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ABSTRACT

We propose an oversimplified model to explain the different variability trends in the observed broad Ha emission line luminosity,
Ly, (), and the tidal disruption event (TDE) model-determined bolometric luminosity, Ly (), of the TDE ASASSN-14li. Assuming
that broad emission line regions (BLRs) in the central accretion disk are related to materials accreted onto the central black hole of
a TDE, the mass evolution of central BLRs, Mg rs(#), can be determined as the maximum mass, Mp| rs 0, Of central BLRs minus the
corresponding accreted mass in a TDE. Meanwhile, through the simple linear dependence of broad Balmer emission line luminosity
on the mass of BLRs, the mass evolution of central BLRs, Mg (), can be applied to describe the observed Ly,(f). Although
our proposed model is oversimplified — with only one free model parameter, Mg rso — With Mpirso ~ 0.02 My, it describes the
observed Ly, (#) in the TDE ASASSN-14li well. Meanwhile, the oversimplified model also roughly describes the observed Ly, (f) in
the TDE ASASSN-14ae. The reasonable descriptions of the observed Ly,(f) in ASASSN-14li and ASASSN-14ae indicate that our
oversimplified model is probably efficient enough to describe mass evolutions of My, g, related to central accreted debris in TDEs.

Key words. galaxies: active — galaxies: nuclei — quasars: emission lines

1. Introduction

ASASSN-14li (z = 0.0206), a well-known tidal disruption event
(TDE) candidate, was first detected by Holoien et al. (2016)
based on its six-month multiband variability. Mockler et al.
(2019) have since provided the best descriptions of the long-
term multiband photometric light curves using the theoretical
TDE model MOSFIT (the public code of Modular Open-
Source Fitter for Transients; Guillochon & Ramirez-Ruiz 2013;
Guillochon et al. 2014): a 0.2My main-sequence star tidally
disrupted by the central supermassive black hole (BH) with
a mass of about 9 x 10° M. Mockler et al. (2019) provide
reliable evidence that ASASSN-14li is a normal optical TDE.
More recent descriptions and discussions on MOSFIT can be
found in Nicholl et al. (2022). In addition to the long-term
multiband photometric variability expected based on the TDE
model (Holoien et al. 2016; Mockler et al. 2019), ASASSN-
141i’s Balmer emission line luminosity, Ly,(?), also varies in the
long term (Holoien et al. 2016). Study of the long-term variabil-
ity of the Ly, (f) in ASASSN-14li should provide valuable clues
as to the evolution of broad emission line regions (BLRs) related
to accreted TDE debris.

For the TDE ASASSN-14li, the time-dependent optical con-
tinuum luminosity, Lsioo(?), at rest wavelength 5100 A can be
determined based on the TDE-model-determined variability of
bolometric luminosity (as well as the corresponding variability
of the accretion rate) as shown in Fig. 8 of Mockler et al. (2019)
by simply scaling the accepted bolometric luminosity linearly
with the optical continuum luminosity, as in normal broad-line

* Corresponding author; xgzhang@gxu. edu. cn

active galactic nuclei (AGNs), as discussed in Richards et al.
(2006), Duras et al. (2020), Netzer (2020), and Spinoglio et al.
(2024) for accreting BH systems. Meanwhile, if we accept that
the physical properties of BLRs related to TDE debris are simi-
lar to those of normal BLRs in broad-line AGNs for recombina-
tion broad Balmer emission lines, using the linear dependence of
the Ly, for the broad Balmer emission lines from central BLRs
on the optical continuum luminosity, Lsjop, at the rest wave-
length of normal quasars, 5100 A, as shown in Greene & Ho
(2005, the linear dependence can also be checked in the database
of SDSS quasars in Shen et al. 2011), the variability trend of
the time-dependent Ly, (#) should be similar to the trend of the
time-dependent bolometric luminosity, Ly (¢), of ASASSN-141i.
However, as shown in Fig. 1, the trend of the time-dependent
Lye(¢) is very different from the trend of the time-dependent
Lioi(t) for ASASSN-141i; this indicates that potential evolution
properties of the central BLRs related to TDE debris should be
considered, which is our main objective here.

Furthermore, for the BLRs related to accreted debris in
TDE:s, the entirety of the material in the BLRs is from tidally
disrupted stars. By considering the evolution of central BLRs
related to TDE debris, especially the mass evolution of cen-
tral BLRs, to explain the Ly, (f) in ASASSN-14li, we should
find clues as to the mass of the central BLRs in ASASSN-
141i. This manuscript is organized as follows. Section 2 presents
the main hypotheses and results regarding the observed Ly, (?)
in ASASSN-14li using an oversimplified model that assumes
that the mass evolution of central BLRs is related to TDE
debris. Section 3 presents the oversimplified mass evolution
model. Section 4 gives a summary of our work and our
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Fig. 1. Variability of Ly, () and Mg gs(¢) in the TDE ASASSN-14li.
Top panel: MOSFIT-determined time-dependent bolometric luminosity
Ly (1) = r]Ma(l)c2 (solid blue line) and the corresponding confidence
bands (dashed blue lines) in ASASSN-14li. Solid circles plus error bars
in red show the scaled Ly, (?) X k., with k;, = 5000, open circles plus
error bars in dark green and in purple show the corresponding results
with k; = 14000 and k,; = 7500 applied to the observed Lyg(t) and
Lye(#) in ASASSN-141i. Bottom panel: Determined Mg gs(?) (solid blue
line) applied to describe the Ly,(f) = kprrs X Mprrs(f) in ASASSN-
141i, with dashed blue lines for the determined confidence bands after
accepting the uncertainties of the Mg rspo. Solid circles plus error bars
in red show the scaled Ly, (f)/kgr With kgirs = 8.25 x 10%? erg/s/My,
open circles plus error bars in dark green and in purple show the cor-
responding results with kg rs = 2.94 X 10*? erg/s/M, and kgirs =
5.50 x 10% erg/s/M, applied to the observed Lys(#) and Lyc(?) in
ASASSN-14li.

conclusions. We have adopted the cosmological parameters
Hy =70km-s™ Mpc™!, Q) = 0.7, and Qp, = 0.3.

2. Main hypotheses and main results

The top panel of Fig. 1 shows the observed Ly, () of ASASSN-
141i, which is similar to that shown in Fig. 7 of Holoien et al.
(2016). The time-dependent Ly, (#) can be described as

—0.638+0.046

Lyo(t) o 1 ey

Meanwhile, based on the reported TDE model parameters
in Mockler et al. (2019), the MOSFIT version for the stan-
dard theoretical TDE model (Guillochon & Ramirez-Ruiz 2013;
Guillochon et al. 2014) can be applied to determine the time-
dependent bolometric luminosity, Lpo(f). It is clear that the
variability trend in the observed time-dependent Lp,(f) is
very different from the trend in the time-dependent Ly (?) in
ASASSN-141i. Here, in order to compare the Ly, (f) with the
observed Ly,(?) in the top panel of Fig. 1, a scaled factor k., =
5000 is applied, leading the scaled Ly, () X k. to have similar
magnitudes as Ly (f) around MJD-56989 = 10 days. The scaled
factor k., has no other special physical meaning; it is only applied
so that the scaled Ly, (?) X k. is clearly seen in the top panel of
Fig. 1.

Unlike for the typically steady BLRs in normal broad-line
AGNs, which lead to a linear correlation between bolometric
luminosity and broad-line luminosity, there should be mass evo-
lutions of the central BLRs related to central accreted debris in
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TDE:s. This could explain the results shown in the top panel of
Fig. 1 for ASASSN-14li. Based on this, we propose the follow-
ing three hypotheses.

First, the upper limit of the total mass of central BLRs,
Mg Rs, related to TDE debris is the total accreted mass of the
TDEs. For ASASSN-141i, the total accreted mass is about 40%
of the mass of the tidally disrupted main-sequence star, which
has a stellar mass of 0.2 Mg, as reported in Mockler et al. (2019),
leading the upper limit of Mg g to be about 0.08 My, Since there
are no other sources of broad Balmer emission line material in
TDE:s, especially TDEs in quiescent galaxies like ASASSN-14li,
this hypothesis is reasonable.

Second, the broad Balmer emission line luminosity scales
with the mass of central BLRs, Mg gs, related to TDE debris. As
discussed in the classic textbook Astrophysics of Gaseous Nebu-
lae and Active Galactic Nuclei (Osterbrock & Ferland 2006), the
broad Balmer emission line (here, broad Ha) luminosity from
the BLRs can be described as

Ly, =neanX(Zf_gIX/’lXVHaXVBLRSXE
Mgirrs ~ np, X My X VpLgs X €

1 .
LHw:_Xnexaic-&thvHaXMBLRs
H

@

with n, and n, the electron and proton density, a?fn the effec-
tive recombination coefficient of the Ha emission line, & the
Planck constant, vy, the emission frequency of He, My the pro-
ton mass, Vprgs the total volume of the BLRs, and € the filling
factor of the material in the BLRs. If we assume a constant #,
and ai{i in the BLRs related to TDE debris, the variability of the
broad Balmer emission line luminosity simply depends on the
time-dependent Mp| gs(f) (the mass evolution of central BLRs).
As discussed in Guillochon et al. (2014), the electron density, 7.,
decreases with radius, r, more slowly than 7~* in physical envi-
ronments around TDEs; therefore, a constant n, is a reasonable
assumption. Further discussion on a few effects of a temperature-
dependent aigl can be found in the following section. One point
should be noted. As shown in the first sub-equation above, the
parameters of n, and a{{fl are coupled. Therefore, we did not
set individual values for the parameters but instead selected the
kgLrs parameter to represent the product of these parameters.

Third, assuming the central BLRs is located in the cen-
tral accretion disk (the BLRs are part of the central accretion
disk), the BH accreting mass should lead to a decrement of the
BLR mass, Mpgs. In other words, the accreting process leads
Mg rs(?) to decrease over time, which can be described as

= kpLrs X MBLRs>

Mgy rs(t) = MpLRrso — M, (7')dr', 3)

with M,(¢) the physical accretion rates of TDEs and Mpygso the
maximum mass of central BLRs prior to mass loss. Due to the
bolometric luminosity Ly (f) = nXM,(t)c? (i is the energy trans-
fer efficiency, c the speed of light), the Ly () shown in the top
panel of Fig. 1 also can be accepted as the variability pattern of
the M,(t) in ASASSN-14li with the MOSFIT-determined =
20%. For ASASSN-14li, the Ly (f) (the corresponding M,(f))
was determined using MOSFIT by Mockler et al. (2019). Mainly
due to both its high-quality Ly,(f) and the well-determined
TDE-model-expected Lyo(f) (or TDE-model-expected M,(t))
reported in the literature, we chose ASASSN-14li as the subject
of our study. Moreover, disk-like BLRs related to TDE debris
(or BLRs related to TDE debris in central accretion disks in
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Fig. 2. Effects of Mpirso on Mpirs(#). To show clear comparisons,
each Mp;r,(¢) has been normalized to its maximum value. Different line
styles in different colors represent the results for different Mprso val-
ues, as shown in the legend in bottom-left corner. The solid blue line
shows the same My gs(#) as that shown in the bottom panel of Fig. 1.

TDEs) have been reported for some optical TDE candidates
with double-peaked (or very asymmetric) broad Balmer emis-
sion lines, including SDSS JO159 (Zhang 2021), ASASSN-14ae
(Holoien et al. 2014), PTF09djl (Liu et al. 2017), ASASSN-14li
(Cao etal. 2018), PS18kh (Holoien et al. 2019), AT2018hyz
(Short et al. 2020; Hung et al. 2020), AT2020zso (Wevers et al.
2022), AT2019qiz (Short et al. 2023), and SDSS J1605 (Zhang
2024a). Therefore, this third hypothesis, that BLRs are located
in central accretion disks in TDEs, is also reasonable.

Based on these three simple hypotheses, the observed time-
dependent broad Balmer emission line luminosity Ly,(f) =
kpLrs X MpLrs(f) can be determined from the time-dependent
Mg rs(f) with only one free model parameter, MpyRso. Based
on the Levenberg-Marquardt least-squares minimization tech-
nique (Markwardt 2009), we determined the best descriptions
of the Ly, (?) linearly scaled with Mg rs(?) using the determined
Mgirsp = 0.02 + 0.002 Mg (about 25% of the total accreted
mass) and kgpgs ~ 8.25 X 10*? erg/s/Mg for ASASSN-14li; they
are shown in the bottom panel of Fig. 1.

Therefore, the oversimplified model with only one free
model parameter, Mpirso (the factor kg rs was only used to
convert the Ly, (?) in units of erg/s to My gs(?) in units of M)
can be applied to describe the observed Ly, (f) in ASASSN-14li.
Meanwhile, considering the linear correlations between Ly, (f)
and Lyg(?), where Lyg(?) is the broad HE line luminosity, and
between Ly, (f) and Ly(f), where Lye(t) is the broad HeII line
luminosity (as shown in Holoien et al. 2016), the corresponding
results for LH,B(I)1 and Ly(f) in ASASSN-14li can be obtained
from the accepted k; = 14 000 and kg grs = 2.94% 10%? erg/s/Mg
and the accepted k,; = 7500 and kpprs = 5.5 X 10%2 erg/s/M,,
respectively, as shown in Fig. 1.

3. Discussion

First we discuss the effects of different Mprso. Some Mprs(?)
values are shown in Fig. 2 as a function of different values
of Mpirs0/Mo, from 0.01 to 0.08 (the total accreted mass in
ASASSN-14li). It is clear that different values of Mprgso can
lead to different Mg gs(¢) over time. Moreover, the results shown
in Fig. 2 also indicate that there should be different variability

! There is a data point at MJD = 57 006 with a broad He to broad HB
luminosity ratio of 1.36 (much smaller than the common values 2.8 or
3.1). Therefore, the data point at MJID=57 006 has been removed from
the plot of the Lypg(1).

Loor (1 0436@/5)

0 50 100 150
MJD—-56682 (days) in observer frame

Fig. 3. Same as Fig. 1, but for ASASSN-14ae.

trends of broad Balmer emission line luminosity over time in
different TDE candidates, such as a higher Mg, related to
the total accreted mass leading to a much flatter time-dependent
LHw(t)'

Second, it is necessary to check whether the factor kgirs =
8.25 x 10* erg/s/M,, is reasonable for ASASSN-14li. As dis-
cussed in Osterbrock & Ferland (2006), the total ionized mass
of BLRs in common Seyfert galaxies should be about 40 M, for
LhoBook ~ 10%3 erg/s with n, ~ 10° cm™3. For ASASSN-14li,
the maximum Ly, o ~ 10*! erg/s leads the estimated Mgy gs o to
be about 40 Meﬁ ~ 0.04M, (assuming n, ~ 10°cm™3),
very consistent with the determined Mprrso of 0.02M, in
ASASSN-141i. Therefore, the applied factor kg rs is reasonable.

Third, it is necessary to check whether the oversimpli-
fied model can be applied to explain the variability in broad
Balmer emission lines in any other TDE candidates. Along with
more than 150 reported TDE candidates (e.g., those reported
in Gezari et al. 2006; Cenko et al. 2012; Wyrzykowski et al.
2017; Wangetal. 2018; Gezari 2021; Sazonov etal. 2021;
van Velzen et al. 2021; Zhang et al. 2022; Zhang 2022, 2024b;
Yao et al. 2023, etc.), ASASSN-14ae has a broad Ha lumi-
nosity (as reported in Holoien et al. 2014), although it only
has five Ly,(f) data points. The MOSFIT-determined Ly(?)
from Mockler et al. (2019) and the observed Ly,(f) from
Holoien et al. (2014) for ASASSN-14ae are shown in the top
panel of Fig. 3. The variability trend of the observed Ly, (?)
is very different from the trend of the MOSFIT-determined
Lioi(t) for ASASSN-14ae. Our oversimplified model can thus
be applied to describe the Ly, () in ASASSN-14ae, as shown
in the bottom panel of Fig. 3 with Mprrso = 0.04 + 0.004 Mg
(the MOSFIT-determined total accreted mass is about 0.04 +
0.01 Mp). Similar to the expected results shown in Fig. 2, the
Ly, (¢) being flatter than Ly, (¢) leads the determined MpyRso to
be close to the total accreted mass in ASASSN-14ae. Here we
should note that since there are only five Ly,(#) data points for
ASASSN-14ae, it is hard to definitively conclude that the over-
simplified model describes the observed Ly, (f) well. However,
considering that almost all five data points lie within the confi-
dence bands as shown in bottom panel of Fig. 3, we can conclude
that the descriptions determined by our oversimplified model are
roughly appropriate for ASASSN-14ae.
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Fourth, the oversimplified model does not take the effects of
the temperature-dependent effective recombination coefficient,
af{i(T), into account. Taking the MOSFIT-determined time-
dependent photosphere temperature, 7(f), as shown in Fig. 8
in Mockler et al. (2019), the environment temperature can be
changed from 6.76 x 10* K at MJD-56989 = 10 days to 1.08 x
10° K at MJD-56989 = 145 days for ASASSN-14li, leading to
only 25% changes in ozf_fg(T). In other words, the variability of
the environment temperatures leads to changes of only 25% in
the observed Ly, () for ASASSN-14li. Compared with the Ly,
uncertainty of about 20% and the ratio of the Ly, (f) at MID-
56989 = 10 days to the Ly, (¢) at MJD-56989 = 145 days of 8, the

effects of cxefg(T) can be ignored in this case. Meanwhile, based

on the MO§[FIT—determined results for ASASSN-14ae, the envi-
ronment temperature can be changed from 1.80 x 10* K at MID-
56682 =4 days to 2.15 x 10* K at MID-56682 = 90 days, result-
ing in changes of only 9% in af{(fy(T). Compared with the ratio
of about 2 of the Ly, () at MID-56682 =4 days to the Ly, (f) at
MIJD-56682 =90 days for ASASSN-14ae, the effects of a/gg(T)
can also be ignored for ASASSN-14ae.

We note that there are many TDE candidates with Ly, (7)
values reported in the literature, such as the small sample of
TDEs discussed in Charalampopoulos et al. (2022). However,
we mainly considered TDEs for which the TDE-model-predicted
M,(t) (or the corresponding Lyoi(¢)) has been determined and
reported in the literature (see Eq. (3)). Determining M,()
through applications of the TDE model to describe long-
term photometric variability is beyond the scope of this study.
Therefore, only ASASSN-14li and ASASSN-14ae are dis-
cussed since their Luo(f) (= nM,(f)c?) values have been
reported in Mockler et al. (2019). For the TDE candidates
reported in Charalampopoulos et al. (2022) and the references
therein, there are Ly,(f) values but no clear information regard-
ing TDE-model-determined Ly (f) (or M,(f)) values. There-
fore, we did not examine the TDE candidates discussed in
Charalampopoulos et al. (2022).

Although our model is oversimplified and has only one free
parameter, MpyRrs 0, it can describe the observed time-dependent
luminosity variability of broad Balmer emission lines from cen-
tral BLRs related to TDE debris in ASASSN-141li and ASASSN-
14ae, indicating it is efficient enough to some extent. Testing
the oversimplified model with more TDEs should provide fur-
ther evidence for or against its reliability. In our oversimplified
model, there are no time delays between formations of BLRs
and formations of central accretion disks related to TDE debris.
If there is clear evidence of such times delays (z;) between TDE-
model-determined Ly (f) and high-quality observed Ly, (f) val-
ues for any TDE candidate, the Mpgrs(#) could be probably
improved to

Ma(t/)dt/,

V<t

Mgy rs() = MpLRrso — 4)

which would lead to more flexible results for expected Ly (¢) in
TDEs. Unfortunately, we currently do not have any evidence of
such delays.

4. Summary and conclusions

Our main conclusions are as follows.

— Based on the TDE-model-determined time-dependent bolo-
metric luminosity, Ly (?), and the observed time-dependent
broad Ha emission line luminosity, Ly,(7), of ASASSN-141i,
there are no consistent variability trends in the Ly (f) or the
Ly (2). This indicates that the BLRs properties of TDE debris
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are different from those of the steady BLRs in normal broad-
line AGNS.

— We propose an oversimplified model to explain the observed
Ly (f) in ASASSN-14li after considering the BLRs related to
TDE debris accreted by central BHs, which leads to a decre-
ment of the mass of the BLRs, Mg rs(?), over time. As such,
the observed Ly, (7) scales linearly with the kgy rs X MpLRs(?).

— Based on the oversimplified model with only one free model
parameter, MprRrso (the expected maximum mass of BLRs
prior to mass loss), the observed Ly, (f) in ASASSN-14li can
be described with the determined parameter Mpyrso ~ 0.02+
0.002 Mg,

— The oversimplified model also roughly describes the
observed Ly, (f) in ASASSN-14ae.

— In future studies, different values of Mpirso should be con-
sidered in the oversimplified model, along with probable
time delays between formations of BLRs and formations of
accretion disks. By doing so, we should obtain more flexible
results for the Ly, (¢) in TDEs.
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