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ABSTRACT

We predict late-time optical/UV emission from tidal disruption events (TDEs) from our slim accretion disc model (Wen et al.
2020) and explore the impact of the black hole mass M,, black hole spin a,, and accretion disc size. We use these synthetic
spectra to successfully fit the multiband Swift observations of ASASSN-14li at >350d, setting only the host galaxy extinction
and outer disc radius as free parameters and employing the M,, a,, disc inclination, and disc accretion rates derived from fitting
10 epochs of ASASSN-14l1i’s X-ray spectra with the slim disc. To address the nature of the early-time optical/UV emission,
we consider two models: shock dissipation and reprocessing. We find that (1) the predicted late-time optical/UV colour (e.g. u
— w?2) is insensitive to black hole and disc parameters unless the disc spreads quickly; (2) a starburst galaxy extinction model
is required to fit the data, consistent with ASASSN-141i’s post-starburst host; (3) surprisingly, the outer disc radius is ~2 x
the tidal radius and ~constant at late times, showing that viscous spreading is slow or non-existent; (4) the shock model can
be self-consistent if M, < 107> M, i.e. on the low end of ASASSN-14li’s M, range (103! My; 1o CL); larger black hole
masses require disruption of an unrealistically massive progenitor star; (5) the gas mass needed for reprocessing, whether by a
quasi-static or an outflowing layer, can be <0.5 My, consistent with a (plausible) disruption of a solar-mass star.

Key words: accretion, accretion discs —black hole physics —quasars: supermassive black holes—transients: tidal disruption

events.

1 INTRODUCTION

Tidal disruption events (TDEs) happen when a star approaches a
supermassive black hole (SMBH; Hills 1975; Rees 1988). After
the star is broken down by tidal forces, half of the debris remains
bound and can be accreted by the SMBH, producing a strong
electromagnetic flare. These flares frequently emit at optical (van
Velzen et al. 2011; Gezari et al. 2012; Arcavi et al. 2014; Holoien
et al. 2015; van Velzen et al. 2021), near-ultraviolet (NUV; Gezari
et al. 2006, 2008), and soft X-ray (Bade, Komossa & Dahlem
1996; Greiner et al. 2000; Komossa et al. 2004; Saxton et al. 2021)
wavelengths.

The source of TDE optical/UV emission is still a matter of debate.
There are two leading models for the early (power-law decaying)
optical/UV light: one is emission from a reprocessing layer, which
is powered by the X-rays and extreme UV emanating from the
inner accretion disc (Loeb & Ulmer 1997; Guillochon, Manukian &
Ramirez-Ruiz 2014; Metzger & Stone 2016; Roth et al. 2016; Dai
et al. 2018; Roth & Kasen 2018; Lu & Bonnerot 2019), and the
other is shock-powered emission, often assumed to involve an outer
shock that forms at the intersection of the debris streams near
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their orbital apocenters (Piran et al. 2015; Shiokawa et al. 2015),
but sometimes also involving shocks between tidal debris and a
circularizing accretion flow (Bonnerot & Lu 2020; Steinberg & Stone
2022). Based on these two different paradigms, two modelling suites,
MOSFIT (Mockler, Guillochon & Ramirez-Ruiz 2019) and TDEMASS
(Ryu, Krolik & Piran 2020), respectively, have been used to constrain
the masses of the SMBH and disrupted star by fitting the early
observed optical/UV light curves. Both models yield SMBH mass
constraints consistent with determinations from the black hole (BH)
mass versus galaxy velocity dispersion relation (Ferrarese & Ford
2005; Kormendy & Ho 2013; McConnell & Ma 2013).

In contrast to the optical/UV emission, there is more consensus
on the origin of TDE thermal X-rays, which are widely thought to
be powered by accretion and to arise from an inner disc (Ulmer
1999). The X-ray spectra of the TDEs ASASSN-14li, ASASSN-
1501, and J2150 (Wen et al. 2020, 2021, hereafter W20 and W21)
are consistent with those predicted by a general relativistic slim
accretion disc model (Abramowicz et al. 1988); additional X-ray-
producing mechanisms are not obviously required, although at late
times often the mass accretion rate can be well below the Eddington
limit (the disc may experience a hard state change, e.g. Jonker et al.
2020). From the X-ray spectral fitting of two TDEs, W20 found that
the absorption parameter (i.e. the column density Ny), declines to the
level predicted for the host galaxy plus Milky Way contribution after
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several hundred days. This behaviour supports a picture in which,
at late times, a gaseous reprocessing layer! becomes increasingly
optically thin, and the optical/UV emission, which has dimmed by >
10 x, is dominated by a disc component (van Velzen et al. 2019). Itis
therefore important to test whether the observed optical/UV emission
at late times can be successfully fit with a bare slim disc model, after
allowing for host dust extinction and (potentially) a time-varying
outer disc radius.

In this paper, we focus on ASASSN-14li’s optical/UV emission,
based on our successful fitting of its evolving X-ray spectrum (W20).
ASASSN-141i was first discovered on 2014 November 22, in a post-
starburst galaxy at z = 0.0206 (Jose et al. 2014). The optical/UV light
curves initially declined quickly and then evolved more gradually
after about 350d (Brown et al. 2017). The slow late-time decay is
consistent with disc-dominated emission (Velzen et al. 2019) and
can be well fit by a time-dependent model of a viscously spreading
general relativistic thin disc (Mummery & Balbus 2020, hereafter
MB20). In MB20, the accretion rate at each observing epoch is
determined by the time-dependent disc equations, and the SMBH
mass is constrained to 1.45 x 10° < M,/Mg < 2.05 x 10° with a
broad range of permitted BH spins.

The MB20 constraints on M, and spin are only marginally
consistent (at the 20 confidence level CL) with the slim disc fitting
results of W20. In this paper, we perform a detailed study of the late
optical/UV emission of ASASSN-141i based on the results obtained
through fitting the X-ray spectra with the slim disc. Unlike the
MB20 model, the disc accretion rate here is a free parameter and
is determined by the X-ray spectral fits. We check whether (1) the
slim disc solution can match the late time optical/UV light curves;
(2) dust extinction in the host galaxy is important for the observed
optical/UV emission; and (3) the size of the accretion disc evolves,
i.e. whether angular momentum transport may cause the disc to
spread out with time.

In addition to our modelling of the late-time light curves, we test
two possible sources — a reprocessing debris layer or a shock arising
from a self-intersecting debris stream — for the early-time optical/UV
emission of ASASSN-141i. In these tests, we calculate the minimum
mass of the disrupted star that can produce the observed optical/UV
emission, where the inferred disc luminosity, M,, and dimensionless
spin parameter a, are derived from the X-ray spectral fits.

The paper is organized as follows. We explore the general depen-
dence of theoretical optical/UV light curves on M,, a,, and outer
disc radius R, in Section 2. We describe the (archival) optical/UV
emission data for ASASSN-14li and our reduction procedure in
Section 3. In Section 4, we show the fit results of the slim disc model
to the observed late-time optical/UV light curves. In Section 5, we
describe our tests of whether reprocessing or the shock paradigm can
explain the bright early optical/UV emission. Finally, we summarize
our conclusions in 6.

2 THEORETICAL OPTICAL/UV LIGHT
CURVES

In this section, we calculate the late-time optical/UV emission from
the slim disc model of W21. We use a multicolour blackbody model
to calculate the local optical/UV emission and a ray-tracing code

I"The absorption of disc X-rays by a time-variable absorbing column indicates
that some reprocessing is occurring; whether or not it is the dominant
contributor to the early-time optical/UV emission is an important question
we will investigate later in this paper.
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(Psaltis & Johannsen 2011), which includes gravitational redshift,
Doppler, and lensing effects self-consistently, to determine the
monochromatic flux. As the disc formed after a TDE is finite, the disc
size becomes an important factor to the optical/UV emission. Here,
we limit the disc to radii R < Ry, neglecting the small difference
between our hard cutoff and the exponential cutoff used by MB20.

‘We explore the impact of M,, a,, and R, on theoretical optical/UV
light curves in Fig. 1. In this analysis, we estimate the disc accre-
tion rate from hydrodynamic simulations of the disruption process
(Guillochon & Ramirez-Ruiz 2013), which can be determined from
the time after peak, M,, the penetration parameter $, the progenitor
star mass M,, and polytropic index (here, we consider the case of
y = 4/3). The left plot shows the light curves for different values of
M, and a,; we fix the disc outer radius to Ry = 2R/B (R, is tidal
radius). A larger M, always results in a brighter optical/UV source,
because larger SMBHs produce accretion discs with lower effective
temperatures, moving the optical/UV bands up the Rayleigh—-Jeans
tail and closer to the peak of the multicolour blackbody spectrum
(Lodato & Rossi 2011). The effect of spin on optical/UV emission
is strong for a high-mass BH, but weak for a low-mass BH. This
behaviour arises because all the optical/UV emission is generated by
the disc relatively close to the BH (Roy; S 20R,, R, = GM./c?) for
discs associated with larger M,, while for a low-mass BH, most of
the optical/UV emission is generated in a region relatively far from
the BH. The colour u — w2, based on bands from the Neil Gehrels
Swift Observatory (Gehrels et al. 2004), is roughly 1.1 mag, and it is
not very sensitive to M, and a,.

The middle plot shows the light curves for different combinations
of M, and R,,. Here, we fix a, = 0.9. As the disc size increases by a
factor of 2, the optical/UV emission brightens by about 1 mag. The
larger disc radius increases the disc area by a factor of 4, while the
UV flux increases” by a factor of ~2.5. As a result, the cooler larger
disc also contributes a significant part to the optical/UV emission.
Again, the colour u — w2 is roughly 1.1 mag, and the value and
its evolution are not very sensitive to disc size. Since the disc UV
emission follows the Rayleigh-Jeans law, given an accretion rate
rir, o t 7" (here, n = 1.53), the UV light curve decays as,

2.5n
Myv x T log o (t). (1)

The left and middle figures show good agreement with the linear
relationship between magnitude and time. However, we note that the
above relationship is only valid for a disc with constant R, if the
disc can viscously spread (Cannizzo, Lee & Goodman 1990), then
the light curves will decay more slowly with time.

The right-hand panel of Fig. 1 shows the effect of viscous disc
spreading. As the TDE disc is finite, the accreted debris transfers
part of its angular momentum outward through the viscous torque,
making the disc spread outwards over time (Cannizzo et al. 1990;
Mummery & Balbus 2020). Because of the well-known viscous in-
stability of realistic parametrizations of angular momentum transport
in hot accretion flows (Lightman & Eardley 1974), it is not possible to
build a self-consistent 1D time-dependent model for a spreading disc
dominated by radiation pressure. We instead develop a toy model
to estimate the R,, of the spreading disc (see Appendix B). In
this model, we ignore the specific nature of the viscous torque, and
only require conservation of mass and angular momentum. We use

2The outer disc is cooler than the inner disc. As the inner hotter disc
contributes more optical/UV photons per area than the outer disc, the
integrated flux increases more slowly than the disc size as Roye grows.
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Figure 1. Theoretical thermal slim disc optical/UV light curves for different M,, a,, and outer disc radius R,y. Here, we assume the viewing angle 6 = 45°,
disc viscosity parameter o = 0.1, luminosity distance di, = 10 pc, TDE penetration parameter 8 = 2, and progenitor star mass M, = 2 Mg, throughout. The left
figure shows the light curves for different M, and a,, with the outer radius fixed at Ry, = R;. The middle figure shows the light curves for different M, and
Rout, with a, = 0.9. The right figure considers a viscously spreading disc, but with an independent model for the viscous torque (see Appendix B). In all figures,
we use the notation MX = 10X Mg. The upper sub-panels show the light curves in the w2 (1928 A) filter band, and the lower sub-panels show the difference
in AB magnitude between the u (3465 A) and w2 bands. The figures show that (1) thermal disc UV emission is brighter for higher M,, as a higher M, yields
a larger physical disc size; (2) for M,, a., and Roy there is a positive correlation between the value of the parameter and the normalization of the light curve;
(3) the spreading disc makes the light curves flatter than those with fixed Roy; (4) the u — w2 colour evolution is small (0.1-0.2 mag) over about 2000 d (except
for the case of the viscously spreading disc) and it is therefore insensitive to the parameters under consideration, e.g. M,, a, and Ry, and 7 (the 71 dependence
is implicit as different epochs have different accretion rates). Furthermore, such a colour evolution will be difficult to measure given the typical measurement
uncertainties, including those incurred due to subtracting the host galaxy light and uncertainties in the extinction.

equation (B1) to evaluate the spreading R, at different time. When
plotting the figure, we adopt I' = —3/2 and use the mass fallback
rate to estimate the mass accreted (AM) by the BH.

The UV light curve of spreading disc is at least 1 mag brighter
(after 300 d) than the UV light curve of the disc with fixed Ry, and
its decay is much flatter. The disc radius R, extends by a factor of
5 and 13 in 2000d, for case of M7 and M6, respectively. We see
the colour also undergoes significant changes (0.5 mag). The precise
nature of viscous spreading can place additional constraints on the
M, and a, estimation, e.g. the UV light curve predicted from the
X-ray spectral fits (without a spreading disc) would decay faster than
the observed UV light curve.

3 OBSERVED OPTICAL/UV LIGHT CURVES
FOR ASASSN-14LI

The TDE ASASSN-14li (Holoien et al. 2015) has been monitored for
over five years using Swift, with the latest observation obtained on
2020 December 2. We reduced all UVOT (Roming et al. 2005) data
using the latest calibration files (20201215) and software (HEASOFT
6.29). Multiple sub-exposures within with the same observation
ID are combined in the image plane before applying aperture
photometry. The aperture radius is fixed to 5arcsec and a curve
of growth aperture correction is applied.

In the latest epochs, the UV flux still exceeds the pre-flare baseline,
as inferred from the broad-band SED of the host galaxy (Velzen et al.
2021), by about 0.5 mag. About 400 d after the first detection (Brown
et al. 2017), the host-subtracted UV light curves flatten to a near-
constant plateau (Velzen et al. 2019). In this work, we focus on this
late-time plateau. We apply our models to the difference photometry
(i.e. after baseline subtraction) and apply a correction for Galactic
extinction.

4 MODELLING ASASSN-14LI’S LATE-TIME
EMISSION

In this section, we fit the late-time UV light curves of ASASSN-
14li. The UV light curves are corrected for extinction by neutral

gas and dust located in the Milky Way in the line of sight towards
ASASSN-14li, but not for any contribution to the extinction from
gas and dust located in the host galaxy. As a result, we explore
the effect of gas and dust extinction from the host galaxy taking it
as a free parameter in our modelling. For simplicity, we assume
the same extinction across all late-time epochs. We consider 7
kinds of extinction curves from PYSYNPHOT (STScl Development
Team 2015). They are LMC30DOR (Gordon et al. 2003), LMCAVG
(Gordon et al. 2003), MWDENSE (Cardelli, Clayton & Mathis 1989),
MWAVG (Cardelli et al. 1989), MWRV21 (Cardelli et al. 1989), MWRV4
(Cardelli et al. 1989), and XGALSB (Calzetti et al. 2000). These
models describe three kinds of dust grains environment, e.g. general
Milky Way extinction environment (Gordon et al. 2003), diffuse and
dense interstellar medium (Cardelli et al. 1989), dust environment in
starburst galaxies (Calzetti et al. 2000). The extinction effect for all
the 7 models can be described by a single parameter colour excess,
Eg_v, since the different Ry values are taken into account in the
different models.

We refit the X-ray spectra of ASASSN-141i using the slim disc
model of W21 (see Appendix A, as well as Wen et al. 2022). From
the X-ray spectral fits, for a pair of M, and a,, we get the best-
fitting accretion rate at each epoch, as well as the disc inclination.
To calculate the UV emission at different epochs, we estimate the
accretion rate at each epoch, using the accretion rate decay law
obtained through the X-ray spectral fits, and set the disc outer radius
Rouw as a free parameter. However, as the disc may viscously spread
with time, we bin the light curves in several bins and allow the fit to
the data in each of the different bins to adopt a different R,,,. We will
explore the effect of binning method on the fitted R, in more details
in Section 4.2 (see Table 1). The free parameters are Ep_y and Roy, i,
where i denotes different bins number.

In order to compare the predictions with the Swift observations,
we simply compute the magnitude at the central wavelength of each
UV filter band. For the four Swift bands of interest (w2, m2, wl, u)
these are®: w2 = 1928 A, m2 = 2246 A, w1l = 2600A, and u =

3http://www.swift.ac.uk/analysis/uvot/filters.php

MNRAS 522, 1155-1168 (2023)

20z A1enige4 Lz uo Josn DN - UspIeT JeYSIOAIUN Aq €26001 L/SS | L/1/2ZS/@10E/SEIuW/Woo"dNodluepeoey/:SdjlY WOlj PEPEojumo(


art/stad991_f1.eps
http://www.swift.ac.uk/analysis/uvot/filters.php

1158  S. Wen et al.

Table 1. Results of fits to the late time UV emission of ASASSN-141i. BH mass, BH spin, the disc accretion rate, and inclination
are fixed at the best-fitting value obtained from the X-ray spectral fits (W20). The x2/d.o.f. values show that the use of the model
XGALSB (i.e. a starburst extinction curve) gives a significantly better fit than any another extinction model we consider, consistent
with the post-starburst nature of the ASASSN-141i host galaxy. The final four rows of the table compare the effect of binning
of the late-time UV data into different numbers of epochs. We see that the addition of more groups make the fits slightly better,
marginally warranting our inclusion of four groups. The fitted radius of the disc is about 2 x R (R, = 10.13 Ry). Note that,
Ime30dor (Gordon et al. 2003) — Ry = 2.76.Imcavg (Gordon et al. 2003) — Ry = 3.41.mwdense (Cardelli et al. 1989) — Ry =
5.00.mwavg (Cardelli et al. 1989) — Ry = 3.10.mwrv21 (Cardelli et al. 1989) — Ry = 2.1.mwrv4 (Cardelli et al. 1989) — Ry =

4.0.xgalsb (Calzetti et al. 2000) — Ry = 4.0.

Extinction model Ep_ v [10~*mag] Ri [R] Ry [Rg] R3 [R,] R4 [R] x>ld.of
NA NA 10.8 £ 0.1 NA NA NA 95.05/47
Imc30dor 0.2+0.1 11L.1£0.1 93.74/46
Imcavg 0.1 £0.1 11.1 £0.1 94.43/46
mwdense 0.1£0.1 11.0£0.1 94.68/46
mwavg 0.1£0.1 11.0£0.1 94.61/46
mwrv21 0.1£0.1 11.0£0.1 94.56/46
mwrv4 0.1 £0.1 11.0£0.1 94.63/46
xgalsby 8.8 +£0.6 192+ 1.0 82.77/46
xgalsb, 8.7+03 192+ 1.0 16.7+1.0 . 75.71/45
xgalsbs 9.7£0.2 20.0 £2.0 214 £30 17.8 £2.0 69.73/44
xgalsby 9.8+£0.2 20.1 £ 4.1 214 £3.0 21.9 £ 4.1 178 £3.0 69.20/43

3465 A. We fit the observations using a fit-function comprised of the
slim disc model attenuated by extinction. We use the POWELL method
(Press et al. 1992) to search for the best-fitting 2. We quote the 1o
error of each parameter (single parameter) by adopting Ax? = 1.

4.1 Successful fits with a bare accretion disc

Fig.2 shows our best fit to the four observed UV light curves. Here,
we only fit the late-time epochs denoted with different colours (red,
blue, cyan, and magenta). We will come back to the early-time (black)
epochs in the next section. In this analysis, we fix M,, a,, and the disc
inclination at the best-fitting values obtained from our X-ray spectral
fits, where IOf; x 10 Mg, a, = 0.998_o; and 6 = 76f§4 (0° means
face on). The accretion rate is also a parameter obtained from our X-
ray spectral fits. Its evolution can be approximated with the following
function: iz, = 231(¢ + 150)~ 94092 Here, tis in days after the first
detected by the All Sky Automated Search for Supernova (ASASSN)
on MJD 56983.6 in a post-starburst galaxy with z = 0.0206 (Jose
etal. 2014), and 1, is the mass accretion rate in Eddington units with
Mgga = 1.37 x 10° M, /Mg kg s~'. We note that a different value
of M, and a, will lead to a somewhat different mz, equation (see
Appendix A).*

We obtained 13 epochs of UV observations after # =350 d. In order
to explore how well the model can fit an observation, we divided
them into 4 groups as shown in Fig. 2. For epochs within the same
group, we assume that they have the same disc outer radius, which
we parametrize as Ry, R, R3, and R, for the 4 groups. In addition to
the intrinsic UV emission from the slim disc model, we also employ
one of the extinction models mentioned in the first paragraph of
Section 4 to account for any host galaxy extinction. Therefore, the
free parameters of this analysis are R;, Ry, R3, Ry and Ep _y. We
note that the fitting result of the parameters are not sensitive to the
grouping method (see Table 1).

As can be seen from Fig. 2, we successfully fit the four late time UV
light curves simultaneously. Interestingly, the fit is only successful

4Other choices of M, and a, lead, however, to very similar fitting results, e.g.
Ep_y ~ 0.01 and Roy: = 2R (see Fig. 3).
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if we employ the starburst extinction model XGALSB (Calzetti et al.
2000) (we will investigate this in detail in Section 4.2). This shows
that the late-time UV emission is consistent with a disc spectrum,
which is in line with the results of Velzen et al. (2019) and MB20.
The reduced x2 is x2/d.o.f = 69.38/43, with the first bin deviating
the most from the model (hence contributing most to the x2). The
discrepancy between the model and the data in the first bin may be
explained if the UV light at that epoch is a combination of the UV
slim disc emission and another source of UV emission.

We also fit the light curves with a power-law model M; = klog;o(¢
+ 150) + A;, where M; denotes the magnitude of different bands
and A; is the corresponding fitted intercept. We find a best fit with
a reduced x2/d.o.f = 63.27/43 and M; oc (0.97 £ 0.07)log;o(t +
150). The power-law model yields a better fit than that of the slim
disc (both altered by an extinction model), likely because in the
power-law fit, the normalization of each light curve is determined
separately, while the normalization of each light curve is associated
with the disc spectrum and the extinction model for slim disc fit.
The fitted power law decays faster than that predicted by the slim
disc model, i.e. M o (0.66 = 0.03)log;o(r + 150) inferred from
the ni1, = 231(t 4 150)~"-04+9-92_We note that if we ignore the last
two epochs, the fitted power-law index is 0.77 £ 0.15, which is
consistent with the predicted value of 0.66 &£ 0.03 inferred from slim
disc modelling.’

The power-law index (0.77 % 0.15) obtained from fitting the late-
time UV light curves indicates that, for a fixed R, accretion disc,
the disc accretion rate should decay as 1.2 £ 0.2 (see equation 1)
during the first ~1200d. As the R, will increase due to angular
momentum transferring, the real disc accretion rate should decay
faster than 1.2 + 0.2. For most {M,, a, } pairs in the 1o contour (see
Fig. 6 of W20), the fitted disc accretion rates decay as a power law
with index ~1.1, but three cases have an index <1, n = 0.94 £ 0.01
for {8 x 10° Mg, 0.998}, n = 0.90 & 0.01 for {7 x 10® Mg, 0.998},
and n = 0.95 £ 0.02 for {5 x 10° Mg, 0.8}. These three pairs of
{M.,, a,}, located near the boundary of the 1o contour, would fall

5 As there is no X-ray spectrum available to calibrate the accretion rates after
1200 d, we compare the power-law index from slim disc modelling with the
power-law index from the UV light curves fitting without the last two epochs.
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Figure 2. Best fits to the late-time UV light curves in four different optical/UV filter bands obtained through Swift/UVOT observations. Before the fit, the
observed magnitudes have been corrected for extinction due to our own Galaxy, but not for any host extinction. Our approach assumes that there is no additional
extinction associated with the TDE itself. The solid lines of 4 different colours denote the best-fit to the late-time (colour) data points using the slim disc model
attenuated by a starburst extinction model (Calzetti et al. 2000). The black dotted lines show the best fit to the data (excluding the black data points at early
times) using a simple power-law model. The vertical grey dotted dashed lines show the dates of X-ray observations. For the slim disc plus extinction fit, we fit
the data averaged in the four groups denoted by different colours. This figure shows that the late-time UV emission of ASASSN-14li is consistent with the UV
emission predicted from a slim disc, where most of the parameters of the slim disc are already determined from the X-ray spectral fits. The fitting results are

listed in the xgalsby row of Table 1.

outside the 1o contour if we included the effect of a spreading disc,
since the disc spreading effect will place an additional constraint on
the 1 of each epoch. However, how much it improves the constraint
on {M,, a,} is not the focus of this paper.

As the power index (~1.1) from the X-ray spectral fits is close
to the index 1.2 £ 0.2 inferred from the observed optical/UV light
curves (with no disc spreading effect), the viscous spreading of the
disc should be slow. If not, the late time disc Optical/UV will be
brighter than the observation due to a quick increasing disc size. We
will explore this effect in more details in the following section.

4.2 Constraints on host extinction and disc size

In this section, we will explore whether the host extinction model
affects the UV fitting results. Furthermore, we investigate how the
other free parameter, the disc radius Ry, evolves in time. For the first
question, we fit the four UV light curves with the slim disc model
attenuated by different extinction models. For the second question,

we fit the light curves employing different data groups and different
values of the {M,, a,} pair using the slim disc model (including our
fiducial extinction model).

Table 1 shows the fitting results for different extinction models
and different data groupings. We first fit the data with the same
Ry for all epochs and no extinction (row 1). The fits to the data
are poor, as the reduced x2 values are >2 and the fitted disc outer
radius is ~10.8 R,, which is ~1.1 R..° This is in tension with both
the theoretical expectation that R,y = 2R,/ (although it could be
explained by a deeply plunging TDE), and also the X-ray spectral fits.
As most X-ray photons are generated within 20 R, (W20), a much
smaller disc size would affect the X-ray spectrum significantly. The
(too) small fitted disc size from a model that ignores the effects of

SFor M, = 107 Mg, Ry is about Ry ~ 10.13R, for a disruption of a solar-like
star with penetration parameter f = 1.
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extinction on the emergent UV spectrum indicates that host extinction
is likely important.

In order to fit the host extinction, we fit the light curves with 7
different extinction curves from PYSYNPHOT (STScl Development
Team 2015); see row 2—8 of Table 1. The impact on the UV emission
can be described with only one parameter (Ep_y) for all the 7
extinction models. From Table 1, one can see that the LMC and
MW extinction models do not yield a better fit to the data when
compared with no model for the extinction, as the x? only decrease
by ~1 which is not significant given that there is one additional free
parameter. Furthermore, the best-fit-ting Ez_y values are consistent
with O at the 1o confidence level, and the fitted R, is marginally
consistent with the value obtained without modelling for the effect of
extinction. However, the starburst extinction model results in a better
fit with x2 deceasing by ~12. The disc size has a best-fitting value of
19.2 4+ 1.0 R,, whichis consistent with Ro, = 2R, (20.3 R,). The fitted
E(B — V) is about 0.009 mag. This low value is not a surprise since:
(1) surveys show that the value of E(B — V) is within the range of 0.0—
1.0 mag often found in starburst galaxies (Calzetti 1997), (2) the low
E(B — V) value is consistent with the UV detection of ASASSN 141i,
(3) we know that ASASSN-141i occurred in a post-starburst (Prieto
et al. 2016) galaxy that ended ~400 Myr ago (French, Arcavi &
Zabludoff 2017) and that the dust content of such galaxies declines
over time (Li et al. 2019).

We now explore the evolution of disc size. In rows xgalsb,, xgalsbs,
and xgalsby of Table 1, we fit the light curves with 2 groups, 3 groups,
and 4 groups, respectively. When grouping the data, we always set
the last two epochs as a separate group, as the accretion rates of
these two epochs cannot be determined independently (there are no
X-ray observations at those epochs). For xgalsb,, the x> decreases
by about 7 when compared to the best-fitting value for the xgalsb;
model. The p values obtained from an F-test (Conder 2020) relative
to the 1-group model are 0.05, 0.03, and 0.05, for 2-, 3-, and 4-group
models, respectively.” These p values show that the additional groups
are only marginally warranted. The AAIC (Akaike 1974) relative to
a 1-group model are 5.0, 9.0, and 7.5, for 2-, 3-, and 4-group models,
respectively® These AAIC values also show that adding more data
bins is not strongly preferred. These two tests show that there is no
strong evidence for evolution of R, at different times. This can be
also seen from the fitted radii of the 4-group model (see also Fig. 3).
In each of the 4 temporal groups, the outer radius is consistent with
2R, at a 1o level.

Fig.3 plots the fitted R, for different pairs of M, and a,. As one
can see the fitted R, is consistent with a constant value at the 1o
confidence level for all cases considered. In each case, the fitted Ry
is consistent with 2R,. As the debris is accreted, it will transfer part
of its angular momentum to the outer disc, which (absent additional
physics) will result in viscous expansion.

However, our fits find significantly less viscous spreading than
would be expected in simple models. This could signify that either
(1) the majority of the bound debris remains unaccreted in a low-
viscosity disc at late epochs, or (2) significant amounts of disc
angular momentum have been expelled from the system during the

7p is the probability (between 0 and 1) that the improvement of the fit is due
to chance. Therefore, a small value of p means a high confidence that the
additional parameters are warranted.

8 AAIC = Ax? + 2AK, where K is the number of free parameters. Generally
speaking, two models with AAIC = 5 and 10 are considered to present strong
and very strong evidence, respectively, against the weaker model.
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Figure 3. Evolution of Ry expressed in unit of R, for different pairs of
{M,, a.}. We fit the UV light curves with a slim disc plus starburst extinction
model. The accretion rate and disc inclination are fixed at their best-fitting
value from X-ray spectral fitting. The dotted colour lines show Roy = 2Ry,
respectively. We find that Ry, is consistent with a constant value at the 1o
confidence level, for all four cases, challenging the baseline expectation of a
viscously spreading disc.

circularization.” or accretion process. The latter possibility may be
the most natural; angular momentum loss in a magnetized wind has
been predicted in both analytic (Blandford & Payne 1982; Ferreira &
Pelletier 1995) and numerical (Scepi et al. 2018) magnetohydrody-
namics.

In general, our fits show that, (1) only a starburst extinction curve
can give a better and more reasonable fit to the observed optical/UV
light curves, 2) the disc size is about 2R;, and is consistent with a
constant at the 1o CL.

5 IMPLICATIONS OF ASASSN-14LI’S
EARLY-TIME OPTICAL/UV LIGHT CURVES

As is shown in Fig. 2, the early time UV emission is at least 10 times
brighter than the predicted near-UV emission from our slim disc
fits (which peak at ~0.1keV) to early time X-rays. On the other
hand, the bolometric early time disc luminosity is > 10 times brighter
than the luminosity derived from the early time blackbody near-UV
emission (see Fig. 4). These two factors indicate that there should
be another thermal photosphere, with a lower effective temperature
(~3 x 10* K) but much larger emitting area than the disc, in order
to account for the early UV emission. The origin of this large-scale,
early time photosphere (which is typical of optically selected TDEs)
has been the subject of much theoretical debate; see Roth et al. (2020)
for a recent review.

The rich X-ray data set available for ASASSN-14li allows us
to test competing models for early-time optical/NUV emission in
greater detail than is possible for most other TDESs observed to date.
In this section, we present a set of self-consistency checks that can
be employed to check the validity of (i) shock-powered early-time
emission (Piran et al. 2015; Shiokawa et al. 2015; Steinberg & Stone
2022); (ii) reprocessing of X-ray/EUV photons by an outflowing

9See e.g. Bonnerot & Lu 2020 for an interesting example of how circulariza-
tion may preferentially expel matter in one direction, dramatically changing
the angular momentum budget of the remaining bound material.
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Figure 4. The early time bolometric luminosity derived from slim disc
modelling and the blackbody Optical/UV emission. For the bolometric
luminosity inferred from X-ray spectral fitting, we estimate m at each
Optical/UV epoch by using the decay of accretion rate from X-ray spectra
fitting.

wind (Metzger & Stone 2016; Roth & Kasen 2018; Lu & Bonnerot
2019; Piro & Lu 2020); and (iii) reprocessing of X-ray/EUV photons
by a quasi-static photosphere (Loeb & Ulmer 1997; Coughlin &
Begelman 2014; Guillochon et al. 2014; Roth et al. 2016). The test
of the shock-powered emission mechanism is entirely novel, while
the tests of the two variants of the reprocessing paradigm follow a
similar line of reasoning as in the work of Matsumoto & Piran (2021).

5.1 Emission from a self-intersecting shock

In W20, we first presented detailed, time-dependent fits to the XMM-
Newton spectra of ASASSN-14li, which have been slightly updated
here. We can now combine this time-dependent estimate for the
ionizing continuum produced by the inner disc with independent
optical/NUV light curves (Holoien et al. 2015; Brown et al. 2017) to
pose a simple geometrical question. The optical/NUV light curves
of ASASSN-14li imply an emitting area which can be measured
directly under the assumption of a blackbody spectrum. In the
simplest version of the shock paradigm, the radial location of the
optical/NUV photosphere is linked to the physical position of the
stream self-intersection shocks, and therefore we may determine the
total solid angle subtended by the optical/NUV photosphere (from
the perspective of the central accretion disc). This occluded solid
angle, in combination with the ionizing continuum of the central disc,
determines a characteristic reprocessing luminosity which must be
significantly less than the observed optical/NUV luminosity in order
for shock-powered emission to provide a self-consistent model.

To make the above self-consistency check more quantitative, we
will consider a star of mass M, and radius R, disrupted by a SMBH of
mass M, (and spin a,). Tidal disruption occurs if the star’s pericenter
Ry, is less than the tidal radius (Rees 1988)

M
R1=R,<M'> . @

Equivalently, disruption occurs if 8 = R/R, > 1. The elongated
debris streams produced following disruption fly out to a large range
of radii before returning to pericentre (Guillochon & Ramirez-Ruiz
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2013; Stone, Sari & Loeb 2013); the semimajor axis of the most
tightly bound debris is

R} R (M )
Gmn =5k, "2 \m.)

Shocks will be generated by the self-intersection of debris streams,'

at a radius Rg;. If the unfortunate star had a highly relativistic peri-
center, apsidal precession will force self-intersections at Rs; < @in,
while a less relativistic pericentre will result in quasi-apocentric self-
intersections'! at Rg; & ap, (Dai, McKinney & Miller 2015). More
precisely, the debris stream longitude of pericentre @ will, at leading
post-Newtonian order, shift by an amount (Merritt et al. 2010)

Sw = Ag — 2A; cost 4)

per orbit (with most of the apsidal shift occurring during pericentre
passage). Here, ¢ is the spin-orbit misalignment angle, and the
individual terms in this equation are

6T GM, R\
Ag = = 20~ 115 (2 )
c? Ry(1+e) 47.1
4z M, \*? R\
A= gy (22} ~0.788° (2 . 6
1=a (Rp(l—f—e)) (47.1) “ ©

representing the leading-order contributions of the SMBH mass
and spin, respectively. Note that, IéP = R,/R, is a dimensionless
pericentre normalized by the gravitational radius (Ry = GM./c*), and
e is the eccentricity of the debris streams (typically, 0.99 < e < 1).
From the above equations, we see that the contribution of SMBH spin
a, to dw is always highly sub-dominant for ﬁp 2 10 and therefore
we neglect it in the remainder of this calculation. The apsidal shift
Sdw causes stream self-intersection at the radius (Dai et al. 2015)

Ry(1+e¢)

Rg1 = .
1 4+ ecos(m + dw/2)

@)

Under the assumption that the photosphere is located near the
location of the shocks, the total area of the celestial sphere at the
photospheric radius will be As; = 47 RZ,.

Under the standard assumption that observed optical/UV emission
is a thermal blackbody, we may combine multiband photometric
observations to estimate the frue area of the optical photosphere,
App = Lyp/(0sB Tb‘{)). Here, osp is the Stefan—Boltzmann constant,
and Ly, and Ty are the observationally inferred blackbody luminosity
(bolometric) and temperature. We now compute the covering fraction

App(1)  Ap(?)
Asi  4mRY’

falt) = 3
which in turn can be used to relate the central ionizing luminosity
Laisc to the time-dependent reprocessing luminosity

Lrep(l) = fA(t)Ldisc(t)- (9)

We now have two related (but distinct) non-trivial multi-epoch self-
consistency checks for the shock paradigm. Shock-powered emission

101n the recent simulations of Steinberg & Stone (2022), shock-powered light
curves are driven by dissipation at radii much smaller than Rgy, but as we
shall see, such a situation would only strengthen the constraints derived in
this sub-section.

""Note that, this picture may be complicated if relativistic nodal precession
is sufficient to prevent immediate stream self-intersections (Guillochon &
Ramirez-Ruiz 2015; Hayasaki, Stone & Loeb 2016). Even in this case,
however, most of the bound debris would orbit on trajectories with a ~

Amin-
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Figure 5. Contours indicating the minimum mass of the disrupted star, M,, required for the shock paradigm to provide a self-consistent description of early-time
optical emission. Contours are colour-coded and labelled in terms of logjo (M,./Mg). Different minimum masses are required at different observing epochs
(shown on the x-axis as time since first observations), and the minimum mass also depends on the SMBH mass M,, which is constrained by X-ray continuum
fitting to the range shown on the y-axis (at a 1o confidence level). The minimum mass of the disrupted star required for self-consistency of the shock paradigm
at all times is M, ~ 10%15 Mg ~ 1.4 M. Unrealistically, massive stars are needed if M, > 10%7 M.

will not be self-consistent if fy >> 1, nor if Lyp(t) > Ly (2). The
former inconsistency would imply that the observed optical/NUV
photosphere is much larger than plausible self-intersection radii
(and as a result, plausible shock dissipation sites will not be able
to produce the observed blackbody radiation). In principle, one
could accommodate this by positing that the post-shock material
must expand significantly before trapped photons can escape, but in
practice, this will reduce the theoretical shock-powered luminosity
below what is observed (due to adiabatic degradation). The latter
inconsistency would imply that the observed ionizing continuum,
in combination with the observed optical/NUV photosphere, will
naturally produce the observed optical/NUV luminosity through
reprocessing alone.

These consistency checks depend on both time-dependent quanti-
ties, such as Lgisc (), Lyy(2), and Ty (7) and also inferred (or assumed)
parameters of the TDE: M,, B, M,, and R,. We use our X-ray
spectral modelling from W20 to estimate ranges of M,, and the
associated Lgisc(#) curves (which will change as M, changes). R, is
determined from M, using main sequence mass—radius relationships
(Kippenhahn, Weigert & Weiss 2013), and M, is left as a free
parameter. We note that UV emission line ratios provide significant

MNRAS 522, 1155-1168 (2023)

constraints on the mass of the ASASSN-14li progenitor star due
to the impact of CNO-cycle burning (Kochanek 2016; Yang et al.
2017), and this reasoning has been used to argue that the progenitor of
ASASSN-14li was at least & 1.3 Mg (Mockler et al. 2022). However,
from the decay rate of 71 (see Fig. A2), it is difficult to determine
whether this star is fully or partially disrupted. In addition, from
the late time Optical/UV light curves fitting, we get R,y ~ 2R, (see
Fig. 3). These two factors indicate that 8 ~ 1 is highly possible. As
a result, we take B = 1 (R, = R) as an assumption (if B were still
larger, the consistency checks would become harder to satisfy).

To test the self-consistency of the shock paradigm, we require fa
< 1 (equation 8) and L, < Ly, (equation 9). We use these upper
limits on fa and L, to place lower limits on the unknown mass of
the victim star, M, . For ASASSN-14li,'? the second self-consistency
test (Leep < Lyp) is at all epochs more constraining than the first (fy <
1), due to the fact that Lg;sc > Ly,. We show the resulting lower limits
on M, in Fig. 5. As the absolute strongest constraints on the shock

2For a different TDE with a lower disc luminosity, the fo < 1 consistency
check could be the more constraining of the two.
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Figure 6. Minimum stellar mass, M™", required for the shock paradigm
to be self-consistent. The self-consistency requirement that Ly, < Lpp at
all observing epochs is shown in black (shaded error region corresponds to
the range of permitted SMBH spins at each mass found via X-ray fitting),
and the weaker requirement that the photosphere covering fraction fa < 1
at all epochs is shown in blue. Both constraints are shown at their strongest,
i.e. in the earliest epochs. Reasonable stellar masses (i.e. < 3 Mg, as should
be typical for a post-starburst host) allow self-consistency when the SMBH
mass is smaller, but a large portion of the 1o CL on M, (obtained from disc
continuum fitting) can be ruled out if the shock paradigm is the true origin of
optical/NUV luminosity in ASASSN-141i.

paradigm come from the earliest epochs, we present these alone in
Fig. 6.

We see that the self-consistency of the shock paradigm is most
constrained by early-time observations (r < 100d after detection).
The resulting lower limits are a sensitive function of SMBH mass.
The most generous lower limits are achieved for the smallest SMBHs;
at the bottom end of the 1o confidence limit on M, (10°° M), the
shock paradigm is self-consistent provided so long as M, 2 1.4 Mg,
which is plausible. Conversely, in the upper half of the 10 CL SMBH
mass region (M, > 107 M), the shock paradigm requires M, >

10 Mg, necessitating a very rare TDE which is unlikely to occur in
the small present-day TDE sample.

5.2 Emission from a reprocessing layer

In this section, we will test whether the early optical/UV emission can
be produced by a reprocessing layer of gas. As the disc luminosity
is >10 times brighter than the optical/UV blackbody luminosity, the
putative reprocessing layer is either optically thin (reprocessing only
a small fraction of the photons), or optical thick but only covering
a small fraction of the emitted sphere. However, as observations
of TDE optical/UV emission are generally consistent with optically
thick thermal emission (Roth et al. 2016; Dai et al. 2018), we only
consider the latter possibility, and follow the work of Matsumoto &
Piran (2021) to estimate how much mass is required to support
such a reprocessing layer. As before, we assume an optically thick
reprocessing layer with a covering fraction

Lub(7)
Ldisc(t) '

Such a gas layer can be produced by outflowing material, either from
a super-Eddington disc wind or from the result of shocks in stream—
stream or stream—disc collisions (Metzger & Stone 2016; Dai et al.
2018; Roth & Kasen 2018; Lu & Bonnerot 2019). Alternatively, it can
be formed from bound but poorly circularized debris (Loeb & Ulmer
1997; Guillochon et al. 2014; Roth et al. 2016). Here, we estimate

Sat) = (10)
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the mass required for both outflowing and quasi-static reprocessing
layer models in ASASSN-14li. Our aim is to determine whether
reprocessing models can operate within the mass budget provided by
the disruption of a plausible star (i.e. < 1 Mg).

5.2.1 Outflowing debris layer

We follow the work of Matsumoto & Piran (2021) to estimate the
mass of the outflowing material with different speeds. We note
that similar models (Metzger & Stone 2016; Roth & Kasen 2018)
have been developed for cases of high speed outflowing material
(~10000kms~!). We introduce two critical radii to understand
the emergent spectrum, as in Shen et al. (2015). The first is the
thermalization radius, ry,, below which the radiation can reach local
thermal equilibrium with the gas. We note that the thermalization
radius is larger than the radius corresponding to the observed
luminosity and blackbody temperature (rop, = / Lpp/(4w0sp Tb‘L)),
due to the fact that the electron scattering optical depth 7, > 1 (Roth
et al. 2016). At this radius, the effective absorption depth, g, is
equal to unity (Rybicki & Lightman 1979):!3

Tefr(rm) = / 0 p(r)y/3Ka(ky + Kes) dr = 1, 1)

here, ks A~ 0.35cm? g~ is the Thomson electron scattering opacity,
T, 1S the outer edge of the layer, and «, is the absorption opacity. In
order to derive ry,, we use Kramer’s law to approximate the absorption
opacity,

ptr) (T\7"? B
Ky = Kog/cm3 (E) cm? g 1 (12)

where k( is a constant which also contains the dependence on the
gas composition. Following Matsumoto & Piran (2021), we set kg =
4.0 x 10% for TDEs, a normalization which is consistent with more
precise calculations of the Planck mean absorption opacity at Solar
metallicity.

The second critical radius is the photon trapping radius r,, above
which the photon diffusion time is shorter than the dynamical time
and photons can freely escape from the outflowing material. This
radius is defined as,

)= [t rpdr =< (13)
I'tr w

where ¢ is the speed of light and v, is the wind speed (at ry).

When 7 > ry,, the photons are trapped with the outflowing material

until reaching r,. As a result, the observed luminosity and observed

blackbody temperature are given by the diffusion luminosity and gas

temperature at 7y, respectively.

We now model the density p(r) at r; and ry. As in Matsumoto &
Piran (2021), we consider a steady wind outflow of constant speed
vy, but unlike most earlier analytic work, we assume a covering
factor f, that may be less than unity. More specifically, we assume
that the outflow fills a solid angle on the sky that is AQ = 47 f4, and
therefore the density profile along a ray is

Mwind

_— 14
47120y fa (14

pr) =

BWhile 7. is properly defined as a frequency-dependent variable, the
photons around the Wien peak dominate the luminosity (Rybicki & Lightman
1979). We follow the work of Shen et al. (2015) and define teg to be the
effective optical depth of the photons near the Wien peak.

MNRAS 522, 1155-1168 (2023)

20z A1enige4 Lz uo Josn DN - UspIeT JeYSIOAIUN Aq €26001 L/SS | L/1/2ZS/@10E/SEIuW/Woo"dNodluepeoey/:SdjlY WOlj PEPEojumo(


art/stad991_f6.eps

1164  S. Wen et al.

As k, < ks for TDE photospheres (Roth et al. 2016) and the density
decays faster than 7~ in a general outflow, we approximate the radial
optical depth in equations (11) and (13) as,

Ter (i) X \/ 3Kakes Pl = 1, (15)

T(ry) ~ Kes Pl = ﬁ (16)

Assuming thermal equilibrium between photons and the gas, and
applying the diffusion approximation, the gas temperature at a given
radius in a spherically symmetric outflow can be described as,

d(T4) _ 3Kesp(r)
dr — 16mogpr?

Ldisc(t)- (17)

We use Lyis.(7) instead of Ly (7) because the covering factor f that we
consider may be less than unity. We note that the prior equation is only
strictly valid in the limit of spherical symmetry, and may break down
due to anisotropic photon diffusion in non-spherical systems with fx
< 1 (in this case, equation 17 will overestimate the temperature at a
given radius).

Taking the approximation d(T*)/dr &~ —Ty,()*/r at r = 1 (or at
r = ry) and using equations (15) and 16, we get the outflow rate

1
1 4 _u dreee \3
SaOF L3 () Ho, (F2555) it v < v,
58X \

(18)

wind =

_1 1
FA(D)? L(1)2 Top(1) 203, (ﬁ) v s v

2
OSBKes

Here, the critical velocity, v., as determined by ry = ry, can be
estimated as

1 [ 48w osgkicd
ve = falt)s (%

€s

) Lin(t) ™3 Top(1) 3. (19)

We note that the M and v, derived here are different from those
in Matsumoto & Piran (2021) by a factor of f4(£)'> (or fo(H)"?),
primarily due to the covering factor'*

The mass lost by outflowing material, from the discovery day (z4)
to the current epoch ¢, can be calculated as,

t
Mying = / Mwind dr'. (20)
14

Fig.7 shows the mass lost by outflow for different wind velocities
varying from 4 x 10? to 4 x 10*kms~'. The estimated amount of
mass lost peaks at the critical velocity of v,, ~ 10* kms~! for which
ry = 1 and it decreases with increasing M,. This is because a higher
M, yields a larger disc, which in turn implies a brighter Lg;sc, Which
makes the covering factor smaller. The maximum of the amount
of mass lost of each curve varies between 0.6 and 1.1 Mg, which is
somewhat smaller than the ~few Mg derived by Matsumoto & Piran
(2021). This difference is mainly caused by the covering factor. In
this work, we found that the disc luminosity is >10 times brighter
than the observed optical/UV blackbody luminosity at peak, which
indicates fa(t,) < 0.1, while Matsumoto & Piran (2021) assume
fa(® = 1 (Lgise = Lpb). As the amount of mass lost is between
~ 0.1 and ~ 1.1 Mg, we cannot rule the outflow model using the
optical/UV emission, given that it is conceivable that a star of several
solar mass was disrupted in the TDE. Instead, if we take the wind
velocity as the escape velocity at ry, (~2 x 103 kms™!), the amount
of mass lost to the outflow is < 0.3 M, which is less than half of
the debris for a TDE of a solar-like star. The main caveat to this
calculation is our approximate treatment of photon diffusion in cases

4There is also a factor of 3 in the definition of effective optical depth.
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Figure 7. Mass lost by outflowing material for different velocities. The grey
shaded regions show velocities excluded by the observations of line widths
vy < 10* kms™! (Arcavi et al. 2014) or lower than the escape velocity vy, ~
103 kms~!. Even though the full width at half maximum (FWHM) of the line
is likely determined by effects of electron scattering, the velocity determined
by the FWHM can not be lower than the outflow velocity. The peak of each
line denotes vy = ve.

with f4 <« 1, which we hope to re-examine with a more detailed
calculation in the future.

5.2.2 Static debris layer

Turning now to a quasi-static reprocessing layer, we approximate its
radial density profile as a power-law,

K M3 —
o= K sG-p)

= 3,
P An(r, p—ris Pyrp

21

where K is a normalization constant, M is the layer mass if fy = 1,
and p is expected to vary between 1.5 and 3 (Coughlin & Begelman
2014). It p = 3, My = 47 Kln (r,/r;).

For the model involving a static layer of material, the trapping
radius is not defined, as the gas has no bulk (outflow) motion.
Observations can thus be characterized solely by the thermalization
radius. We use the simplified equation (15) to describe the effect of the
optical depth at ry,. The observed optical/UV blackbody luminosity
can be also described by the diffusion approximation as shown in

. . 4 4
equation (17). By assuming 407 ~ —M

- atr = ryp, we get

—l=pr 23—17p

ps Zlop 2-3p 32
K = (3kes) 5 Ky > (16w0sg) 5 Laisc(t) 5 Top(2) 10 . (22)

The required mass of the layer at each epoch is,
Mitaic = fa(t) M. (23)

We set the inner radius of the layer as r; = 2r; (typically ~10'3 cm
for a 10° — 10’ Mg, BH), and 7oy ~ 10" cm (Loeb & Ulmer 1997;
Coughlin & Begelman 2014; Guillochon et al. 2014).

Fig.8 shows the constraints on the mass of the gas for the static
layer. The plot shows that the mass of the layer decreases with
time, due to the quickly decreasing optical/UV luminosity. The mass
also decreases with increasing M,, because a higher M, results in a
brighter Lgis, Which in turn makes the covering factor smaller. As
the maximum mass in the static layer is ~ 0.5 Mg, we cannot rule
the static layer model out.
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Figure 8. Mass of the static layer as a function of time. Here, we set roue =
1.7 x 10" cm (Loeb & Ulmer 1997), estimated by assuming constant ratio
of gas pressure to total pressure for radiation supported layer. The mass in the
static layer can be ~ 0.5 M, indicating that the static layer model to explain
the optical/UV emission is not ruled out given that it is not inconceivable that
a solar mass star was disrupted in the TDE.

6 CONCLUSIONS

We have explored whether a TDE’s optical/UV emission at late
times — defined as times after the initial power-law decline of the
light curve, and typically hundreds of days after discovery — can
be described through quasi-thermal emission from a slim accretion
disc. We examined how theoretical disc emission predictions are
affected by the SMBH mass, SMBH spin, and an evolving outer disc
radius. Applying slightly updated results (see Wen et al. 2022) from
our earlier slim disc modelling of ASASSN-14li’s multi-epoch X-
ray spectra (W20), we tested if it is possible to fit the late-time
Swiftu-, wl-, m2-, and w2-band luminosities with only the host
interstellar extinction and the time-dependent outer disc radius as
free parameters. To better understand the early-time optical/UV light
curves, we explored constraints on two leading models explaining
this emission: (1) shock power arising from self-intersecting debris
streams and (2) the reprocessing of obscured, inner-disc X-ray
emission by an outflowing or static debris layer.
Our findings are:

(i) The synthetic optical/UV slim disc luminosity depends on the
inclination, the mass accretion rate, the SMBH mass and spin, and
outer disc radius. We fixed the disc inclination to its best-fitting
value, and we fixed the mass accretion rate as a function of time
to that found from the X-ray spectral fits. Expanding the outer disc
edge increases the disc’s emitting area and so increases the light-
curve normalization. Increasing the SMBH mass (while holding the
X-ray luminosity constant) decreases the disc temperature, shifting
more of its total luminosity into longer wavelengths and increasing
the optical/UV luminosity. Increasing the spin (while holding the
X-ray luminosity constant) increases the total radiative efficiency of
the disc and thus modestly increases the optical/UV luminosity; this
effect is generally weak except at the highest masses where the disc is
much smaller in dimensionless gravitational radii. Viscous spreading
makes the light curves decay more slowly, but this effect weakens
for larger M,, where spreading times are longer.

(ii) The optical/UV luminosities across all four bands depend
similarly on the black hole mass, black hole spin, and disc outer
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radius. Therefore, optical/lUV colour (e.g. u — w2) is roughly
constant with time and is insensitive to M,, a,, and the disc radius,
as well as to the accretion rate. The one exception to this conclusion
is if the disc spreads quickly, in which case colours may evolve.

(iii) By including a starburst extinction model, allowing the disc
outer radius to float, and using the best-fitting M,, a,, disc inclination,
and mass accretion rates from our slim disc modelling of ASASSN-
141i’s X-ray spectra, we successfully fit all four optical/UV light
curves att > 350d (see Fig. 2). This further substantiates the finding
of Velzen et al. (2019) that, contrary to simple time-dependent o-
disc models (Shen & Matzner 2014), most TDE discs remain both
thermally and viscously stable during periods of radiation-dominated
sub-Eddington accretion.

(iv) The application of the starburst galaxy dust extinction model
provides the best and only good fit; the reduced x? is about 1.6 for
43 deg of freedom and the fitted disc radius is consistent with our
prior X-ray spectral fits. This preferred extinction model is consistent
with the fact that ASASSN-141i occurred in a post-starburst galaxy.

(v) At late times, the fitted disc outer radius is about 2R, and, at
the 1o CL, is consistent with a constant value. This is significantly
less viscous spreading than would be expected in simple models.
One relatively straightforward interpretation is that the ASASSN-
141i inner disc lost large amounts of angular momentum, either due
to preferential ejection directions during the circularization process
(Bonnerot & Lu 2020) or in a magnetized wind (Blandford & Payne
1982).

(vi) If ASASSN-14li’s early optical/UV emission is powered by
a shock arising from intersecting debris streams, the mass of the
disrupted star is M, > 1.4 Mg, for M, = 10%° M, the low end of the
ASASSN-14li black hole mass range (10> My; 1o CL; W20).
For M, > 10%7 M, the lower limit on progenitor mass becomes
much more restrictive: M, > 10 Mg. Standard stellar initial mass
functions produce relatively few stars at this high mass, and even
those stars should no longer exist in ASASSN-14li’s host galaxy,
whose starburst ended ~400 Myr ago (French et al. 2017). Thus,
while shock power passes the self-consistency checks we pose in
Section 5.1, it can only do so in a subset of the {M,, a, } region that
is allowed by the X-ray data.

(vii) It is also possible that ASASSN-14li’s early optical/UV
emission is generated through the reprocessing of X-ray emission
from the inner disc. We checked whether this reprocessing can be
achieved for ASASSN-14li with a reasonable mass budget, and found
that the gas mass required to explain the optical/UV luminosity can
be lower than ~0.5 Mg, regardless of whether the reprocessing
layer is static or outflowing in a wind. Because this mass budget
is consistent with a reasonable progenitor star mass (~1 Mg or less),
the reprocessing model cannot be excluded as an explanation of the
early optical/UV emission. This result differs from some past work
(Matsumoto & Piran 2021) in its consideration of a low covering
fraction for wind reprocessing and of a quasi-static reprocessing
layer; both of these options reduce the required mass relative to a
spherical outflow.

Almost a decade after detection, ASASSN-14li remains a key
laboratory for TDE physics. By fitting its late-time optical/UV light
curve with a sequence of slim disc models, we have further confirmed
previous observational conclusions that late-time TDE optical/UV
emission is dominated by a bare, relatively compact, thermally stable
accretion disc (Velzen et al. 2019). Somewhat surprisingly, this disc
appears to have undergone little to no viscous spreading, which
carries interesting implications for TDE disc physics.
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We have shown that the combination of early-time X-ray and
optical/UV data sets allows for novel consistency tests on different
hypotheses concerning a central question in TDE physics: what
is the geometry and power source of the early-time optical/UV
photosphere? While in this case our consistency checks failed to
falsify either the shock or reprocessing paradigms, they carried
interesting implications for both, and may prove more decisive in
future events. Specifically, X-ray bright TDEs with low optical/UV
luminosities may struggle to self-consistently satisfy the shock
paradigm, while (as already explored in Matsumoto & Piran 2021),
the most optically bright TDEs run into self-consistency problems
when described by the reprocessing picture.

While the near future carries the exciting prospect of hundreds if
not thousands of TDE detections by ongoing and upcoming time-
domain surveys, the scarcity of followup resources means that most
of these events will lack the high-quality, multiwavelength coverage
of past benchmark TDEs like ASASSN-14li. The unexpected per-
sistence of late-time slowly evolving disc emission shows that the
“first generation” of TDEs may continue to yield scientific returns
(and further surprises) long after they have become a minority of all
TDE:s.
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APPENDIX A: FITTING THE X-RAY SPECTRA
WITH A SLIM DISC MODEL

We simultaneously refit the 10 epochs of X-ray spectra with the slim
disc model of W21. The high-level fit assumptions are the same as
in W20, i.e. all epochs have the same M,, a,, and 6, but different
absorption parameters Ny and 7.

Fig. A1 shows the best fit to the 10 epochs of spectra. As shown in
the figure, our model fits the spectra well, with the total reduced x>
being 1.12. The fitting parameters are listed in Table Al. The total
x2 is about 1 smaller than that of 4368.42 in W20. The fitted Ny; and
6 are consistent with those in W20 at the 10 CL. However, the fitted
1 here are about 20 per cent higher than those in W20 (note that
presented here are not corrected for radiative efficiency). The slim
disc model of W21 employed here differs from the earlier model in
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Figure Al. Simultaneous slim disc fits to XMM-Newton spectra of ASASSN-14li. The first five spectra are obtained using the two RGS detectors (we only plot
RGS1), which provide data over the energy range 0.35-1.9 keV. The last five spectra are obtained using the pn detector, which is sensitive over 0.3—10keV. All

spectra are background-subtracted, and the data are binned so that there are at least 30 counts per bin. Each panel shows the best-fitting model as a solid black
line. In nine of the epochs, only the quasi-thermal disc model is needed to fit observations. In Epoch 6, however, we need an additional power-law component
to fit the hard emission (horizontal dotted line). The fitting results are in Table Al.
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Table Al. Best-fitting results for ASASSN-14li, with M, = 107 Mgp anda, =
0.998. In our simultaneous fitting, the M, and a, are held fixed, inclination is
required to be the same for all epochs, and other parameters float. The total
xfuf is 4367.49/3895 = 1.12. The power-law parameters of epoch 6 are: I' =

1.6 £ 0.7 and Ap = 8.1 £ 2.7 x 107 photonss~!em~2keV~!.

Epoch Ny [10¥cm™] 0[] i [Edd) x*ld.of
1 54403 76+£3  1.0940.05 630.1/563
2 51£02 1.03+0.04  232233/2057
3 52403 1.06 & 0.05 591.18/521
4 54+£04 0.44 +0.01 178.93/155
5 41403 0.35£0.01 601.6/572
6 44403 0.335 & 0.005 7.02/8
7 41404 0.227 = 0.004 15.96/5
8 51405 0.206 =+ 0.006 11.1/4
9 26+0.8 0.150 = 0.006 5.09/3
10 35408 0.130 % 0.005 4.27/7
1
10 (M7, 0.99)
------- Baee. - - (8M§, 0.95)
R W (6M8, 0.9)
“~...== (3M86, 0.3)
— F———3y ~ . _} \‘\
= = .
= P S—— . = ™,
£ 10 S S S e
g w " ’\.\
L
., N ,
“a ")
; *'b.__
L 1 2 3
10 10 10

Days after MJD 56983.6

Figure A2. Dimensionless accretion rates m for four {M., a.} pairs obtained
from X-ray spectral fitting, along with the corresponding best-fitting power-
law m(t) functions. The equations are m; = 231(¢t + 150)~ 104002y - —
658(t + 150) 114003 4 — 361(¢ + 150)~1MO4E002 and i, = 1227(¢ +
150)~1-08+0.02 from top to the bottom of the legend, respectively.

W20 by including the effect of angular momentum loss by radiation.
This effect will make the disc cooler, resulting in a higher fitted 7.
However, both the W20 and W21 models produce similar constraints
on M, and a,.

In order to constrain the decay of m for each pair of M, and a,
that lie within the 1o contour of Fig. 6 of W20, we calculate the
best-fitting and 1o error bars on the 72.'> We then fit the m with
a power-law function 71, = A(t + 150)7", where A and n are free
parameters to be fitted. Fig. A2 shows the power-law fitting result
for 4 pairs of M, and a,. We can see that the decay in the accretion
rate can be well fit by a power-law function, especially for the late
time epochs.

SHere we use slim disc model s1imd (Wen et al. 2022) to do the fitting. We
note that s1imd is the tabulated version of W21.
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APPENDIX B: DISC SPREADING

In this appendix, we derive a toy model for the time evolution of
a viscously spreading disc, to derive approximate expectations for
the evolution of its outer radius R,,. We assume the disc possesses
a surface mass density profile Z(R) = X ou(R/Rou)" for all radii
Risco < R < Ry, and has no mass elsewhere. We assume that
the disc begins with an initial mass M,/2, or in other words the
entire bound mass of the disrupted star. This approach, similar to
that in Velzen et al. (2019) and Mummery & Balbus (2020), will
be quite inaccurate at early times, but should be reasonably accurate
at late times when ty;c > tg). The instantaneous disc mass My =
M,2 — —AM, where AM is the total mass accreted so far. The
instantaneous disc angular momentum Ly = (Mq + AM)J¢ire — —AL,
where Jie = +/2G M, R is the specific angular momentum of the
disrupted star and AL = Jisco AM is the angular momentum lost into
the event horizon through accretion. As this is just a toy model, we
crudely assume that Jisco = +/G M, Risco, and that Rigco = 6R,.

By integrating over the disc size, we find that X, ~ (2 —
F)Md/(27tR§m) so long as I" < 2. Likewise, we find that Lq &~
27(5/2 = T) ' Zou/GM, RZﬁ? so long as I' < 5/2. In both cases the
approximate equalities come from assuming that R,y > Risco, and
the assumptions on I" are likely valid (for example, in the radiation-
dominated regime of a Shakura—Sunyaev disc, I' = —3/2).

We now combine these approximate equalities with our earlier
statements of mass and angular momentum conservation to solve for
the expanding outer edge of the spreading disc:

R _ (S/Z_F)Z (M*VRcirc/z_AM\/RISCO>2 (Bl)

2-T M.J2 — AM

As an example, consider Risco = 6R, and R, = 100R,. This
equation then implies that if the disc has lost 80 per cent of its initial
mass (AM = 0.8M,/2), then R, should expand by a factor ~19. As
we see in Fig. 3, no evidence for significant disc spreading is seen.
There are a few plausible explanations for this. First, it is possible
that very little of the disc mass has actually accreted onto the MBH.
In the above example, if AM = 0.2M,/2, then R, will only grow by
a factor ~1.4, which is marginally consistent with Fig. 3.

A second possibility is that our assumption that AL = JiscoAM
is incorrect, and that there is a more important additional source of
angular momentum loss. For example, if large amounts of angular
momentum are lost in a magnetized wind (Waters & Proga 2018)
(as is seen in MHD simulations of super-Eddington accretion discs),
this may dominate AL and limit the disc’s ability to spread. More
speculatively, the early time shocks between the disc and returning
debris streams may preferentially eject high-angular momentum
material from the system, starving the disc of its angular momentum
budget.

A third possibility is that R & Risco, or in other words that
this was a rare, high-8 TDE. However, a significant degree of fine-
tuning is needed to eliminate observable changes in Ry, through this
explanation.
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