the spectrum of ASASSN-14ae in the earlier epoch but shows
interesting similarities with the spectrum of ASASSN-14ae
at 50 days after discovery. In particular, it has a complex
Ha line profile, which is thought to be produced by emis-
sion from the accretion disk (Strateva et al. 2003).

© 0000 RAS, MNRAS 000, 000-000



(ecMp2cos™3/21)

L/Mlgqq

gl
0 50 100 150

MID—56682.5 (days)

Figure 10. Implied luminosity in Eddington units of ASASSN-
14ae using a thin disk model. The estimated L/Lg4q depends
on the black hole mass Mgy = 10 Mpyg Mg, the disk inclina-
tion factor cosi and the radiative efficiency n = 0.179.1. Raising
the black hole mass scale to Mgy ~ 1065 Mg would produce
L/LEgg4q ~ 1 at peak. In general, the SED of the thin disk fits the
data significantly worse than a blackbody (see Figure 13 below).

In Figure 12 we show the evolution of the Ha line
profile of ASASSN-14ae as a function of time. In the first
epoch, 4 days after discovery, the line can be well-fit with
a Gaussian profile centered at vpeak ~ —3,000 km s~! and
with FWHM =~ 17,000 km s~ ! and integrated luminosity
L ~ 2.7 x 10*! erg s™!. However, the line peak evolves
to the red and the shape becomes significantly asymmetric
in later epochs between ~ 30 — 50 days after discovery. The
peak of the profile in these epochs is at vpeak ~ 3,000 —
4,000 km s~! and the blue/red wing of the line reaches
~ —15,000/ + 20,000 km s™!, showing a strong red asym-
metry. At 70 days after discovery, the profile again becomes
more symmetric and can be relatively well-fit using a gaus-
sian with vpeak ~ +1,400 km st , FWHM ~ 10, 000 km st
and integrated luminosity Lpo ~ 2.1 x 10* erg s7%. In
the spectrum from 2014 April 29, not shown in Figure 12,
the Ha line has FWHM ~ 8,000 km s~! and its inte-
grated luminosity has only decreased by a factor of three
since the first epoch, to Lrga ~ 1.2 x 10*! erg s™1. In the
April 29 spectrum we also detect broad He II 4686 with
FWHM =~ 6,000 km s~ and Lgerr =~ 3 x 1040 erg s™1. In
the latest spectrum from 2014 June 6, this He II line has
become stronger relative to the Balmer lines, but has the
same FWHM.

In summary, the spectra of ASASSN-14ae seem to be in-
consistent with the spectra of SN IT and the Ha emission line
profile shows strong evolution during the event. Compared
to the spectra of TDEs in the literature, the most similar to
ASASSN-14ae is SDSS TDE2 (van Velzen et al. 2011), which
showed a broad He line with FWHM =~ 8,000 km s~ !. The
spectra of PS1-10jh (Gezari et al. 2012) showed a He II 4686
line in emission with FWHM ~ 9,000 km s~* and the spec-
tra of PS1-11af (Chornock et al. 2014) did not show any
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Figure 12. Evolution of the Ha line profile of ASASSN-14ae
as a function of time. We have subtracted the host galaxy spec-
trum and a low-order continuum defined locally around the line.
The days since discovery are shown in the top-right part of
each panel. The integrated luminosity of the Ha line is Ly, =~
2.7 x 104! erg s~! at four days, Ly ~ 3.3 x 10*! erg s~ ! at
30 days, Lya =~ 3.2 x 1041 erg s~1 at 51 days, and Ly, =~
2.1 x 10*! erg s—! at 70 days.

emission lines. The recent paper by Arcavi et al. (2014)
presents spectra of multiple TDE candidates and shows that
their spectra fall on a continuum, with some events being
more He-rich and others being more H-rich. The spectra
of ASASSN-14ae resembles the other TDE candidates, and
with both strong He and H emission, it appears to fall in the
middle of the proposed continuum of spectral properties.

If we assume that the Ha and He II emission are driven
by photoionization and recombination, we can gain some
insight into the hard UV continuum and the physical con-
ditions of the line emitting region. In particular, if ap and
oy are the case B recombination and line emission rate co-
efficients, and F,; and F; are the energies of the ionization
edge and the line, then we can estimate the luminosity at
the ionization edge as L; = Li(ap/ou)(E;/E;), which for
Lia ~ 2 x 10* and Lyerr ~ 3 x 10%° erg s~! implies ion-
izing luminosities of 3 x 10? and 2 x 10! erg s™', respec-
tively, as shown in Figure 13. If we compare these estimates,
we see that the SED probably requires some additional hard
UV emission beyond that expected from the blackbody fits,
but definitely has a sharp cutoff at wavelengths only some-
what shorter than the blackbody predictions. This assumes
an emission line gas covering fraction € ~ 1 near unity, and
these ionizing luminosities can be shifted upwards as e 1.
However, the covering fractions for H and He are unlikely
to differ enormously, so the SED likely must fall towards
shorter wavelengths independent of the exact value of €. This
is also consistent with the X-ray flux limit from §2.2.

For comparison, Figure 13 shows the SED of a thin disk,
raising the black hole mass to Mpr = 10%° M so that an
L/Lgqq ~ 1 disk with efficiency n = 0.1 is consistent with
the observed UV emission near MJD 56729 (as compared
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Figure 11. Comparison of the host-subtracted spectra of ASASSN-14ae with the spectra of the Type IIn SN 2010jl (Stoll et al. 2011;
Zhang et al. 2012), the Type IIL SN 2008es (Miller et al. 2009), the Type IIP ASASSN-13co (Holoien et al. 2013), and the broad-line
AGN SDSS J1540-0205 (Strateva et al. 2003). The left panel shows the spectra at an early phase and the right panel at a later phase
with respect to discovery or maximum light (except for the AGN). The days with respect to maximum light (SN 2008es, SN 2010j1) or
discovery (ASASSN-14ae, ASASSN-13co) are shown in parenthesis, next to the names of the transients.

with Figure 10). The inner regions of the disk are much
hotter than the blackbody, so the SED continues to rise
into the hard UV, producing far more ionizing flux than is
required. This is true even when we add an inner edge at
Rin = 3ry where ry = G]\/[BH/C2 is the gravitational radius
of the black hole. Thus, while there must be some excess
hard emission compared to a blackbody, it is likely less than
for a thin disk. Note that the effects of the inner disk edge
only affect the very hard UV and X-ray emission, which
is why we could ignore the inner edge in the SED models
from §3.2. The different shape of the thin disk model where
we have the optical and near-UV SED also shows why the
blackbody models are a better fit to the directly observed
SEDs. Extrapolating the SED following the thin disk model
would increase the total energy budget and accreted mass
by roughly an order of magnitude.

We can also estimate the gas mass associated with the
line emission if we assume that the line widths are related
to orbital velocities. The emission radius for a velocity of
v = 500005 km/s is of order

(1)

14 —2
Ta ~5x 107" Mphevs ~ cm

and the Ha luminosity is of order

4
Lo ™~ ?T?MTLQOQE[ (2)
where a; and E; are the volumetric rate and line energy and
we assume a spherical geometry. This implies a characteristic

number density of order
n~3x 101°L;Q21v§Mg§,g2 cm™? (3)

which implies that the line emission should almost instanta-
neously track the hard UV emission because the recombina-

tion times are short. The mass associated with the emission
line region is then

My ~ 0.016 L2 M2 w5 ® Mo (4)

which is an order of magnitude larger than the amount of
accreted mass needed to power the transient.

4 DISCUSSION

The transient ASASSN-14ae, discovered by ASAS-SN on
2014 January 25, had a peak absolute V-band magnitude
of My ~ —19.5 and position consistent to within 0.09 £+
0.14 arcseconds of the center of SDSS J110840.114-340552.2.
However, it does not appear to be consistent with either a
supernova or a normal AGN outburst. Its colors remain blue
over 140 days since detection, rather than showing the rapid
reddening seen in super-luminous SNe with similar absolute
magnitudes, and ASASSN-14ae’s temperature has remained
relatively constant at 1" ~ 20,000 K for the duration of the
outburst while declining steadily in luminosity at a rate best
fit by an exponential decay curve, behavior which is incon-
sistent with nearly all SNe. Finally, spectra of ASASSN-14ae
show a strong blue continuum and broad emission features,
including Balmer lines and a He II line, and its spectral evo-
lution does not appear to match either those of SNe or AGN.
While highly unusual AGN activity or a strange SN cannot
be ruled out completely, the observational characteristics of
ASASSN-14ae disfavor both of these scenarios.

Archival photometry, spectroscopy, and SED fitting in-
dicate that SDSS J110840.11+340552.2 appears to be an
early-type galaxy with a generally intermediate-to-old-aged
stellar population but some signs of recent star formation.
While the recent star formation indicates that the galaxy
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Figure 13. SED of a thin disk with the black hole mass raised to
Mpy = 105° Mg so that a disk radiating at the Eddington lu-
minosity is consistent with the observed UV emission from MJD
56729 without an inner edge (straight red dashed line), and with
an inner edge at R;,, = 3ry (curved red dashed line). Both models
rise into the hard UV, producing far more ionizing flux than is
required to produce the observed Ha and He II emission (unfilled
boxes). The X-ray limit shown is based on Swift XRT data col-
lected through 2014 April 24; including later data would make this
limit tighter, as discussed in §2.2. These estimates of the ionizing
luminosity can be shifted to higher luminosities as the inverse of
the covering fraction, but H and He probably have to be shifted
by similar amounts, which would imply that the spectrum must
still be falling towards shorter wavelengths.

could host a core-collapse SN, the supernova explanation is
disfavored by photometric and spectroscopic observations,
as previously mentioned. SDSS J110840.114340552.2 shows
spectral emission features indicating only a weak AGN host
at best, and its mid-IR colors from WISE are inconsistent
with significant AGN activity, further disfavoring normal
AGN activity as an explanation for ASASSN-14ae.

Conversely, many of the observed properties of
ASASSN-14ae are consistent with other TDE candidates
discussed in the literature. The blue colors, slow decline rate,
and color evolution have been seen in many TDE candidates,
and these transients are predicted to show a largely con-
stant temperature and steadily declining luminosity curve.
ASASSN-14ae’s spectra also do not appear to be highly un-
usual for TDEs, and in fact are a very close match to spec-
tra of the SDSS candidate TDE 2 (van Velzen et al. 2011)
and the PTF candidate PTF09djl (Arcavi et al. 2014). With
both strong He and H emission lines, ASASSN-14ae appears
to fall in the middle of the He-rich-to-H-rich continuum pro-
posed by Arcavi et al. (2014).

Thus, we conclude that ASASSN-14ae is probably a
TDE. ASASSN-14ae appears to be the lowest redshift can-
didate TDE discovered at optical or UV wavelengths, and
continues to emit well above host galaxy levels in the UV
over 140 days since discovery. In the most recent spectra,
the optical continuum is again dominated by the host, but
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with a prominent, broad Ha line and other, weaker Balmer
and He II lines.

The amount of mass associated with the event is small,
roughly 10™® Mg, of accreted material is sufficient to power
the transient, and ~ 1072 Mg is associated with the line
emission region. This suggests that this event is likely pow-
ered by tidally stripping the envelope of a giant rather than
by the complete disruption of a main-sequence star, as de-
scribed in MacLeod, Guillochon, & Ramirez-Ruiz (2012),
similar to the case seen with black hole candidate ESO 243-
49 HLX-1 (Webb et al. 2014). The duration of a TDE can
be truncated by putting the star on an orbit bound to the
black hole (Hayasaki et al. 2013), but this necessarily im-
plies that a larger fraction of the stellar mass is on bound
orbits and so should enhance the total energy release. On
the other hand, disruptions of giants on parabolic orbits
have the same asymptotic t=5/3 power law for the rate of
return of material to pericenter, but they have a far higher
peak. At its simplest, a constant density spherical star has a
return rate proportional to P~%/3(1 — (P/Py)*/3) where Py
is the period at the surface, while a shell has a rate simply
proportional to P~%/% for P > Py in both cases. As a result,
disruptions of giant envelopes should show both faster rises
and declines.

The fact that ASAS-SN has discovered a likely TDE
in the first year of real-time operations, despite only having
two cameras operational during most of this period, indi-
cates that we may find these events on a yearly basis now
that we are operational in both the Northern and South-
ern hemispheres. Using the estimates for the local density of
black holes from Shankar (2013) and an observable volume
of 3 x 107 Mpc® expected for the fully operational (both
hemispheres) ASAS-SN gives a total of ~ 3 x 10* black
holes with masses in the Mgy = 10° — 107 Mg mass range
that will be observable by ASAS-SN. Given a TDE rate of
(1.5—2.0)737 x 107° yr ! per galaxy (van Velzen & Farrar
2014), and assuming a 50% detection efficiency, we calcu-
late an expected rate of roughly 0.1 — 0.7 TDEs per year to
be found in ASAS-SN data. Using the volumetric TDE rate
from the same manuscript of (4 — 8) x 107 8%%4 yr = Mpc =3
gives a more optimistic rate of 0.3 — 3 TDEs per year to be
found in ASAS-SN data. These nearby events will be easily
observable with a variety of telescopes and instruments, al-
lowing us to study these TDEs across a broad wavelength
range and at a level that cannot be done for TDEs dis-
covered at higher redshifts. This will allow us to develop a
catalog of well-observed TDE candidates that can be used
for population studies, and if candidates are caught early
enough, to examine the early behavior of these events. Al-
though ASAS-SN is focused primarily on the discovery and
observation of supernovae, it will also be an invaluable re-
source for studying TDEs and other bright transients in the
future.
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APPENDIX A: FOLLOW-UP PHOTOMETRY

All follow-up photometry is presented in Table Al below.
Photometry is presented in the natural system for each filter:
ugriz magnitudes are in the AB system, while Swift filter
magnitudes are in the Vega system.
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Table A1l. Photometric data of ASASSN-14ae. Magnitudes are presented in the natural system for each filter: ugriz magnitudes are in
the AB system, while Swift filter magnitudes are in the Vega system.

MJD Filter =~ Magnitude Magnitude Uncertainty = Telescope
56686.07742 z 16.147 0.022 LT
56694.00965 z 16.145 0.027 LT
56695.05779 z 16.149 0.025 LT
56696.15246 z 16.141 0.027 LT
56697.01584 z 16.130 0.033 LT
56698.03157 z 16.120 0.026 LT
56698.97949 z 16.115 0.028 LT
56699.95359 z 16.146 0.023 LT
56700.97094 z 16.135 0.030 LT
56701.93490 z 16.146 0.027 LT
56710.02390 z 16.190 0.028 LT
56711.04107 z 16.210 0.023 LT
56712.15423 z 16.254 0.033 LT
56713.07523 z 16.228 0.026 LT
56715.02036 z 16.264 0.027 LT
56721.88313 z 16.325 0.029 LT
56723.86738 z 16.326 0.035 LT
56728.01997 z 16.337 0.030 LT
56731.89773 z 16.353 0.032 LT
56733.90845 z 16.379 0.027 LT
56735.92106 z 16.335 0.034 LT
56739.98927 z 16.381 0.029 LT
56741.89896 z 16.428 0.030 LT
56743.98572 z 16.402 0.030 LT
56751.94146 z 16.428 0.031 LT
56753.94364 z 16.431 0.028 LT
56755.04548 z 16.419 0.031 LT
56761.90671 z 16.450 0.058 LT
56762.90040 z 16.439 0.031 LT
56768.92797 z 16.438 0.035 LT
56770.00931 z 16.432 0.030 LT
56770.95330 z 16.445 0.025 LT
56771.97739 z 16.481 0.028 LT
56684.12208 7 16.245 0.022 LT
56685.08659 i 16.237 0.018 LT
56686.07649 7 16.199 0.020 LT
56689.38424 i 16.211 0.036 LCOGT
56692.20445 7 16.219 0.097 LCOGT
56694.00872 i 16.202 0.021 LT
56695.05687 7 16.195 0.022 LT
56696.15155 i 16.189 0.023 LT
56696.17710 7 16.217 0.047 LCOGT
56697.01491 i 16.192 0.026 LT
56698.03063 i 16.200 0.021 LT
56698.97856 i 16.201 0.021 LT
56699.95267 i 16.196 0.024 LT
56700.97002 i 16.203 0.025 LT
56701.93398 i 16.206 0.025 LT
56710.02297 i 16.283 0.021 LT
56711.04013 i 16.275 0.021 LT
56712.15330 i 16.328 0.025 LT
56713.07431 i 16.327 0.021 LT
56715.01944 i 16.352 0.021 LT
56721.88220 % 16.420 0.021 LT
56723.86644 i 16.427 0.023 LT
56728.01904 i 16.487 0.024 LT
56731.89681 i 16.514 0.026 LT
56733.90752 i 16.493 0.025 LT
56735.92014 i 16.508 0.025 LT
56739.98834 i 16.520 0.022 LT
56741.89803 i 16.590 0.022 LT
56743.98480 i 16.570 0.023 LT
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Table A1l. continued.

MJD Filter =~ Magnitude Magnitude Uncertainty = Telescope
56751.94053 i 16.565 0.025 LT
56753.94272 7 16.577 0.024 LT
56755.04456 i 16.448 0.024 LT
56761.90579 7 16.618 0.026 LT
56762.89948 i 16.597 0.024 LT
56768.92704 7 16.609 0.023 LT
56770.00838 i 16.614 0.026 LT
56770.95238 i 16.608 0.021 LT
56684.12117 r 16.386 0.020 LT
56685.08567 r 16.355 0.021 LT
56686.07558 r 16.340 0.019 LT
56689.38237 r 16.340 0.030 LCOGT
56692.20258 r 16.374 0.045 LCOGT
56694.00780 r 16.369 0.022 LT
56695.05595 r 16.369 0.020 LT
56696.15063 r 16.371 0.020 LT
56696.17523 r 16.362 0.034 LCOGT
56697.01400 r 16.362 0.023 LT
56698.02972 r 16.345 0.021 LT
56698.97764 r 16.401 0.022 LT
56699.95175 r 16.374 0.021 LT
56700.96910 r 16.412 0.027 LT
56701.93306 r 16.429 0.022 LT
56710.02204 r 16.530 0.021 LT
56711.03922 r 16.539 0.020 LT
56712.15239 r 16.579 0.018 LT
56713.07339 r 16.574 0.020 LT
56715.01852 r 16.635 0.020 LT
56721.88128 r 16.708 0.021 LT
56723.86553 r 16.708 0.021 LT
56728.01812 r 16.762 0.024 LT
56731.89589 r 16.821 0.027 LT
56733.90660 r 16.808 0.024 LT
56735.91922 r 16.830 0.022 LT
56739.98740 r 16.865 0.021 LT
56741.89711 r 16.876 0.022 LT
56743.98387 r 16.839 0.022 LT
56751.93961 r 16.879 0.022 LT
56753.94180 r 16.883 0.022 LT
56755.04360 r 16.907 0.023 LT
56761.90486 r 16.886 0.029 LT
56762.89856 r 16.936 0.026 LT
56768.92612 r 16.930 0.020 LT
56770.00746 r 16.947 0.021 LT
56770.95146 r 16.943 0.022 LT
56771.97555 r 16.968 0.020 LT
56682.51157 %4 16.300 0.100 ASAS-SN
56684.90883 \%4 16.420 0.041 Swift
56687.03884 %4 16.330 0.100 Swift
56697.70773 \%4 16.540 0.081 Swift
56702.77099 1% 16.390 0.110 Swift
56707.92641 \%4 16.530 0.130 Swift
56729.12832 \%4 17.070 0.170 Swift
56734.38386 \%4 16.730 0.170 Swift
56738.53238 1% 17.230 0.120 Swift
56739.39868 \%4 17.070 0.110 Swift
56744.18546 1% 17.180 0.170 Swift
56749.78202 \%4 16.940 0.170 Swift
56755.31624 %4 17.290 0.180 Swift
56760.19089 \%4 17.160 0.150 Swift
56763.39081 %4 17.000 0.150 Swift
56770.05206 \%4 17.470 0.260 Swift
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Table A1l. continued.

MJD Filter =~ Magnitude Magnitude Uncertainty = Telescope
56825.86171 \% 17.620 0.240 Swift
56828.44541 \% 17.080 0.150 Swift
56684.12022 g 16.533 0.023 LT
56684.33405 g 16.528 0.036 LCOGT
56685.08472 g 16.516 0.023 LT
56686.07463 g 16.509 0.021 LT
56689.38049 g 16.503 0.027 LCOGT
56692.20070 g 16.595 0.036 LCOGT
56694.00685 g 16.590 0.022 LT
56695.05500 g 16.594 0.022 LT
56696.14969 g 16.575 0.023 LT
56696.17336 g 16.559 0.041 LT
56697.01305 g 16.597 0.025 LT
56698.02878 g 16.617 0.020 LT
56698.97669 g 16.602 0.022 LT
56699.95080 g 16.633 0.029 LT
56700.96816 g 16.638 0.022 LT
56701.93212 g 16.636 0.041 LT
56710.02110 g 16.837 0.022 LT
56711.03827 g 16.844 0.022 LT
56712.15143 g 16.885 0.023 LT
56713.07244 g 16.897 0.021 LT
56715.01756 g 16.944 0.022 LT
56721.88033 g 17.077 0.022 LT
56723.86458 g 17.104 0.024 LT
56728.01718 g 17.157 0.025 LT
56731.89495 g 17.187 0.037 LT
56733.90565 g 17.233 0.029 LT
56735.91827 g 17.266 0.023 LT
56739.98646 g 17.296 0.023 LT
56741.89617 g 17.353 0.024 LT
56743.98291 g 17.348 0.025 LT
56751.93865 g 17.378 0.024 LT
56753.94086 g 17.379 0.024 LT
56755.04266 g 17.402 0.025 LT
56761.90391 g 17.347 0.035 LT
56762.89761 g 17.436 0.033 LT
56768.92517 g 17.452 0.025 LT
56770.00652 g 17.445 0.025 LT
56770.95051 g 17.442 0.022 LT
56771.97461 g 17.468 0.022 LT
56774.95044 g 17.466 0.021 LT
56778.95189 g 17.470 0.021 LT
56781.91865 g 17.481 0.022 LT
56784.92683 g 17.487 0.024 LT
56789.92206 g 17.498 0.029 LT
56792.93450 g 17.495 0.025 LT
56796.90488 g 17.522 0.022 LT
56799.89040 g 17.500 0.022 LT
56802.96398 g 17.525 0.023 LT
56684.89943 B 16.690 0.045 Swift
56687.03569 B 16.720 0.073 Swift
56697.70161 B 16.830 0.054 Swift
56702.76816 B 16.800 0.082 Swift
56707.84216 B 17.170 0.191 Swift
56729.12580 B 17.480 0.112 Swift
56734.38200 B 17.710 0.151 Swift
56738.52596 B 17.740 0.082 Swift
56739.39238 B 17.740 0.082 Swift
56744.18244 B 17.650 0.122 Swift
56749.78476 B 17.720 0.141 Swift
56755.31990 B 17.510 0.112 Swift
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Table A1l. continued.

MJD Filter =~ Magnitude Magnitude Uncertainty = Telescope
56760.18702 B 17.900 0.122 Swift
56763.38771 B 17.570 0.112 Swift
56770.05016 B 17.540 0.141 Swift
56825.85845 B 17.930 0.141 Swift
56828.44126 B 18.340 0.201 Swift
56686.07863 u 16.630 0.026 LT
56694.01086 u 16.817 0.029 LT
56695.05900 u 16.848 0.015 LT
56696.15368 U 16.820 0.038 LT
56697.01705 u 16.873 0.028 LT
56698.03279 U 16.896 0.024 LT
56698.98070 u 16.848 0.027 LT
56699.95480 U 16.965 0.037 LT
56700.97215 u 16.928 0.070 LT
56701.93611 U 17.001 0.072 LT
56710.02511 u 17.259 0.018 LT
56711.04229 u 17.240 0.040 LT
56712.15544 u 17.290 0.031 LT
56713.07644 U 17.302 0.036 LT
56715.02158 u 17.411 0.033 LT
56721.88434 U 17.740 0.054 LT
56723.86859 u 17.658 0.047 LT
56728.02118 U 17.817 0.056 LT
56731.89894 u 18.025 0.108 LT
56733.90965 U 17.881 0.050 LT
56735.92227 u 17.992 0.046 LT
56739.99049 U 18.123 0.027 LT
56741.90017 u 18.242 0.038 LT
56743.98693 u 18.260 0.042 LT
56751.94456 u 18.362 0.039 LT
56753.94485 u 18.337 0.051 LT
56755.04764 u 18.372 0.048 LT
56761.90792 u 18.471 0.111 LT
56762.90161 u 18.625 0.102 LT
56768.92918 u 18.604 0.060 LT
56770.01242 u 18.584 0.045 LT
56770.95452 u 18.623 0.048 LT
56771.97860 u 18.564 0.042 LT
56774.95245 u 18.349 0.035 LT
56774.95492 u 18.639 0.045 LT
56778.95389 u 18.684 0.038 LT
56778.95636 U 18.716 0.043 LT
56781.92065 u 18.669 0.043 LT
56781.92313 U 18.696 0.044 LT
56784.92883 U 18.631 0.060 LT
56784.93130 U 18.715 0.064 LT
56789.92406 u 18.603 0.096 LT
56792.93650 u 18.777 0.088 LT
56792.93898 u 18.712 0.084 LT
56796.90687 u 18.807 0.049 LT
56796.90934 u 18.789 0.037 LT
56799.89240 u 18.842 0.047 LT
56799.89487 u 18.779 0.051 LT
56802.96599 U 18.792 0.053 LT
56802.96846 u 18.816 0.056 LT
56684.89753 U 15.580 0.045 Swift
56687.03513 U 15.520 0.063 Swift
56697.70056 U 15.770 0.054 Swift
56702.76765 U 15.910 0.073 Swift
56707.84122 U 16.110 0.063 Swift
56729.12535 U 17.000 0.122 Swift
56734.38165 U 17.060 0.151 Swift

© 0000 RAS, MNRAS 000, 000-000



18 T. W.-S. Holoien et al.

Table A1l. continued.

MJD Filter Magnitude  Magnitude Uncertainty  Telescope
56738.52485 U 17.000 0.082 Swift
56739.39129 U 17.090 0.082 Swift
56744.18191 U 17.270 0.132 Swift
56749.78160 U 17.420 0.161 Swift
56755.31569 U 17.390 0.141 Swift
56760.18634 U 17.380 0.122 Swift
56763.38716 U 17.510 0.141 Swift
56770.04981 U 17.890 0.251 Swift
56825.85787 U 18.120 0.211 Swift
56828.44054 U 18.230 0.251 Swift
56684.89377 UVW1 15.110 0.042 Swift
56687.03357 UVW1 15.090 0.050 Swift
56697.69751 UVW1 15.550 0.050 Swift
56702.76625 UVW1 15.710 0.058 Swift
56707.83852 UVW1 15.910 0.050 Swift
56729.07071 UVW1 16.870 0.076 Swift
56734.38074 UVW1 16.920 0.114 Swift
56738.52164 UVW1 17.090 0.076 Swift
56739.38815 UVW1 17.120 0.076 Swift
56744.18042 UVW1 17.220 0.104 Swift
56749.78435 UVW1 17.360 0.133 Swift
56755.31935 UVW1 17.400 0.114 Swift
56760.18441 UVW1 17.830 0.124 Swift
56763.38562 UVW1 17.820 0.133 Swift
56768.73185 UVW1 18.180 0.212 Swift
56770.04886 UVW1 18.000 0.202 Swift
56794.79258 UVW1 18.550 0.173 Swift
56799.45558 UV W1 18.150 0.163 Swift
56804.11631 UVW1 18.390 0.341 Swift
56809.31304 UVW1 18.500 0.262 Swift
56814.44711 UVW1 18.220 0.232 Swift
56825.85625 UVW1 18.600 0.202 Swift
56828.43848 UVW1 18.530 0.192 Swift
56684.91259 UV M2 14.770 0.042 Swift
56687.03940 UV M2 14.780 0.042 Swift
56697.70877 UV M2 15.430 0.042 Swift
56702.77148 UV M2 15.640 0.050 Swift
56707.92682 UV M2 15.850 0.067 Swift
56729.12878 UV M2 16.880 0.076 Swift
56734.38421 UV M2 16.910 0.104 Swift
56738.53348 UV M2 17.140 0.067 Swift
56739.39976 UV M2 17.000 0.058 Swift
56744.18599 UV M2 17.130 0.085 Swift
56749.78046 UV M2 17.330 0.104 Swift
56755.31415 UV M2 17.600 0.104 Swift
56760.19156 UV M2 17.740 0.095 Swift
56763.39135 UV M2 17.690 0.104 Swift
56770.05241 UV M2 17.710 0.133 Swift
56794.59550 UV M2 > 18.13 N/A Swift
56799.37997 UV M2 18.250 0.182 Swift
56804.11453 UV M2 18.430 0.222 Swift
56809.30874 UV M2 18.600 0.153 Swift
56814.44225 UV M2 18.430 0.133 Swift
56825.86227 UV M2 18.880 0.182 Swift
56828.44612 UV M2 18.570 0.133 Swift
56684.90137 UVW?2 15.060 0.042 Swift
56687.03627 UVW?2 15.170 0.050 Swift
56697.70267 UVW?2 15.800 0.042 Swift
56702.76867 UVW2 15.980 0.058 Swift
56707.92452 UVW?2 16.030 0.058 Swift
56729.12627 UVW?2 16.910 0.085 Swift
56734.38236 UVW2 17.120 0.104 Swift
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ASASSN-14ae: A TDE at 200 Mpc

MJD Filter Magnitude  Magnitude Uncertainty  Telescope
56734.38236 UVW2 17.120 0.104 Swift
56738.52707 UVW?2 17.130 0.058 Swift
56739.39347 UVW2 17.170 0.067 Swift
56744.18299 UVW?2 17.230 0.085 Swift
56749.78247 UVW?2 17.270 0.104 Swift
56755.31680 UVW2 17.460 0.095 Swift
56760.18770 UVW?2 17.690 0.095 Swift
56763.38825 UVW2 17.690 0.104 Swift
56770.05052 UVW?2 17.580 0.124 Swift
56794.59036 UVW?2 18.470 0.104 Swift
56799.37892 UVW?2 18.150 0.202 Swift
56804.11361 UVW?2 18.490 0.252 Swift
56809.30656 UVW2 18.230 0.143 Swift
56814.43980 UVW?2 18.770 0.192 Swift
56825.85903 UVW2 18.930 0.182 Swift
56828.44199 UVW?2 18.650 0.143 Swift
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