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Abstract

We present the detection of persistent soft X-ray radiation with Lx ~ 1041–1042 erg s−1 at the 

location of the extremely luminous, double-humped transient ASASSN-15lh as revealed by 

Chandra and Swift. We interpret this finding in the context of observations from our 

multiwavelength campaign, which revealed the presence of weak narrow nebular emission features 

from the host-galaxy nucleus and clear differences with respect to superluminous supernova 

optical spectra. Significant UV flux variability on short timescales detected at the time of the 

rebrightening disfavors the shock interaction scenario as the source of energy powering the long-

lived UV emission, while deep radio limits exclude the presence of relativistic jets propagating 

into a low-density environment. We propose a model where the extreme luminosity and double-

peaked temporal structure of ASASSN-15lh is powered by a central source of ionizing radiation 

that produces a sudden change in the ejecta opacity at later times. As a result, UV radiation can 

more easily escape, producing the second bump in the light curve. We discuss different 

interpretations for the intrinsic nature of the ionizing source. We conclude that, if the X-ray source 
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is physically associated with the optical–UV transient, then ASASSN-15lh most likely represents 

the tidal disruption of a main-sequence star by the most massive spinning black hole detected to 

date. In this case, ASASSN-15lh and similar events discovered in the future would constitute the 

most direct probes of very massive, dormant, spinning, supermassive black holes in galaxies. 

Future monitoring of the X-rays may allow us to distinguish between the supernova hypothesis 

and the hypothesis of a tidal disruption event.

Keywords

supernovae: individual (ASASSN-15lh)

1. Introduction

Optical surveys sampling the sky over timescales of a few days significantly advanced our 

knowledge of astronomical transients of different origins, including superluminous 

supernovae (SLSNe; Chomiuk et al. 2011; Quimby et al. 2011; Gal-Yam 2012), very fast-

rising stellar explosions (e.g., Drout al. 2014), and stellar tidal disruption events (TDEs) 

caused by supermassive black holes (Rees 1988; Komossa 2015). Occasionally, a transient is 

found with properties that seem to defy all previous classification schemes. The event 

ASASSN-15lh belongs to this category.

ASASSN-15lh (Dong et al. 2016) was discovered by the All-Sky Automated Survey for 

Supernovae (ASAS-SN15) on 2015 June 14 at z = 0.2326 (d = 1171 Mpc for standard 

Planck cosmology). Its extremely large peak luminosity Lpk ~ 2 × 1045 erg s−1 and the blue, 

almost featureless spectrum with no apparent sign of H or He (and some spectroscopic 

resemblance to the SLSN 2010gx) led Dong et al. (2016) and Godoy-Rivera et al. (2016) to 

suggest that ASASSN-15lh is the most luminous SLSN ever detected. The very large energy 

radiated by ASSASN-15lh (Erad ~ (1.5–2 × 1052 erg, Godoy-Rivera et al. 2016) requires 

extreme properties of the progenitor star and sources of energy that are different from the 

standard radioactive decay of 56Ni that powers normal H-stripped SNe in the local universe 

(Chatzopoulos et al. 2016; Dong et al. 2016; Kozyreva et al. 2016; van Putten & Della Valle 

2017). In this context, the double-humped light curve of ASASSN-15lh has been interpreted 

by Chatzopoulos et al. (2016) as a signature of the interaction of massive SN ejecta Mej ~ 36 

M☉ with an H-poor circumstellar shell of MCSM ~ 20 M☉, possibly supplemented by 

radiation from a newly born rapidly rotating magnetar (Metzger et al. 2015; Bersten et al. 

2016; Dai et al. 2016; Sukhbold & Woosley 2016).

The old, massive M* ~ 2 × 1011 M☉ host galaxy of ASASSN-15lh, with limited star 

formation rate (SFR < 0.3 M☉ yr−1; Dong et al. 2016), however, is markedly different from 

the host galaxies of core-collapse SNe (e.g., Leaman et al. 2011) as well as of envelope-

stripped SLSNe, which tend to be younger star-forming systems with significantly lower 

stellar mass (Lunnan et al. 2014, 2015; Leloudas et al. 2016; Perley et al. 2016). This 

observation, together with the location of the transient—astrometrically consistent with the 

15http://www.astronomy.ohio-state.edu/assassin/index.shtml
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host-galaxy nucleus—inspired a connection between ASASSN-15lh and the tidal disruption 

of a star by the supermassive black hole (SMBH) in the host galaxy (Brown et al. 2016b; 

Godoy-Rivera et al. 2016; Leloudas et al. 2016; Perley et al. 2016). In this context 

ASASSN-15lh would be the most luminous TDE ever observed, associated with an SMBH 

with mass M• ~ 108.6 M☉ (Dong et al. 2016; Godoy-Rivera et al. 2016), significantly larger 

than any SMBH currently associated with a TDE (e.g., Komossa 2015).

It is clear that the luminosity, the spectral properties, and the double-humped light curve of 

ASASSN-15lh, as well as its host galaxy, are unprecedented both in the context of SLSNe 

and in the context of TDEs.

In this paper we present and discuss the following observational facts: (i) the uncovering of 

persistent, soft X-ray emission at the location of ASASSN-15lh (Sections 2.1 and 2.2); (ii) 

the detection of significant temporal variability at UV wavelengths during the rebrightening 

phase (Section 2.3); (iii) the detection of narrow nebular spectral features connected to the 

host-galaxy nucleus (Section 2.4). We propose a scenario where a single physical 

mechanism can naturally explain the double-humped light curve of ASASSN-15lh and 

suggest that its location—very close to or coincident with the nucleus of a galaxy that 

harbors an SMBH—is likely the key to unlocking the mysterious nature of the transient 

(Section 3). Conclusions are drawn in Section 4.

In our analysis we assume the object’s time of first light to be 2015 April 29, corresponding 

to a 30 day (rest-frame) rise time to maximum V-band luminosity (Dong et al. 2016). Our 

main conclusions do not depend on this assumption.

2. Data Analysis and Results

2.1. X-Ray Analysis: CXO

We obtained four epochs of deep X-ray observations of ASASSN-15lh with the Chandra X-
ray Observatory (CXO) on 2015 November 12 (exposure of 10 ks), 2015 December 13 (10 

ks), 2016 February 20 (40 ks), and 2016 August 19 (30 ks, PI Margutti), corresponding to δt 
= 129.4 days, δt = 154.6, δt = 210.5 days, and δt = 357.8 days rest-frame since optical 

maximum light, which occurred on 2015 June 5 (Dong et al. 2016). CXO data have been 

reduced with the CIAO software package (version 4.8) and corresponding calibration files. 

Standard ACIS data filtering has been applied.

ASASSN-15lh is not detected in our first epoch of observations (ID 17879), with a 3σ upper 

limit on the count rate of 9.98 × 10−5 counts s−1 (0.5–8 keV). The Galactic column density 

in the direction of the transient is 3.07 × 1020 cm−2 (Kalberla et al. 2005). For an assumed 

power-law spectrum with photon index Γ = 2 and Galactic absorption, the unabsorbed 0.3–

10 keV flux limit is Fx < 1.1 × 10−15 erg s−1 cm−2 (Lx < 1.8 × 1041 erg s−1). Our analysis 

below favors a soft X-ray spectrum with negligible absorption and Γ ~ 3 or a thermal 

spectrum with T ~ 0.17 keV. For these parameters, the unabsorbed 0.3–10 keV flux limit is 

Fx < 2.0 × 10−15 erg s−1 cm−2 cm−2 (nonthermal spectrum) and Fx < 8.0 × 1016 erg s−1 cm−2 

(thermal spectrum).
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In our second epoch of observation (ID 17880) we find evidence for weak, soft X-ray 

emission at the location of ASASSN-15lh. We detect two photons with energy <1 keV in a 

1″ region around the transient, corresponding to a detection at 4.3σ confidence level in the 

energy range 0.5–1 keV, and to a detection at 3.3σ confidence level in the range 0.5–8 keV. 

We constrain the spectral parameters by using the observed background and the actual 

instrumental response to simulate the expected emission from a grid of thermal and 

nonthermal spectral models with a wide range of intrinsic absorption NHint = (0–4) × 1022 

cm−2. The regions excluded at 3σ confidence are shaded in Figure 1.

An X-ray source is clearly detected at the location of ASASSN-15lh at the time of our third 

CXO observation (ID 17881), with count rate 1.5 × 10−4 counts s−1 and significance of 5.2σ 
in the range 0.5–8 keV (4.7σ in the energy range 0.5–1 keV). In our fourth epoch (ID 17882) 

the source is still detected with count rate 1.7 × 10−4counts s−1 and significance of 4.9σ in 

the range 0.5–8 keV (3.6σ in the energy range 0.5–1 keV).

We employ the Cash statistics to fit the spectra (we have a total of six and five photons in a 

1″ region around the transient in the third and fourth epochs, respectively), and perform a 

series of Markov chain Monte Carlo simulations to constrain the spectral parameters. The 

analysis of each of the two epochs taken separately points to a soft X-ray spectrum, with 

limited absorption and no evidence for statistically significant evolution between the two 

epochs. We thus constrain the spectral parameters of the X-ray source with a joint spectral fit 

of the two CXO epochs of observation, where the spectral normalization is allowed to vary 

from one epoch to the other.

The results are displayed in Figure 1. For an absorbed, nonthermal power-law spectrum, the 

best-fitting parameters are Γ = 3.0 and NHint ∼ 1019 cm−2. The inferred (0.3–10 keV) 

unabsorbed flux for this model is Fx = 3.6 × 10−15 erg s−1 cm−2, corresponding to Lx = 5.9 × 

1041 erg s−1 (third epoch) and Fx = 4.9 × 10−15 erg s−1 cm−2 (Lx = 8.1 × 1041 erg s−1, fourth 

epoch). The best-fitting parameters for an absorbed blackbody spectrum are T = 0.17 keV 

and NHint ∼ 1018 cm−2. The inferred (0.3–10 keV) unabsorbed flux for this model is Fx = 

1.2 × 10−15 erg s−1 cm−2, corresponding to Lx = 2.0 × 1041 erg s−1 (third epoch) and Fx = 

1.4 × 10−15 erg s−1 cm−2 (Lx = 2.3 × 1041 erg s−1, fourth epoch). Both spectral models point 

to a very limited amount of neutral hydrogen in the host galaxy along our line of sight, 

consistent with the very low N(H I) inferred by Leloudas et al. (2016) from Lyα and the 

very strong high-ionization lines (N V and O VI).

With reference to Figure 1 we find that: (i) the X-ray source shows a soft spectrum (most of 

the allowed parameter space is at Γ > 2 and T < 1 keV) with limited intrinsic absorption (of 

the order of a few 1022 cm−2 at most); (ii) there is no evidence for strong temporal and/or 

spectral variability of the X-ray source.

We first evaluate the possibility that the X-ray emission arises from a population of low-

mass x-ray binaries (LMXBs) residing in the early-type host galaxy, using the relations Lx–

LB and Lx–LK of Kim & Fabbiano (2004). For the host galaxy of ASASSN-15lh Dong et al. 

(2016) measure MK = −25.5 mag and MB = −19.96 mag, which imply Lx, XRB = (1–6) × 

1040 erg s−1 (0.3–8 keV). This is a factor ⩾10 smaller than the measured X-ray emission at 
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the location of ASASSN-15lh (recalibrated with the same spectral model as Kim & 

Fabbiano (2004) in the 0.3–8 keV band). We conclude that LMXBs are unlikely to be the 

source of the detected X-rays. We thus envision two possible scenarios: either the X-rays 

originate from weak activity from the host-galaxy nucleus or they are physically connected 

to the optical/UV transient. In the first case we expect a somewhat stable X-ray emission 

over the timescale of years, while we anticipate fading if the X-ray emission is directly 

connected to ASASSN-15lh. Future observations will clarify the origin of the detected high-

energy emission. Below we put our results into the context of X-ray emission from known 

transients (i.e., SNe and TDEs).

The detected emission is softer than the typical X-ray spectrum of SNe associated with 

gamma-ray bursts (GRBs) (G ~ 2, e.g., Margutti et al. 2013b) and normal H-stripped SNe 

(e.g., Chevalier & Fransson 2006; Dwarkadas & Gruszko 2012), which typically show Γ ~ 2 

and a decaying flux with time. A way to sustain luminous X-ray emission over a long time is 

to invoke the SN shock interaction with a thick medium (see, e.g., SN 2014C). However, the 

observed X-ray spectrum of H-stripped SNe strongly interacting with the environment is 

even harder (T ~ 20 keV), and thus even more different from what we observe at the location 

of ASASSN-15lh. It is thus unlikely that a SN shock interaction with the medium is 

powering both the X-ray and optical/UV emission from ASASSN-15lh. Finally, compared to 

the only other X-ray source associated with a Type I SLSN (SLSN-I) so far, the emission at 

the location of ASASSN-15lh is also softer and significantly longer lived (Figure 2): for the 

SLSN-I SCP06F6, Levan et al. (2013) reports Γ ~ 2.6 (or a thermal spectrum with T ~ 1.6 

keV).

The X-ray properties of ASASSN-15lh are instead more reminiscent of the soft X-ray 

emission detected in non-jetted TDEs. Non-jetted TDEs detected with ROSAT, XMM-
Newton, Chandra, and more recently with Swift show peak luminosities of Lx ~ 1042–1044 

erg s–1 and very soft spectra that later harden with time on a timescale of years and with 

initial temperatures T < 0.2 keV (e.g., Komossa 2015 for a recent review).

Just like the TDEs ASASSN-15oi (Holoien et al. 2016b) and ASASSN-14li (van Velzen et 

al. 2016), the X-ray emission is more luminous than what is expected based on the 

extrapolation of the optical/UV blackbody model (see Section 2.3) and a more complex 

model is needed. In this context ASASSN-15lh would show the most extreme ratio Lv,UV 

Lv,X-rays ~ 105 (compared to Lv,UV/L Lv,X-rays ~ 102–3 for ASASSN-14li and Lv,UV/Lv,X-rays 

~ 104 for ASASSN-15oi).

In Figure 2 we put ASASSN-15lh on the X-ray luminosity plane of energetic envelope-

stripped core-collapse SNe (i.e., GRB-SNe and SLSNe) and TDEs. ASASSN-15lh is ∼1000 

times less luminous than the SLSN-I SCP06F6 and does not experience a similar drop in 

luminosity. At ∼100 days, the X-ray emission at the location of ASASSN-15lh is more 

luminous than GRB-SNe. However, observations obtained around the same epoch by the 

ATCA in Figure 3 put deep limits on the radio emission from ASASSN-15lh (Kool et al. 

2015; Leloudas et al. 2016), and rule out the presence of powerful jets seen on-axis (most of 

the parameter space associated with off-axis GRB-like jets is also ruled out). Also in this 

case, the luminous and not strongly variable X-ray emission at the location of 
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ASASSN-15lh, which lacks a luminous radio counterpart, seems to be more in line with 

observations of non-jetted TDEs (recent examples are ASASSN-14li, Miller et al. 2015; 

Alexander et al. 2016; Holoien et al. 2016b; or ASASSN-15oi, Holoien et al. 2016a).

2.2. X-Ray Analysis: Swift/XRT and XMM-Newton

We reprocessed all the X-ray data collected by the Swift-XRT (Burrows et al. 2005) between 

2015 June 24 and 2016 July 22 (total exposure time of ∼270 ks), following the prescriptions 

outlined in Margutti et al. (2013b). A targeted search for X-ray emission at the location of 

ASASSN-15lh identifies the presence of a weak X-ray excess with significance of 3σ in the 

range 0.3–5 keV. The significance is reduced to 2.4σ in the energy range 0.3–10 keV, 

consistent with the soft X-ray spectrum suggested by the CXO observations. We infer a 

background-subtracted count rate of (1.1 ± 0.4) × 10−4 counts s−1 (0.3–5 keV), which 

corresponds to an unabsorbed 0.3–10 keV flux Fx = (4.1 ± 1.5) × 10−15 erg s−1 cm−2 and Fx 

= (3.7 ± 1.4) × 10−15 erg s−1 cm−2 for blackbody and power-law spectral models, 

respectively, and the best-fitting spectral parameters derived from the CXO data. The 

average flux inferred from Swift-XRT observations is thus consistent with the results from 

the CXO analysis and suggests that the X-ray source at the location of ASASSN-15lh 

experienced at most mild temporal variability over the ∼1 yr of Swift monitoring. We note 

that flux variations of the order of a factor of a few are consistent with our findings, given 

the uncertainties affecting both the Swift-XRT and the CXO measurements. The X-ray 

source is not significantly detected if we divide the Swift-XRT data into “before” and “after” 

the UV rebrightening, suggesting that some level of emission is contained in both intervals. 

A delayed onset of the X-ray emission with respect to the optical emission is also clearly 

allowed, since Swift-XRT data started to be collected after optical maximum light.

XMM-Newton observed ASASSN-15lh on 2015 November 18 (δt = 134.2 days rest-frame 

since maximum light), six days after our first CXO epoch, which yielded a nondetection. We 

analyzed the XMM data using standard routines in the Scientific Analysis System (SAS 

version 15.0.0) and the relative calibration files. We employ a source region of 32″ radius 

and extract the background from a source-free region on the same chip. No X-ray source is 

detected at the location of ASASSN-15lh. Our best constraints are derived from observations 

obtained with EPIC-MOS2, with total exposure time of 9 ks (after removal of time windows 

contaminated by proton flaring) and a 3s upper limit on the count rate of 0.002 counts s−1 

(0.3–10 keV). For the best-fitting spectral models derived from CXO detections, we infer the 

following unabsorbed 0.3–10 keV flux limits: Fx < 1.4 × 10−14 erg s−1 cm−2 and Fx < 1.5 × 

10−14 erg s−1 cm−2 for the blackbody and power-law spectra, respectively. XMM 
observations do not reach the necessary depth to probe the emission from the X-ray source 

that we detect with CXO and the stacking of Swift-XRT observations. A summary of the 

results from the X-ray observations of ASASSN-15lh can be found in Table 1.

Finally, we comment on the XMM results from Leloudas et al. (2016). From the same XMM 
observations, Leloudas et al. (2016) infer a flux limit at 95% confidence level of Fx < 2 × 

10−16 erg s−1 cm−2 in the range 0.3–1 keV. We do not confirm these results. From our 

analysis above and the spectral parameters inferred from our CXO detections, we infer a 3σ 
flux limit Fx < 1.3 × 10−14 erg s−1 cm−2 and Fx < 1.1 × 10−14 erg s−1 cm−2 for the blackbody 
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and power-law spectra, respectively, in the 0.3–1 keV energy band. The very deep flux limit 

reported by Leloudas et al. (2016) originates from the extremely soft spectral model (i.e., 

blackbody with T = 18 eV) used for the X-ray flux calibration. This model is confidently 

ruled out by our CXO detections (Figure 1), and the flux inferred from this model is thus not 

realistic.

2.3. UV Analysis

We reanalyzed all the Swift-UVOT observations obtained from 2015 June 24 until 2016 July 

22 following the prescriptions by Brown et al. (2009) and adopting the updated calibration 

files and revised zero points of Breeveld et al. (2011). Each individual frame has been 

visually inspected and quality-flagged. Observations with insufficient exposure time have 

been merged to obtain higher signal-to-noise ratio (S/N) images from which we extracted 

the final photometry (Table 2). We corrected for Galactic extinction in the direction of the 

transient (E (B – V) = 0.03 mag, Schlafly & Finkbeiner 2011) and subtracted the host-galaxy 

flux component as constrained by Dong et al. (2016). We performed a self-consistent flux 

calibration, and applied a dynamical conversion from count to flux that accounts for the 

spectral evolution of ASASSN-15lh, following the procedure outlined in Margutti et al. 

(2014a). Finally, we computed a bolometric light curve of ASASSN-15lh by integrating the 

best-fitting blackbody spectra.

A partial collection of the Swift-UVOT photometry of ASASSN-15lh has already been 

presented by Dong et al. (2016), Godoy-Rivera et al. (2016), Brown et al. (2016b), and 

Leloudas et al. (2016). Here we update the observations and focus on the presence of 

significant temporal variability that appears at the time of the rebrightening. Figure 4 shows 

the presence of pronounced temporal variability across the UVOT bands, and it is more 

pronounced at UV wavelengths as first noticed by Brown et al. (2016b). The short variability 

timescale Δt ≲ 1 5 days at ∼150 days since first light argues against the interpretation of the 

SN shock interaction with the surroundings as the main source of energy powering the 

rebrightening (Chatzopoulos et al. 2016), unless the circumstellar medium (CSM) is clumpy 

and with structure on short length scales. For a typical SN shock velocity vsh ~ 0.2c (e.g., 

Margutti et al. 2014b, their Figure 2) we do not expect significant temporal variability on Δt 
< 30 days at t ~ 150 days, contrary to what we observe in ASASSN-15lh. This observation 

motivates us to consider alternative explanations for the UV rebrightening (Section 3.1).

2.4. Late-time Optical Spectroscopy

We acquired deep multi-epoch optical spectroscopy of ASASSN-15lh, spanning the time 

range δt = 35–350 rest-frame days after maximum light and sampling key points in the late 

evolution of the transient. A more detailed analysis will be presented in future work (R. 

Chornock et al. 2016, in preparation). Here we concentrate on an analysis of our highest S/N 

late-time spectrum, which was acquired well after the second rebrightening and when the 

underlying emission from the stellar population of the host galaxy is better revealed.

We observed ASASSN-15lh on 2016 June 10 (δt = 301 days rest-frame since maximum 

light) using the Low Dispersion Survey Spectrograph (LDSS3C; Allington-Smith et al. 

1994) on the 6.5 m Magellan Clay telescope. We obtained three 1800 s exposures using the 
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VPH-All grism and a 1″ wide slit near the center of the field of view oriented at a position 

angle of 128°.3, which was close to the parallactic angle (Filippenko 1982). This setup 

covered the range 3800–10500 Å with a resolution of 8.1 Å. Standard IRAF16 tasks were 

used to perform two-dimensional image processing. We used custom IDL scripts to perform 

flux calibration and correction for telluric absorption using observations of EG131 obtained 

immediately prior to those of the object. We took particular care to mitigate the effects of 

second-order light contamination by combining observations of the standard star taken both 

with and without an order-blocking filter. However, small residual contamination at long 

wavelengths (λ > 8000 Å) is possible.

The resulting spectrum is shown in black in Figure 5. Numerous stellar absorption features 

from starlight in the host galaxy are visible, as well as two emission peaks near Hα 
(observed wavelengths ∼8100 Å). Several authors have fit the available pre-outburst host-

galaxy photometry (Melchior et al. 2015; Dong et al. 2016; Leloudas et al. 2016) and have 

found consistent results. However, the presence of spectral features from the host stellar 

population has the potential to improve the constraints on the stellar population synthesis, so 

we used an iterative procedure to incorporate this information while avoiding the flux from 

the transient.

First, we estimated a best-fit blackbody temperature of TBB ≈ 15,000 K at the time of 

observations from the analysis of the UVOT photometry described above. We then 

subtracted a scaled blackbody spectrum from the observed spectrum under the constraint 

that the blackbody-subtracted spectrum had to match the observed colors of the host galaxy 

to obtain an initial estimate of the host-only spectrum. We then used the FAST code (Kriek 

et al. 2009) to fit the host-only spectrum combined with, and normalized by, the broadband 

grizyJK host photometry (Melchior et al. 2015; Dong et al. 2016). For simplicity, we fixed 

the metallicity to solar and assumed an initial mass function according to Chabrier (2003) 

and zero internal extinction. We obtained a satisfactory fit using the stellar models of 

Bruzual & Charlot (2003) and an exponentially declining star formation law. The best-fit 

model has a total stellar mass of 1.2 × 1011 M☉, a current stellar age of 10 Gyr, and an e-

folding timescale of 2 Gyr, resulting in a current star formation rate of ∼0.8 M☉ yr−1. These 

numbers are in broad agreement with those reported previously (e.g., Dong et al. 2016; 

Leloudas et al. 2016). Other choices for the stellar population model produced qualitatively 

similar results, although usually with smaller current star formation rates. Our best fit for the 

host is plotted in red in Figure 5.

We then fitted our observed spectrum as a linear combination of the host-galaxy model and a 

blackbody to find appropriate flux scaling factors. The scaled blackbody is plotted in blue in 

Figure 5 and good agreement can be seen with the host-subtracted UVOT ubv photometry 

(green squares) interpolated to the date of observation. Both the fitted host spectrum and the 

overplotted host photometry (gray circles) have been scaled by a factor of 0.40 from the 

values for the whole host, which presumably results from the smaller size of our 

spectroscopic aperture relative to the host as a whole. The models of Bruzual & Charlot 

16IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of Universities for 
Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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(2003) clearly have narrower features than those visible in our spectrum, so the host 

template was smoothed with a 10 Å boxcar function to mimic the combined effects of our 

spectral resolution and the internal velocity dispersion of the host galaxy. Our results are not 

very sensitive to the width of this smoothing kernel. The sum of the scaled blackbody and 

the smoothed galaxy template is plotted in magenta in Figure 5 and is a good match to the 

observed spectrum in black.

Leloudas et al. (2016) noted two emission peaks near 4000 and 5200 Å in their late-time 

spectra of ASASSN-15lh. However, accurate modeling of the stellar component of the host 

galaxy from our late-time spectrum demonstrates that the most prominent broad spectral 

features detected in the observed (host plus transient) late-time spectra have to be attributed 

to the underlying continuum from the host-galaxy starlight (Figure 5). We do not find 

unambiguous evidence for broad spectral features associated with the transient at this epoch. 

Small, broad, low-amplitude discrepancies between the observed spectrum and combined fit 

(black and magenta lines, respectively) are present, but it is not yet clear whether they 

represent true spectral features of the transient or limitations in the modeling of stellar 

population synthesis. More observations of the host will be required after the optical 

transient fades further to more accurately constrain the presence of possible broad, low-

amplitude spectral features in the transient spectrum at late times.

Without any correction for the host galaxy, the spectrum has the two obvious narrow 

emission features near 8085 and 8111 Å (in air) noted above, which can be clearly 

associated with Hα and [N II] λ6583 at z = 0.2320 (lower-right panel of Figure 5).17 [N II] 

λ6548 is blended in the blue wing of Hα. Hβ is only visible in emission after subtraction of 

the host model. Weaker features also appear to be present in the difference spectrum near the 

[S II] doublet and [O III] λ5007. We searched for [O II] λ3727 emission and none is visible, 

but the S/N of the spectrum is not as high at those wavelengths. Inspection of our spectral 

sequence reveals that the Hα/[N II] lines are present in several of our higher S/N spectra 

throughout the evolution of the transient, consistent with a constant low-level contribution 

that is strongly diluted by light from the transient at earlier times.

The peaks of Hα and [N II] λ6583 are of comparable height prior to subtraction of the host 

model. Strong [N II]/Hα is a possible sign of ionization by a continuum like that of an active 

galactic nucleus (AGN). However, after correction for the underlying Balmer absorption in 

our best-fit host model, the ratio decreases to ∼0.5. This line ratio, combined with weak [O 

III]/Hβ and [S II]/Hα, is consistent with the nebular emission being powered by star 

formation instead of AGN activity (Kewley et al. 2006). We caution that these ratios are 

sensitive to systematic errors in the modeling of the underlying stellar absorption, and in 

particular the strength of the stellar Balmer absorption. If all of the inferred Hα emission 

(flux ∼2.7 × 10−16 erg cm−2 s−1) is powered by star formation, the inferred rate is ∼0.4 M☉ 
yr−1 (Kennicutt 1998), in rough agreement with that estimated from the fit to the stellar 

population of the host galaxy.

17This redshift is consistent with that measured from the stellar absorption features. Note that this value is slightly offset from the 
redshift z = 0.2326 measured from narrow UV absorption lines (Brown et al. 2016b; Dong et al. 2016; Leloudas et al. 2016). We do 
not discuss further the implications of this possible velocity offset for the UV absorbers in this work.
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Leloudas et al. (2016) reported Hα emission from ASASSN-15lh with an FWHM of 2500 

km s−1, but in our data it is clear that the reported emission feature is just the narrow nebular 

Hα and [N II] from the host blended together at low S/N or low resolution in their data. Note 

that in their highest S/N spectra (inset of their Figure 1), the putative Hα from the transient 

is flat-topped or double-peaked, consistent with the two strong nebular emission lines of 

roughly equal height (inset of our Figure 5) being blended together. We also note that 

Leloudas et al. (2016) do not attempt to correct for the contribution from the underlying 

stellar continuum. Therefore, we do not confirm their claim of Hα emission from the 

transient itself and the reported velocity FWHM likely reflects the spacing of the two [N II] 

lines, which are each offset by ∼1000 km s−1 from the central Hα emission. Godoy-Rivera 

et al. (2016) also report a “bump” near Hα at late times, but they do not report an FWHM, 

so it is not clear whether they are also possibly referring to a noisy detection of the narrow 

nebular lines.

2.5. Reanalysis of Early-time Optical Spectra

In addition, we re-evaluated the early optical spectra of ASASSN-15lh and were unable to 

confirm the likeness to SLSNe reported by Dong et al. (2016). The O II ion, which is 

commonly observed in SLSNe (Quimby et al. 2011), has a number of distinctive absorption 

features not observed in ASASSN-15lh (Figure 6). The strongest two features centered near 

4100 and 4400 Å are always observed to be of comparable strength and no reasonable values 

of temperature or density can change this ratio. ASASSN-15lh shows only the 4100 Å 

feature (Figure 6, see also Leloudas et al. 2016). Without the accompanying 4400 Å feature, 

it is hard to reconcile the proposed association with O II, and thus the spectroscopic 

connection to SLSNe is not robust.

The spectral features of ASASSN-15lh trend redward over time toward declining velocities. 

This is similar to the spectral evolution of supernovae where the trend is attributed to an 

expanding and cooling photosphere. However, unlike super-novae, the features of 

ASASSN-15lh do not show traditional P-Cyg profiles and become increasingly 

inconspicuous. For example, the +30 day spectrum of SN 2010gx exhibits pronounced 

features, whereas the +39 day ASASSN-15lh spectrum is nearly featureless (Figure 6). We 

explored a variety of possible ions using the highly parameterized spectrum synthesis tool, 

SYN++ (Thomas et al. 2011), to determine whether blending of features could reproduce the 

spectral features and evolution of ASASSN-15lh, but were unsuccessful.

To our knowledge the only previous examples of spectral features becoming increasingly 

inconspicuous in the early phases of a supernova involve interaction with dense CSM. SN–

CSM interaction can rescale or “mute” the line profile relative to the continuum (Branch et 

al. 2000). Most confirmed instances of SN–CSM interaction involve H-rich material that can 

be readily identified by the presence of H Balmer lines that may be narrow (<100 km s−1) to 

broad (~103 km s−1) in width, depending on their origin of formation. The hydrogen-poor 

SLSN iPTF13ehe exhibited Hα Balmer emission with broad and narrow components +251 

days after maximum (Yan et al. 2015). However, no such lines are observed in ASASN-15lh. 

Interaction with H-poor CSM ejected by rapidly rotating pulsational pair instability 

supernovae is possible (Chatzopoulos & Wheeler 2012; Chatzopoulos et al. 2016), but the 
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spectroscopic consequences of such interaction are poorly understood (Chatzopoulos et al. 

2013), and the timescales of variability observed in the UV strongly disfavor this scenario 

(Section 2.3).

A luminous central source overionizing expanding ejecta is a speculative, though attractive, 

scenario that may explain the spectroscopic evolution of ASASSN-15lh toward a featureless 

continuum. As there is no precedent for this scenario, the specific spectral signatures are 

unclear. Certainly, the ionizing photons must be extremely energetic for no strong optical or 

UV lines to be observable. An analogous phenomenon may be variable UV absorption 

commonly seen in Seyfert galaxies (Maran et al. 1996; Crenshaw et al. 2000). In some cases 

variability in the form of absorption components appearing and disappearing, or decreasing 

outflow velocities (Gabel et al. 2003), can result from changes in the ionizing flux (Kraemer 

et al. 2002). ASASSN-15lh may be an extreme version of these processes.

3. Interpretation

3.1. The “Reprocessing Picture”

Although the mechanisms behind SLSNe powered by a stellar-mass compact object—such 

as a magnetar—and the tidal disruption and accretion of a star by an SMBH do differ 

significantly, the basic physical process driving the light curves of these events may be 

similar. A central source of UV/X-ray radiation (an accreting SMBH or the pulsar wind 

nebula of a rapidly spinning neutron star, NS) is absorbed by a dense column of gas, and 

downgraded into optical radiation, where the lower opacity allows the radiation to more 

readily escape. Such a “reprocessing” picture has been applied to explain both TDEs (Loeb 

& Ulmer 1997; Guillochon & Ramirez-Ruiz 2013; Metzger & Stone 2016) and SLSNe 

(Kasen & Bildsten 2010; Woosley 2010; Metzger et al. 2014).

Consider the characteristic timescale of the central engine in a magnetar-powered SLSN and 

in a TDE scenario. In a magnetar-powered SLSN, the lifetime of the central engine is the 

magnetic dipole spin-down timescale of the magnetar:

(1)

where M, P = Pms ms, and Bdays = 1013B13 G are, respectively, the mass, initial spin period, 

and dipole surface magnetic field strength of the magnetar (e.g., Spitkovsky 2006). The 

maximum energy of the engine is limited to the rotational energy of the NS,

(2)

which can vary from ~3 × 1052 to 1053erg for the minimum value of the spin period set by 

the mass-shedding limit, depending on the mass and equation of state of the NS (Metzger et 

al. 2015). In order to simultaneously explain the large radiated energy and duration of 

ASASSN-15lh with a magnetar, we require a maximally spinning neutron star (Pms ≲ 1 1) 
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and a relatively weak magnetic field Bdays ~ 1012–1013 G (e.g., Metzger et al. 2015; see also 

Bersten et al. 2016; Chatzopoulos et al. 2016; Dong et al. 2016; Sukhbold & Woosley 2016).

In the TDE scenario, the lifetime of the engine is uncertain, but is commonly attributed to 

the fall-back time of the most tightly bound stellar debris following the disruption (e.g., 

Guillochon & Ramirez-Ruiz 2013; Stone et al. 2013),

(3)

where M• and m* are the masses of the SMBH and the star, respectively, and we have 

assumed a stellar mass–radius relationship R* ≃ R:(m* M☉)4/5 appropriate to lower main-

sequence stars. The maximum radiated energy is that liberated by the accretion of the half of 

the stellar mass that remains bound to the SMBH,

(4)

where the radiative efficiency for geometrically thin accretion varies from η ≈ 0.04 to 0.42, 

depending on the spin of the SMBH and its orientation relative to the angular momentum of 

the accreting gas.

In the TDE scenario, the energetics of ASASSN-15lh are reasonably accommodated by the 

accretion of a solar-mass star. However, the high-mass SMBH M• ~ 6 × 108 M☉ inferred 

from the host of ASASSN-15lh is inconsistent with the tidal disruption of a solar-mass star 

by a Schwarzschild SMBH because the tidal radius is smaller than the innermost stable 

stellar orbit for M• ≳ 107.4 M☉ (i.e., the star would be swallowed whole instead of producing 

a bright flare). This discrepancy could be alleviated if the SMBH is spinning in a prograde 

direction with respect to the orbit of the disrupted star, in which case tidal disruption is 

possible even for more massive BHs (e.g., Kesden 2012).

The high inferred SMBH mass would also appear to predict a long duration of the transient 

tfb ≳ 2 yr, inconsistent with the much shorter observed decay time of the first peak of a few 

weeks. This inconsistency might also be resolved by a prograde spinning SMBH. Precession 

of the star during the phase of tidal compression due to the BH spin may substantially 

enhance the spread in the energy distribution of the stellar debris as compared to the 

Newtonian case, by partially aligning the direction of the hydrodynamic bounce with the 

velocity vector of the star (Stone et al. 2013; Leloudas et al. 2016; Metzger & Stone 2016). 

More tightly bound debris has a shorter orbital period, which could significantly speed up 

the timescale of flare evolution as compared to the estimate from Newtonian gravity in 

Equation (3). Though it is promising, general-relativistic numerical simulations are needed 

to confirm this possibility.

In addition to possibly speeding up the flare evolution, the high BH spin required to explain 

ASASSN-15lh as a TDE would (i) naturally result in a large value of the accretion efficiency 
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η, accounting for its high luminosity, and (ii) possibly aid in the process of debris 

circularization by allowing relativistic pericenters, thus inducing greater general-relativistic 

precession of the stellar debris streams (e.g., Dai et al. 2015; Bonnerot et al. 2016; Hayasaki 

et al. 2016). Precession of the streams out of the orbital plane due to misaligned BH spin 

could also help make the geometry of the reprocessing material relatively spherical (e.g., 

Guillochon & Ramirez-Ruiz 2015; Hayasaki et al. 2016), consistent with the low measured 

optical polarization of ASASSN-15lh reported by Brown et al. (2016b). We end by noting 

that the lack of conspicuous H emission from ASASSN-15lh cannot be used as an argument 

against the tidal disruption of a star of solar composition. As shown by Roth et al. (2016), H 

emission lines can be suppressed below the continuum level, depending on the precise 

conditions in the reprocessing layer.

3.2. Escape of X-Rays and the Ionization Break-out

In both the magnetar SLSN and the TDE scenario, UV/X-ray radiation from the central 

source may ionize its way through the ejecta at late times. This process can result in the 

direct escape of UV/soft X-ray radiation while having an indirect influence on the observed 

optical light curve by changing the ejecta opacity (Section 3.3).

If we approximate the ejecta as a homogeneously expanding sphere of mass Mej, velocity vej 

= 109v9 cm s−1, and radius Rej = vejt, then the neutral column density is

(5)

where fn is the neutral fraction. This is much higher than the inferred X-ray absorption 

column of NH int < 3 × 1022 cm−2 toward ASASSN-15lh, requiring a very low neutral 

fraction if the X-ray source is related to the optical transient. This is consistent with the very 

low N(H I) inferred by Leloudas et al. (2016) from Lyα.

The ejecta from TDEs and SLSNe are expected to have markedly different chemical 

composition. In a TDE the ejecta has nearly solar composition (e.g., Kochanek 2016) and 

the escape of soft X-rays is inhibited primarily by the bound–free opacity of neutral helium 

(Metzger & Stone 2016; Roth et al. 2016). By contrast, in an H-poor SLSN, X-rays are 

blocked more severely by neutral oxygen and carbon (Metzger et al. 2014).

A central engine with a UV/X-ray luminosity L releases an energy L × t in ionizing radiation 

on a timescale t. If the ejecta contains a mass fraction XZ of elements with atomic number Z 
= 8Z8, then the radiation ionizes its way through the ejecta on a timescale

(6)
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where M3 ≡ Mej/(3 M☉), T5 = T/105 K is the temperature of electrons in the recombination 

layer, and

(7)

is the ratio of absorptive and scattering opacity in the ejecta (Metzger et al. 2014).

For typical parameters and an engine similar to ASASSN-15lh with Lt ~ 1052 erg, we have 

tion ~ 1 month in the case of a He-rich composition (Z = 2) of a TDE-like scenario. By 

contrast, for a CO-rich composition of an exploding massive star (Z = 8), we have tion ~ 

several months, making break-out harder to achieve. In the latter case, X-ray break-out is 

even less likely considering that the K-shell valence electrons of oxygen have a binding 

energy of ∼1 keV, while the measured keV X-ray luminosity of ASASSN-15lh, ≤ 1042 erg 

s−1, is much less than the optical/UV luminosity (in other words, the true value of Lt to use 

in Equation (6) should be much lower than 1052 erg).

We conclude that an ionization break-out could allow the escape of X-rays in the TDE 

scenario, but is probably not sufficient to do so in the case of an H-poor supernova given the 

observed soft X-ray spectrum.

3.3. The Double-humped Light Curve of ASASSN-15lh

The ionization of the ejecta reduces the bound–free opacity, allowing the escape to the 

observer of UV and X-ray radiation with energies above the ionization threshold. This 

process is unlikely to explain the observed UV rebrightening by itself, because even the 

highest-frequency UV bands of Swift-UVOT are below the first ionization energies of the 

most abundant elements (H, He, C, O). However, an ionization break-out may have an 

indirect effect on the light curve via the continuum opacity.

At early times the ejecta is largely neutral and the opacity at optical frequencies is 

dominated by electron scattering, while the opacity at UV frequencies is dominated by line 

transitions of metals. However, once the ejecta becomes ionized by the central engine, the 

electron scattering opacity will increase, while the UV opacity will decrease as the ionized 

atoms have fewer bound–bound transitions. Therefore, following ionization break-out we 

expect a shift of the peak of the spectral energy distribution from optical to UV frequencies. 

It is unclear at the moment whether this effect would be able to quantitatively explain the 

slow decay of the optical emission after the break-out observed in ASASSN-15lh (e.g., 

Godoy-Rivera et al. 2016, their Figure 1). Here we note that, according to Roth et al. (2016), 

the continuum receives significant contributions from free–free emission, in which case the 

higher temperature of the ejecta caused by the ionization break-out might enhance the 

optical luminosity. Detailed radiative transfer calculations are necessary to quantitatively 

address this issue, and will be performed elsewhere. The appeal of this model is that a single 
timescale for the central engine would naturally reproduce the double-peaked temporal 

structure of ASASSN-15lh, which has no analogue in previously observed TDE or SLSN 
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light curves. As a comparison, the TDE model invoked by Leloudas et al. (2016) combines 

two luminosity mechanisms, which result in two different timescales.

While we emphasize that accurate modeling, beyond the scope of this paper, is necessary to 

understand whether this effect alone can quantitatively explain the observations of 

ASASSN-15lh, here we consider a toy model to illustrate the basic principles. For 

illustrative purposes we use the spin-down luminosity of a magnetar as the central source of 

ionizing photons. In particular, we consider a magnetar light curve with parameters P = 1 ms 

and Bdays = 3 × 1012 G, similar to that described in Metzger et al. (2015), and a total ejecta 

mass of Mej = 10 M☉. However, we artificially change the gray opacity from κi = 0.02 cm2 

g−1 to κf = 0.2 cm2 g−1 at a time corresponding to ionization break-out of about 50 days. As 

shown in Figure 7, this produces a minimum/flattening in the bolometric light curve, similar 

to that observed in ASASSN-15lh. Although we have applied the model to a magnetar for 

concreteness (and since the process of debris circularization in TDEs remains uncertain), a 

similar result applies to the TDE case if the central UV/X-ray accretion power rises 

smoothly on a timescale of a few weeks and then decays ∝t−5/3 at later times. We also 

caution that a simple change in the gray opacity is unlikely to accurately predict the effect of 

a wavelength-dependent change in opacity created by an ionization break-out. Finally we 

note that in this model the late-time UV variability (Section 2.3, Figure 4) has to be ascribed 

to the central engine, because the reduced opacity after ionization break-out would allow the 

observed light curve to more faithfully track the luminosity of the central source (i.e., tdiff ≪ 
tobs).

4. Summary and Conclusions

We have presented evidence for luminous, soft, and persistent X-ray emission at the location 

of ASASSN-15lh, and discussed its origin in the context of multiwavelength observations of 

the transient, which include constraints on its radio emission and early- and late-time optical 

spectroscopy. Our reanalysis of early-time spectra does not confirm the robust association of 

ASASSN-15lh with SLSNe claimed by previous studies, and invites us to be open-minded 

about the nature of ASASSN-15lh. Late-time spectra reveal the emergence of narrow 
emission features from the host galaxy, while we associate the most prominent broad 
spectral features with the underlying stellar population. No clear evidence is found for broad 

spectral features associated with the transient at late times.

We propose a model that explains the double-peaked temporal structure of ASASSN-15lh in 

the optical/UV band as originating from the temporal evolution of the ejecta opacity, which 

changes as a result of persistent ionizing flux from a long-lived central source (either a 

magnetar or an accreting SMBH). Detailed radiative transfer simulations are necessary to 

quantitatively compare our idea to the observations. We speculate that the evolution of 

ASASSN-15lh toward a featureless spectrum also results from the presence of a persistent 

central source of ionizing photons. The exceptionally long active timescale and high 

luminosity of the ionizing central source powering ASASSN-15lh (i.e., months) is most 

likely the key physical property that distinguishes ASASSN-15lh from all the TDEs and 

SLSNe discovered so far.
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The optical/UV spectral evolution of ASASSN-15lh, its peculiar rebrightening, and the 

presence of soft and persistent X-ray emission are indeed unprecedented among SLSNe and 

TDEs and suggest two scenarios: (i) either ASASSN-15lh is the first member of a class of 

stellar explosions with extreme properties that are intrinsically rare or that have been 

overlooked because of their location very close to the host-galaxy nucleus or, alternatively, 

(ii) ASASSN-15lh results from refreshed nuclear activity of the host-galaxy SMBH.

In the first scenario the detected X-ray emission is physically unrelated to the transient and 

most likely originates from the host-galaxy nucleus. We thus expect no fading of the X-ray 

source over the timescales of years.

Instead, if the X-ray emission is physically associated with the optical/UV transient, then 

ASASSN-15lh is unlikely to originate from a stellar explosion, and an association with the 

activity of the host nucleus is favored. In this case, ASASSN-15lh would be a TDE from the 

most massive spinning SMBH observed to date. The fast initial decay timescale of the 

transient is challenging to understand based on the fall-back timescale of the disrupted star 

in Newtonian gravity, possibly suggesting that BH spin plays a key role in enhancing the 

energy spread of the disrupted star. ASASSN-15lh and similar events discovered in the 

future would then constitute direct probes of matter under strong gravity around very 

massive, dormant, spinning SMBHs in galaxies. We emphasize that this scenario predicts 

significant temporal evolution of the X-ray emission over the next few years, because we 

expect a TDE to have a non-negligible impact on the inner part of the accretion disk even in 

the case of a pre-existing weak AGN.

Continued deep X-ray monitoring of ASASSN-15lh will constrain the temporal evolution of 

the X-ray source and its fading, revealing in this way whether the X-ray source is indeed 

physically related to the optical/UV transient. Future X-ray observations thus hold the keys 

to unveiling the true nature of ASASSN-15lh.

Acknowledgments

We thank the referee for constructive criticism and suggestions that improved the quality of this work. R.M. 
acknowledges partial support from the James Arthur Fellowship at NYU during the completion of this project and 
the Research Corporation for Science Advancement. B.D.M. gratefully acknowledges support from the NSF 
(AST-1410950, AST-1615084), NASA Astrophysics Theory Program (NNX16AB30G), the Alfred P. Sloan 
Foundation, and the Research Corporation for Science Advancement. G.M. acknowledges the financial support 
from the UnivEarthS Labex program of Sorbonne Paris Cité (ANR10LABX0023 and ANR11IDEX000502). The 
scientific results reported in this article are based on observations made by the Chandra X-ray Observatory under 
program GO 17500103, PI Margutti, observations IDs 17879, 17880, 17881, 17882. This paper includes data 
gathered with the 6.5 meter Magellan Telescopes located at Las Campanas Observatory, Chile.

Facility: Magellan:Clay.

Appendix

X-ray and UV/Optical Photometry Tables

Tables 1 and 2 show a summary of results from X-ray and photometry observations.
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Figure 1. 
Constraints on the spectral model parameters of the X-ray source detected at the location of 

ASASSN-15lh, as derived from our second epoch (shaded region) and a joint fit of the third 

and fourth epochs (contours) of CXO observation. Upper panel: absorbed blackbody 

spectrum. Lower panel: absorbed power-law spectrum. In both panels the cross symbol 

identifies the best-fitting model parameters. These observations favor a soft X-ray spectrum 

with limited intrinsic absorption.
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Figure 2. 
ASASSN-15lh in the X-ray phase space of envelope-stripped SNe and TDEs. For 

ASASSN-15lh we merged the second and third CXO epochs for the sake of clarity and we 

show the luminosity of ASASSN-15lh at each epoch for both a thermal (bottom points) and 

a nonthermal (top points) spectrum. At ∼100 days, ASASSN-15lh is more luminous than 

any previously detected H-stripped SN with the exception of SCP06F6. Its persistent and 

soft X-ray emission is more similar to nonrelativistic TDEs, like ASASSN-15oi and 

ASASSN-14li. The X-ray light curve of the relativistic TDE SwiftJ2058 overlaps with that 

of the TDE SwiftJ1644 (Pasham et al. 2015) and it is not displayed here for clarity. 

References: Gezari et al. (2012), Margutti et al. (2013a), Holoien et al. (2014), Miller et al. 

(2015), Holoien et al. (2016b), Mangano et al. (2016), Brown et al. (2016a). For SLSNe-I 

we updated the sample of Levan et al. (2013). The detailed analysis will appear in R. 

Margutti et al. (2017, in preparation).
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Figure 3. 
ASASSN-15lh (red star) in the context of radio emission from envelope-stripped SNe (gray 

and black filled circles for GRB-SNe and SLSNe, respectively) and TDEs (blue diamonds), 

as constrained by observations with ATCA (Kool et al. 2015). Radio observations acquired 

by Leloudas et al. (2016) three weeks later led to very similar limits and are not displayed 

here for clarity. The limits on the radio emission from ASASSN-15lh rule out most of the 

parameter space associated with powerful relativistic jets with kinetic energy Ek = 1051 erg 

propagating into a circumburst medium with density 1 cm−3 (orange lines, van Eerten et al. 

2010). SwiftJ1644 and SwiftJ2058 are the two relativistic TDEs known to date with radio 

observations. References: Cenko et al. (2012), Chomiuk et al. (2012), Chandra & Frail 

(2012), van Velzen et al. (2013), Margutti et al. (2013a), Chornock et al. (2014), Nicholl et 

al. (2016), Alexander et al. (2016), Berger et al. (2012), Pasham et al. (2015), Zauderer et al. 

(2013).
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Figure 4. 
Swift-UVOT observations of ASASSN-15lh reveal the presence of pronounced time 

variability on short timescales Δt ≲ 5 days across the Swift-UVOT bands at the time of the 

rebrightening. Vertical dotted lines mark the times of the CXO observations.
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Figure 5. 
Left panel: a decomposition of the observed late-time spectrum (black line) obtained on 

2016 June 10 (δt = 301 days rest-frame since maximum light) into a sum (magenta line) of 

the FAST host-galaxy model that best fits the pre-transient photometry (red line) and a 

featureless blackbody with temperature inferred from our fits of ASASSN-15lh (blue line). 

This demonstrates that the strongest spectral features can be reasonably attributed to the 

underlying stellar population of the host galaxy. The green squares mark the Swift-UVOT 

photometry after subtraction of the host model and interpolated to the date of observation. 

The gray circles are the scaled values for the broadband photometry of the host (Dong et al. 

2016). We emphasize the lack of unambiguous evidence for broad spectral features 

associated with the transient. Inset: the observed spectrum in the vicinity of the Hα/[N II] 

complex is shown enlarged. Two clear emission lines are present prior to any correction for 

the stellar continuum. Right panels: zoom-ins to spectral regions of interest in the difference 

spectrum show the presence of narrow emission lines at the expected wavelengths (dotted 

lines) associated with Hα, Hβ, [N II] λλ6548, 6583, and possibly [S II] and [O III] λ5007 

at a common redshift of z = 0.2320.
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Figure 6. 
Placing early-phase optical spectra of ASASSN-15lh in context with SLSNe. (a) The O II 

ion is a signature of SLSNe, and here we show how the −4 day spectrum of the SLSN 

2010gx can be reproduced using the simple assumptions of SYN++ and a photospheric 

velocity of 19,000 km s−1. (b) By contrast, we cannot reproduce +13 day spectrum of 

ASASSN-15lh. It clearly misses an accompanying feature around 4400 Å. (c) Evolution in 

the spectra is observed. Most conspicuous is the 4100 Å feature, which drifts to longer 

wavelengths. (d) The evolution toward increasingly inconspicuous spectral features is unlike 

SLSNe that exhibit increasingly stronger spectral features. Here we show the +30 day 

spectrum of SN 2010gx, which is unlike the nearly featureless +39 day spectrum of 

ASASSN-15lh. Data have been retrieved from WISEREP (Yaron & Gal-Yam 2012), 

normalized according to the procedure outlined in Jeffery et al. (2007) to aid in visual 

comparison, and were originally published in Pastorello et al. (2010) and Dong et al. (2016).
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Figure 7. 
Bolometric model of the light curve (solid line) due to reprocessed luminosity from a central 

source (dashed line). For this plot we use the spin-down power from a magnetar engine as 

central source as an example. We artificially and abruptly change the ejecta opacity at the 

time shown by the vertical dashed line to approximate the effect of an ionization break-out. 

The object’s time of first light is assumed to occur 30 days before the peak of the light 

curve. The bolometric light curve of ASASSN-15lh that we derived in Section 2.3 is shown 

for comparison with blue triangles. Accurate modeling is necessary to quantitatively 

understand whether the change in opacity alone can be responsible for the observed 

phenomenology.

Margutti et al. Page 25

Astrophys J. Author manuscript; available in PMC 2018 February 10.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript

Margutti et al. Page 26

Table 1

X-ray Observations

Date (MJD) Instrument Exposure (ks) Unabsorbed Flux (erg s−1 cm−2) Spectral Model

57046–57591 Swift/XRT 270 Fx = (4.1 ± 1.5) × 10−15

Fx = (3.7 ± 1.4) × 10−15

BB
PL

57338 CXO   10 Fx < 2.0 × 10−15

Fx < 8.0 × 10−16

PL
BB

57344 XMM     9 Fx < 1.5 × 10−14

Fx < 1.4 × 10−14

PL
BB

57369 CXO   10 Fx ~ 4.4 × 10−15

Fx ~ 1.6 × 10−15

PL
BB

57438 CXO   40 Fx ~ 3.6 × 10−15

Fx ~ 1.2 × 10−15

PL
BB

57619 CXO   30 Fx ~ 4.9 × 10−15

Fx ~ 1.4 × 10−15

PL
BB

Note. Fluxes are reported in the 0.3–10 keV energy band. We use NH Gal = 3.07 × 1020 cm−2, a temperature T = 0.17 keV for the blackbody 

model (“BB” in the table), and a photon index Γ = 3 for the power-law model (“PL” in the table). Uncertainties are dominated by the choice of the 
spectral parameters. For Swift-XRT the reported uncertainties reflect the count-rate statistics only.
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