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ABSTRACT
A significant number of tidal disruption events (TDEs) radiate primarily at optical and ultraviolet (UV) wavelengths, with only
weak soft X-ray components. One model for this optical excess proposes that thermal X-ray emission from a compact accretion
disc is reprocessed to longer wavelengths by an optically thick envelope. Here, we explore this reprocessing scenario in the
context of an optically thick accretion disc wind. Using state-of-the-art Monte Carlo radiative transfer and ionization software,
we produce synthetic UV and optical spectra for wind and disc-hosting TDEs. Our models are inspired by observations, spanning
a realistic range of accretion rates and wind kinematics. We find that such outflows can efficiently reprocess the disc emission
and produce the broad Balmer and helium recombination features commonly seen in TDEs and exhibit asymmetric red wings.
Moreover, the characteristic colour temperature of the reprocessed spectral energy distribution (SED) is much lower than that
of the accretion disc. We show explicitly how changes in black hole mass, accretion rate and wind properties affect the observed
broadband SED and line spectrum. In general, slower, denser winds tend to reprocess more radiation and produce stronger
Balmer emission. Most of the outflows we consider are too highly ionized to produce UV absorption features, but this is sensitive
to the input SED. For example, truncating the inner disc at just ' 4 𝑅ISCO lowers the wind ionization state sufficiently to produce
UV absorption features for sight lines looking into the wind.
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1 INTRODUCTION

Tidal disruption events (TDEs) occur when a star passes within the
tidal radius 𝑅𝑡 = 𝑅∗ (MBH/M∗)1/3 of a supermassive blackhole
(SMBH), where 𝑅∗ and M∗ are the radius and mass of the star,
respectively, and MBH is the mass of the SMBH. Within this radius,
the star’s self gravity is overwhelmed by tidal forces, causing the
star to be torn apart (Hills 1975). Roughly half of the stellar debris
is accreted onto the SMBH and powers a luminous flare, whilst the
rest of the material is ejected from the system (Rees 1988; Phinney
1989).
The physical processes involved in generating the luminous flare

are still uncertain. In the simplest, "canonical", scenario, the flare is
a consequence of bound stellar material forming a quasi-circular ac-
cretion disc through which material is transported at typically super-
Eddington rates (see, e.g. Shiokawa et al. 2015; Hayasaki et al. 2016).
The light observed is then thermal emission from this hot accretion
disc. The emission from TDEs is expected to be dominated by soft
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X-ray emission, with a weak optical and ultraviolet (UV) component
(Rees 1988; Strubbe & Quataert 2009).

Contrary to this expectation, an increasing number of UV and opti-
cally bright TDEs with a weaker than expected soft X-ray component
have been discovered over the past decade. The exact source of the
optical emission is still uncertain, but it is clearly inconsistent with
the spectral energy distribution (SED) of a hot accretion disc. Two
mechanisms have been proposed to explain this “optical excess”. In
the first, the optical emission is powered by shocks associated with
collisions between infalling stellar debris streams (e.g. Dai et al.
2015; Piran et al. 2015; Shiokawa et al. 2015). In the second, the op-
tical excess is due to the reprocessing – and consequent softening –
of the disc’s X-ray radiation in a surrounding optically thick medium,
such as an outflow (e.g. Strubbe & Quataert 2009; Metzger & Stone
2016; Roth et al. 2016; Dai et al. 2008; Roth & Kasen 2018; Lu &
Bonnerot 2020; Piro & Lu 2020; Bonnerot et al. 2021).

Observationally, the optical spectra of TDEs are characterised by
broad (FWHM∼ 104 km s−1) hydrogen and/or helium lines (see bot-
tom panel of Figure 1). In some TDEs, a complex series of emission
lines due to Bowen fluorescence are also present. In the taxonomy
proposed by van Velzen et al. (2021), TDEs can be broadly split
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Figure 1. Rest frame optical and UV spectra for a sample of TDEs. The spectra have been coloured depending on their van Velzen et al. (2021) spectral class.
Blue corresponds to TDE-Bowen, orange to TDE-H and green to TDE-He. Top: normalized UV and optical spectra of ASASSN-14li (Holoien et al. 2016),
AT2018zr (Hung et al. 2019) and iPTF15af (Blagorodnova et al. 2019). The optical spectra have been re-scaled for the blue edge to roughly match the red edge
of the UV spectra. The re-scaling amounts, as well as observation phase of the spectra are labelled in the figure. Specifically visible is how some TDEs display
BELs (e.g. ASASSN-14li), whilst others exhibit BALs (e.g. iPTF15af). Bottom: optical spectra of AT2018iih (van Velzen et al. 2021), AT2018zr (Hung et al.
2019), ASASSN-14ae (Holoien et al. 2014), ASASSN-14li (Holoien et al. 2016), AT2019dsg (van Velzen et al. 2021), iPTF15af (Blagorodnova et al. 2019) and
ASASSN-14li (Holoien et al. 2014). Important transitions have been labelled at the top of the figure. None of the spectra have been host galaxy subtracted and
have been smoothed using a boxcar filter.

MNRAS 000, 1–19 (2020)



Reprocessing in tidal disruption events 3

into three distinct sub classes: i) TDE-H: broad H𝛼 and H𝛽 emission
lines; ii) TDE-Bowen: broad H𝛼 and H𝛽 emission lines with a com-
plex of emission lines around He ii _4686 with most due to Bowen
fluorescence (see Bowen 1934; Bowen 1935), and; iii) TDE-He: no
broad Balmer features but a broad emission feature near He ii _4686.
The most common class of optical TDE (to date) is TDE-H, followed
by TDE-Bowen and TDE-He.
The discovery of blue-shifted broad absorption lines (BALs) in the

ultraviolet spectra of some TDEs (e.g. Cenko et al. 2016; Blagorod-
nova et al. 2019; Hung et al. 2019, 2020) provides unambiguous ob-
servational evidence for the presence of fast and powerful outflows
in these systems (top panel of Fig. 1). Additional evidence for pow-
erful sub-relativistic outflows in TDEs also comes from blueshifted
broad emission lines (BELs) (Arcavi et al. 2014; Roth & Kasen
2018; Hung et al. 2019; Nicholl et al. 2020) and from radio ob-
servations (van Velzen et al. 2016; Alexander et al. 2016, 2017;
Anderson et al. 2020). Not all TDEs exhibit BALs at the same stage
in their outburst evolution, however. For example, ASASSN-14li in-
stead exhibits BELs (cf. the top panel of Fig. 1). Acknowledged by,
e.g., Blagorodnova et al. (2019); Hung et al. (2020), the BEL vs.
BAL dichotomy of TDEs is reminiscent of Type I quasars (QSOs).
Most QSOs exhibit BELs in their UV spectra, but ' 20 per cent
of the population instead display prominent BALs (the so-named
Broad Asborption Line QSOs Weymann et al. 1991; Dai et al. 2008;
Knigge et al. 2008; Allen et al. 2010). In QSOs, line formation
within outflows has, in the past, been invoked to explain the BEL vs.
BAL dichotomy, following as a consequence of the orientation of an
observer (e.g. Murray et al. 1995; Elvis 2000; Higginbottom et al.
2013).
In Parkinson et al. (2020), hereafter referred to as P20, we showed

that line formation in an accretion disc wind could explain the exis-
tence of both BELs and BALs in the UV spectra of TDEs. Specifi-
cally, we proposed that the BEL vs. BAL dichotomy arises naturally
as a consequence of the orientation of an observer. We found that
BALs are preferentially seen for sight lines looking into the outflow,
whereas BELs are more likely to be observed for viewing angles
which are above or below the wind cone. The work presented here
extends our modelling to longer wavelengths. We find that accretion
disc emission reprocessed by an accretion disc wind is a promis-
ing mechanism for the formation of the distinctive optical emission
line spectra seen in TDEs. Our goal, then, is to test if the outflow
reprocessing model, for the optical excess in TDEs, can naturally
produce the optical (and ultraviolet) emission line spectra and broad-
band SED seen in TDEs. The specific type of outflowwe consider is a
simple biconical accretion disc wind. This is quite a natural scenario,
since strong, radiation-driven mass loss is almost inevitable, given
the extreme luminosities of TDEs.
The paper is structured as follows. In Section 2, we describe our

wind models and radiative transfer calculations. We then present the
results of our modelling in Section 3 and discuss their implications
in Section 4. Finally, we summarize our findings in Section 5.

2 RADIATIVE TRANSFER AND MODEL SETUP

2.1 Radiative transfer and ionization

Numerical simulations were conducted using python1, a state-of-
the-art Monte Carlo radiative transfer and ionization code for moving

1 python is a collaborative open-source project available at
github.com/agnwinds/python.

media using the Sobolev approximation (e.g. Sobolev 1957; Rybicki
& Hummer 1978). python was originally described by Long &
Knigge (2002) and subsequent improvements to the code have been
described multiple times in the literature (Higginbottom et al. 2013,
2014; Matthews et al. 2015, 2016). Here, we provide only a brief
description.

2.1.1 Basic operation

python consists of two separate calculation stages. The first stage
concerns itself with calculating the ionization state, level popula-
tions and temperature structure of an outflow on a spatially discre-
tised grid. This is done iteratively by tracking a population of Monte
Carlo energy quanta (“photon packets”) and simulating their random
walk through the grid. Photon packets are randomly generated over
a wide frequency range, sampled from the spectral energy distribu-
tion (SED) of the radiation sources included in the simulation. As
photon packets travel through the grid, they interact with the plasma
and update Monte Carlo estimators which are used to describe the
radiation field in each grid cell. The heating effect of photon packets
is recorded and used to iterate the temperature towards thermal equi-
librium, where the amount of heating and cooling in each grid cell is
eventually balanced.
Once the photon packets have been transported through the grid,

updated temperature and radiation field estimators are used to re-
calculate level populations and an updated ionization state of the
outflow. This process is repeated until the simulation has converged.
We consider a grid cell to be converged when i) the electron and
radiation temperature have stopped changing between iterations to
within 5 per cent, and, ii) when the heating and cooling rates are bal-
anced to within 5 per cent. It is usually not necessary, or expected, for
all grid cells to converge. Typically, cells with poor photon statistics
or noisy Monte Carlo estimators tend to not converge. These cells
are usually located near the outer edge of the computational domain
and are relatively unimportant; they typically contribute little to the
final result.
The second calculation stage produces synthetic spectra for a con-

verged simulation. Additional populations of photon packets are gen-
erated, typically over a narrow frequency range to give high signal-to-
noise, and are flown through the converged grid to generate spectra
for a selection of sight lines.

2.1.2 Atomic data

By default python assumes solar abundances in the modelled out-
flow, following Verner et al. (1994). We use the same atomic data as
outlined byLong&Knigge (2002), with subsequent improvements as
described by Higginbottom et al. (2013) and Matthews et al. (2015).
Hydrogen and helium are described with a multi-level model atom,
treated using the “macro-atom” formalism of Lucy (2002, 2003).
Metals, however, are treated with the two-level atom formalism de-
scribed by Long & Knigge (2002). The resulting hybrid approach is
explained by Sim et al. (2005) and Matthews et al. (2015).

2.1.3 Radiation sources

Multiple radiation sources can be included in a python simulation.
In the models presented here, we include two radiation sources: an
accretion disc and the outflow itself. However, the accretion disc
is the only net source of photons, as all emission produced in the
outflow is reprocessed disc radiation.

MNRAS 000, 1–19 (2020)
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Modulo adiabatic cooling, the outflow is assumed to be in ra-
diative equilibrium. Any energy absorbed by it is reprocessed and
either re-radiated or converted to 𝑃𝑑𝑉 work. Radiative reprocessing
in the outflow takes place via radiative recombination, free-free and
line emission and Compton scattering (which is also included in the
heating/cooling balance of the plasma). As these processes depend
on the temperature and ionization state, the number of photon pack-
ets generated by the outflow is updated as these quantities change.
The accretion disc is assumed to be geometrically thin and optically
thick. It it treated as an ensemble of annuli, each radiating as a black
body with a standard 𝛼-disc temperature profile (Shakura & Sunyaev
1973). The disc SED is therefore specified entirely by the mass accre-
tion rate, ¤Mdisc, and the mass of the black hole, MBH. In principle,
both the inner and outer radii of the disc are free parameters, but
the former is typically set to the innermost stable circular orbit for a
Schwarzschild black hole. Both fore-shortening and limb-darkening
are included, resulting in a highly anisotropic radiation field.
In reality, the inner disc region in TDEs are likely radiation domi-

nated and vertically extended. However, the structure, evolution and
stability of such discs is an area of intense research and still highly
uncertain (e.g. Hirose et al. 2009; Jiang et al. 2013; Blaes 2014; Shen
& Matzner 2014). In the near-Eddington critical accretion regime,
where ¤M/ ¤MEdd ≈ 1, so-called “slim” disc models are often used to
describe the disc structure (see, e.g. Abramowicz et al. 1988; Strubbe
& Quataert 2009). In these slim disc models, for large Eddington
fractions the temperature for the inner disc region is lowered due to
decreasing radiative efficiency and consequently increased radiation
trapping. In the accretion regime of interest, i.e. ¤M/ ¤MEdd 6 0.5, we
find that both a slim disc and a standard 𝛼-disc temperature profile
result in very similar disc SEDs. Our reliance on a simple 𝛼-disc
treatment, then, is one borne out of practicality in the absence of a
more physically realistic description.

2.1.4 Clumping

Whilst python was originally developed to model smooth outflows,
in reality various instabilities within the flow are likely to break the
smooth flow up into clumps. Multiple clumping mechanisms have
already been identified in various astrophysical settings (e.g. Owocki
et al. 1983; McCourt et al. 2018; Dannen et al. 2020). From a compu-
tational standpoint, addressing this is difficult. Not only does clump-
ing introduce additional parameters into already complex models,
but, ideally, the spatial resolution of the computational grid would be
high enough to resolve each individual clump. This is not yet feasi-
ble, and so python implements a necessarily simple approximation
known as micro-clumping, which is commonly used in stellar-wind
modelling (e.g. Hamann & Koesterke 1998; Hamann et al. 2013).
Micro-clumping in python has been discussed in previous work by
Matthews et al. (2016); Matthews et al. (2020) and, in the context of
the problem at hand by P20. Within the micro-clumping framework,
clumps are assumed to be optically thin, smaller than all relevant
length-scales and embedded in a vacuum. In this limit, clumping can
be parameterised by a single parameter 𝑓𝑣 , the volume filling factor.
The density of a clump is enhanced by a factor 𝐷 = 1/ 𝑓𝑣 relative to
the density of the equivalent smooth flow. Consequently, at a fixed
temperature, processes which scale linearly with density (e.g. elec-
tron scattering) remain unchanged, whereas processes which scale
with the square of the density (e.g. recombination) are enhanced.
One of the long-standing challenges for wind models in QSOs

is overionization. This can occur when an outflow is exposed to
an (E)UV or X-ray radiation field near the central engine (Proga
2002; Higginbottom et al. 2013). In line-driven winds, if the wind is

Figure 2. A cartoon showing the basic geometry of the Shlosman & Vitello
(1993) biconical disc wind model, adapted from Long & Knigge (2002).

too highly ionized it can become impossible to sustain the wind (e.g.
Proga et al. 2000; Proga 2002). Irrespective of the drivingmechanism
of the wind, overionization can also prevent the formation of both
absorption and emission features. Clumping is one natural way to
overcome the so-called “overionization problem” and can moderate
the ionization state of the outflow (e.g. Hamann et al. 2013;Matthews
et al. 2016; another solution is self-shielding, e.g. Murray et al. 1995;
Proga et al. 2000; Proga&Kallman 2004). Clumping is therefore also
an important effect to consider in TDEs. In previous QSO models,
Matthews et al. (2016) andMatthews et al. (2020) assumed clumping
factors of both 𝑓𝑣 = 0.1 and 𝑓𝑣 = 0.01. Throughout this work we
have adopted a volume filling factor 𝑓𝑣 = 0.1, corresponding to a
density enhancement by a factor of ten.

2.1.5 Special relativity

Prior to this work, python made the assumption that the outflow
velocities were small compared to the speed of light. Doppler shifts
were therefore treated "classically" (proportional to linear order in
𝑣/𝑐), and no other corrections associatedwith relativistic effects were
considered. For this work, however, we have updated python to fully
incorporate special relativistic effects. python now explicitly distin-
guishes and correctly transforms between the co-moving (local/fluid)
and observer frames. We ensure that energy is conserved in the co-
moving frame and that the correct special relativistic transforms are
applied when converting between frames (see, e.g., Castor 1972;
Mihalas & Mihalas 1984).
The synthetic spectra are generated in the observer frame, the

same frame in which photons are transported. Photon interactions,
however, are handled in the co-moving frame. This means photons
are transformed into the local fluid frame when they interact with the
outflow, e.g. during resonance scattering. All atomic processes, as
well as heating and cooling, are treated in the co-moving frame.

MNRAS 000, 1–19 (2020)
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2.2 A biconical wind model

In this work, we model a disc wind outflow using a kinematic bicon-
ical wind prescription presented originally by Shlosman & Vitello
(1993). This model is illustrated in Figure 2. In this prescription,
streamlines emerge from disc radii between 𝑟min and 𝑟max at angles
relative to the disc normal given by

\ (𝑟0) = \min + (\max − \min)𝑥𝛾 , (1)

where

𝑥 =
𝑟0 − 𝑟min
𝑟max − 𝑟min

. (2)

Here, 𝑟0 is the launch radius of a streamline, \min and \max are the
minimum and maximum opening angles of the wind, and 𝛾 controls
the concentration of streamlines towards either of the two boundaries
𝑟min and 𝑟max.
The launch velocity, 𝑣0, and terminal velocity, 𝑣∞, of a streamline

are set to the local sound speed 𝑐𝑠 and a multiple of the escape
velocity, 𝑣esc, at the streamline footpoint, respectively. The poloidal
velocity, 𝑣𝑙 , at a distance 𝑙 along a streamline, is given by the following
power law,

𝑣𝑙 (𝑟0) = 𝑣0 + (𝑣∞ − 𝑣0)
[

(𝑙/𝑅𝑣 )𝛼
(𝑙/𝑅𝑣 )𝛼 + 1

]
, (3)

where 𝑅𝑣 is the acceleration length scale, and 𝛼 controls the acceler-
ation along the streamline. The rotational velocity, 𝑣𝜙 , is Keplerian
at the footpoint of a streamline and is assumed to conserve specific
angular momentum as it rises above the disc. At a cylindrical radius
𝑟, 𝑣𝜙 is given by

𝑣𝜙 (𝑟) = 𝑣𝑘𝑟0/𝑟, (4)

where 𝑣𝑘 is the Keplerian velocity at 𝑟0. The density at any point in
the wind is obtained by enforcing mass continuity, giving

𝜌(𝑟, 𝑧) = 𝑟0
𝑟

𝑑𝑟0
𝑑𝑟

¤𝑚′

𝑣𝑧 (𝑟, 𝑧)
, (5)

where ¤𝑚′ is the mass-loss rate per unit surface area of the accretion
disc,

¤𝑚′ ∝ ¤Mwind𝑟_0 cos[\ (𝑟0)] . (6)

The parameter _ controls where mass is lost from the disc, and ¤Mwind
is the total mass loss rate of the wind. A value of _ = −2 results in
roughly uniform wind densities at the base of the outflow, across the
disc surface.

2.3 Simulation grid setup

In our previous paper we explored the formation of UV lines in
accretion disc winds associated with TDEs (P20). In this paper, we
now present both optical and UV spectra from a broader parameter
search.
The masses of the black holes in TDEs are expected to fall within

a broad, but well defined mass range. If the black hole is too large,
i.e. & 108 M� , then the disruption radius will be within the event
horizon of the black hole. In this case the star will be completely
swallowed before it is disrupted (MacLeod et al. 2012), resulting in
no observable TDE. At the opposite end of the mass scale, the lowest
inferred black hole masses are ' 5 × 105 M� (Wevers et al. 2017;
Mockler et al. 2019; Ryu et al. 2020; Zhou et al. 2021). It is worth
noting that several different methods are being used to estimate black
hole masses in TDEs. For example, if the velocity dispersion can be
measured from the stellar kinematics of the host galaxy, theMBH−𝜎

Grid parameters

Parameters Values Units

¤Mdisc 0.05 0.15 0.50 ¤MEdd
¤Mwind 0.1 0.3 1.0 ¤Mdisc
𝑣∞ 0.1 0.3 1.0 𝑣esc

Geometry parameters

Parameters Values Units

MBH 106 3 × 106 107 M�

Rco, 𝑟min 8.85 × 1011 2.66 × 1012 8.85 × 1012 cm
6 6 6 Rg

Rdisc, 𝑟max 7 × 1013 1014 1.5 × 1015 cm
473 228 102 Rg

𝛼 4 4 4 -
𝑅𝑣 3 × 1014 8.9 × 1014 3 × 1015 cm

2000 2000 2000 Rg
\min 20 20 20 ◦

\max 65 65 65 ◦

Rmax 5 × 1017 5 × 1017 5 × 1017 cm
3.39 × 106 1.13 × 106 3.39 × 105 Rg

𝛾 1 1 1 -
_ 2 2 2 -
𝑓𝑣 0.1 0.1 0.1 -

Eddington ratio conversions

Ratio Values Units

MBH 106 3 × 106 107 M�

0.05 ¤MEdd 1.11 × 10−3 3.33 × 10−3 1.11 × 10−2 M� yr−1
0.15 ¤MEdd 3.33 × 10−3 9.99 × 10−3 3.33 × 10−2 M� yr−1
0.50 ¤MEdd 1.11 × 10−2 3.33 × 10−2 1.11 × 10−1 M� yr−1

Table 1. Key parameters for the models presented. The top sub-table shows
the values for the parameter grid as described in Section 2.3, whilst the
middle sub-table defines the parameters which control the geometry for each
black hole mass. The bottom table shows conversion values of the Eddington
accretion rate into solar masses per year for each black hole mass.

relation can be used (e.g. Wevers et al. 2017). Alternatively, a multi-
parameter model can be fit to the observed light curve to extract the
physical properties of the TDE (Guillochon et al. 2018;Mockler et al.
2019).2
In order to settle on a reasonable range of black hole masses

and Eddington ratios for our simulation grid, we used the largest
compilation of these parameters by (Ryu et al. 2020). Their estimates
are based on tdemass3 (Ryu et al. 2020), which assumes a slow
circularization scenario for the in-falling stellar debris. In this model,
the optical emission is generated from stream-stream collisions; both
black hole and stellar mass can then be estimated from the optical
luminosity and colour temperature at peak flare. Even though their
underlying physical picture is quite different from that envisaged
in our simulations – where the reprocessed accretion disc radiation
dominates the optical light – the black hole masses inferred via this
method are in agreement with those obtained by mosfit, in which
the luminosity is assumed to be due to a disc (Mockler et al. 2019).
Fig. 3 shows the black hole masses and Eddington fractions for a

sample of 20 TDEs, as provided by Ryu et al. (2020).We also include

2 The widely used mosfit light curve modelling package is available at
https://github.com/guillochon/MOSFiT
3 https://github.com/taehoryu/TDEmass
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Figure 3. The Eddington luminosity fraction against inferred black hole
masses for a sample of 20 TDEs taken from Ryu et al. (2020) and the spectra
included in Fig. 10, labelled in the legend. Each point from the Ryu et al.
(2020) sample has been coloured depending on the mass return time 𝑝 since
disruption, measured in days. The Eddington luminosity is estimated using
the inferred black hole masses. The bounded region represents the black hole
mass parameter space covered by the grid in this work.

the TDE spectra shown in Figure 10, at the times the spectra were
obtained. Based on Fig. 3, we consider three black hole masses in
our simulations: MBH = 106, 3×106, and 107 M� . These cover the
vast majority of the observationally inferred black hole parameter
space.
In terms of accretion rates, we only consider the sub-Eddington

regime in the present work: the highest accretion we consider is
¤Macc = 0.5 ¤MEdd. Early on in their evolution, some TDEs with
MBH . 107M� are expected to undergo a super-Eddington accretion
phase, transitioning eventually to sub-critical accretion rates as the
fallback rate of stellar debris diminishes (Strubbe & Quataert 2009;
Wu et al. 2018; Roth et al. 2020). However, most TDEs in the Ryu
et al. (2020) sample appear to be sub-critical even at peak. Moreover,
the TDE spectra to whichwe compare ourmodels have typically been
obtained ' 2 months post-peak (cf Fig. 1). Many super-Eddington
TDEs are expected to have transitioned to the sub-critical regime by
this point (Strubbe&Quataert 2009). Last, but not least, the structure
and radiative properties of super-Eddington accretion discs are still
poorly understood. By restricting ourselves to the sub-Eddington
regime we are able to avoid some of the resulting uncertainties. We
have made the assumption that all the luminosity generated in the
TDE is (initially) emitted by the accretion disc. For the model with
the largest accretion rate (with MBH = 107 M�), this places the
maximum disc luminosity of the grid at 𝐿disc ≈ 5 × 1044 ergs s−1.
We not only explore the black hole mass dependence on the optical

spectra with our simulation grid, but also the effects of three key pa-
rameters: (1) the disc accretion rate, (2) the wind mass-loss rate, and,
(3) the terminal velocity of wind streamlines. For each parameter, we
explore three values for three black hole masses. The values of these
parameters are contained within the upper section of Table 1.
The inner radius of the accretion disc in each model is set to the

location of the innermost stable circular orbit (ISCO). The outer disc
radius is set to 𝑅disc = 10𝑅𝑡 , inspired by hydrodynamic simulations
that follow the disruption of a solar-like star (Bonnerot et al. 2021).
The outflow is wide-angled and characterised by opening angles
\min = 20◦ and \max = 65◦, emanating from the entire accretion

disc surface. The mass-loss rate per unit area from the disc is slightly
enhanced at larger disc radii (_ = 2), meaning the density at the base
of the wind increases with radius.
The acceleration length scale for each wind model is set to

2000 𝑅𝑔, a value motivated by the radiation-hydrodynamic simu-
lations presented by Dai et al. (2018). In their model, the outflow
is still accelerating at distances of ∼ 1500 − 3000 𝑅𝑔. The launch
velocities of the streamlines are set to the the local sound speed at
the footpoint of the streamline and are uniformly spaced at the base
of the outflow (𝛾 = 1).
The outflow is logarithmically discretised onto a 2D cylindrical

rotationally symmetric grid. Photons are transport in 3D, to account
for effects due to the rotational velocity field and structure. The grid
has a resolution of 100 × 100 grid cells with a greater concentration
of cells at smaller radii, where line formation typically occurs. The
total volume covered by the grid is a sphere of radius 5 × 1017 cm.
Previous tests from P20 indicate that the grid resolution and spherical
extent of the wind are sufficient to resolve the line forming region.
A complete summary of the grid and parameter values is shown in
Table 1.

3 RESULTS

In the following we present the results of our simulations. We first
describe the physical characteristics and synthetic spectra for a fidu-
cial model that lies at the center of the parameter space covered by
our grid. We then explore how the synthetic spectra depend on the
four key parameters covered by our grid (accretion rate, mass-loss
rate, terminal velocity and black hole mass).4

3.1 A fiducial model

We begin by considering a fiducial "benchmark" model, in which all
parameters are set to their central values on the grid: MBH = 3 ×
106 M�; ¤Mdisc = 0.15 ¤MEdd; ¤Mwind = 0.3 ¤Mdisc and 𝑣∞ = 0.3 𝑣esc.
We now present and describe both the physical properties of the
outflow and its optical spectrum.

3.1.1 Physical properties

In Fig. 4, we show colour plots for a selection of physical parameters
in the fiducial model and five lines showing how and where different
sight lines intersect the wind, as well as additional contours showing
the relative number density of H𝛼 photon emission.
At the base of the wind, the velocity field is rotation dominated

and effectively Keplerian, with 𝑣𝜙 ∼ 105 km s−1 near the inner wind
edge and 𝑣𝜙 ∼ 104 km s−1 at the outer edge. The launch velocities
of streamlines are set as the local sound speed, therefore at the inner
and outer edges of the wind the launch velocity is 𝑣0 ∼ 40 km s−1
and 𝑣0 ∼ 10 km s−1, respectively. And by ∼ 1015 cm, the outflow
has accelerated to 104 km s−1. The velocity at the base of the wind
is far lower than that in the Dai et al. (2018) radiation-hydrodynamic
model, from which the acceleration length scale is inspired. In this
model, the velocity of the outflow is of order ∼ 104 km s−1 at its
base. However, at large radii the velocities are comparable between
the two models.

4 The synthetic spectra and python parameter files for the entire grid are
available online at github.com/saultyevil/tde_optical_reprocessing or upon
request.
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Figure 4. Colour plots showing a selection of physical properties for the fiducial model on logarithmic axes. The 𝑟 − 𝑧 plane, where 𝑟 is the cylindrical radius,
is shown and the wind is rotationally symmetric about the 𝑧-axis. The lines drawn over the wind show sight lines for an observer for inclination angles indicated
in the legend. The spatial scales and colour maps are both logarithmic. Top left: the electron temperature. Top right: the Hydrogen number density. Middle left:
the ionization parameter. Middle right: H i ion fraction. The contour lines show the origin of H𝛼 photons contributing to the spectra. From darkest to lightest
colour, the contours are regions where the photon count is 0 𝑁tot, 0.25 𝑁tot, 0.5 𝑁tot, 0.75 𝑁tot and 1.0 𝑁tot and where 𝑁tot is the total number of H𝛼 photons.
Bottom left: the polodial velocity. Bottom right: the rotational velocity.
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Along the disc plane, the matter density increases with radius (due
to the choice of _ = 2) and is 𝑛H ∼ 109 cm−3 at the inner edge
which increases to 𝑛H ∼ 1012 cm−3 at the outer edge. At increasing
cylindrical radii, both the hydrogen density and rotational velocity
decrease. As the electron density is also decreasing, line formation
processes which scale with the electron density, such as collisional
excitation, also decrease in strength. The rotational velocity decreases
linearly with radius, since material in the outflow is assumed to
conserve specific angular momentum. However, the poloidal velocity
of the wind increases with radius. The result of this is that Doppler
broadening of lines is dominated by rotation close to the disc surface,
but by the poloidal velocity field at larger radii.
At the base of the wind, where it is exposed directly to the radiation

generated by the accretion disc, the electron temperature is greatest.
The temperature at the very inner edge is in excess of𝑇𝑒 ∼ 3×105 K,
but is closer to 𝑇𝑒 ∼ 3 × 104 K at the outer edge. At large radii, near
the far outer edges of the wind, adiabatic cooling dominates, and the
temperature is much cooler (𝑇𝑒 ∼ 103 K). Since python does not
implement any dust or molecular physics, the treatment of this region
of the wind is highly approximate. However, the majority of the line
formation we are interested in does not occur in this region. Thus our
neglect of this physics should not affect the emergent spectrum to a
significant degree.
To measure the ionization state of the wind, we define the ioniza-

tion parameter

𝑈H =
4𝜋
𝑛H𝑐

∫ ∞

13.6 eV
ℎ

𝐽a

ℎa
𝑑a, (7)

where a denotes frequency, 𝑛H is the number density of hydrogen,
ℎ is Planck’s constant and 𝐽a is the monochromatic mean intensity.
The ionization parameter measures the ratio of the number density
of hydrogen ionizing photons to the number density of hydrogen,
making𝑈H a useful predictor of the global ionization state. However,
𝑈H has no knowledge of the SED shape,meaning it is a poor indicator
for the ionization state of ionic species such as C iv.
Fig. 4 shows that the ionization parameter is fairly constant

throughout the wind, with 𝑈H ∼ 105 meaning hydrogen is ion-
ized almost everywhere. At the very top of the wind, the wind is
very highly ionized, with 𝑈H ∼ 107. There is a portion of the wind
where 𝑈H . 10. This part of the wind is located close the the dense
base of the wind, at the outer edge. In this region, the wind has been
somewhat shielded by the large column of wind material closer in,
meaning it is exposed to a softer, reprocessed SED. This results in this
part of the wind being cooler. The reduced ionizing flux also means
that the neutral hydrogen population is enhanced in this region. This
is where the majority of H𝛼 photons are produced, as shown by the
contour lines on the middle right panel of Fig. 4.

3.1.2 Optical spectra

The synthetic optical spectra produced by the fiducial model for
five sight lines are shown in Fig. 5. For each inclination angle, the
model produces broad, double peaked, recombination emission in
H𝛼 and H𝛽. The spectra also include other He ii recombination lines
commonly seen in the spectra of TDEs. The He ii emission line is
clearest at low inclination; it becomes very broad and blended with
H𝛽 for intermediate and edge-on inclinations, as these probe higher
projected velocities.
The linewidths and peak-to-peak separations of the double-peaked

emission lines increase with inclination. This happens because rota-
tion is the dominant line broadening mechanism, and edge-on sight-
lines see higher projected rotational velocities. This also explains the

Inclination Column density Optical depths
(◦) (cm−2)

Hydrogen Lyman He i He ii Electron

35 1.02 × 1025 1.13 × 10−3 2.4 × 10−4 4.00 × 10−4 0.82
60 2.46 × 1026 2.75 0.58 4.01 × 103 19.8
75 8.19 × 1026 190 5.5 3.41 × 105 56.2
85 8.42 × 1026 5.49 1.17 1.48 × 104 54.2

Table 2. The hydrogen column density and the integrated optical depth for
three frequencies corresponding to three photo-ionization edges and electron
scattering for the fiducial model in Section 3.1. In cases where the optical
depth are constant across multiple frequencies, the electron scattering opacity
is dominating the opacity from photo-absorption.

double-peaked nature of the emission lines. Rotational kinematics
dominate in the line-forming regions. The emissivity of recombina-
tion lines scales with density squared, so these features are formed
preferentially in the dense base of the wind where the poloidal veloc-
ities are still relatively low. In fact, the lines are mostly formed near
the outer edge of the wind base, where the outflow is both dense and
relatively more neutral (since it is exposed to the redder, reprocessed
SED, instead of the ionizing disc SED).
The emission lines are asymmetric, displaying an extended

red wing. TDEs, such as ASASSN-14ae (Holoien et al. 2014),
AT2019qiz (Hung et al. 2020) or AT2018zr (Holoien et al. 2019),
often exhibit the same asymmetry, deviating from a Gaussian line
profile. Roth & Kasen (2018) proposes that the origin of this asym-
metry is from line formation in an optically thick outflow. Photons
which scatter in an optically thick expanding outflow lose energy
through adiabatic work on the outflow, redshifting their frequency
resulting in an extended red wing in emission lines (e.g. Laurent &
Titarchuk 2007; Strubbe & Quataert 2009; Metzger & Stone 2016;
Roth & Kasen 2018), in a process Roth & Kasen (2018) coins as
adiabatic reprocessing. Other than through energy losses due to adi-
abatic work, extended red wings could instead form due to (general)
relativistic effects (e.g. Eracleous et al. 2009).
The spectra produced by our fiducial model at high inclinations

are very similar, with similar line strengths and widths. These sight
lines intersect the dense base of the wind, and are probing parts of the
wind which have very similar conditions. In Table 2, we tabulate the
hydrogen column density and the integrated optical depths for three
photo-ionization edges along four of the sight lines shown in the top
left panel of Fig. 4. Along these sight lines, the integrated optical
depths and column densities are very high (NH ∼ 1026 cm−2). They
are so high, in fact, that this region of the wind actually dominates
the formation of the optical spectrum.
As an example, for inclinations close to the disc plane, the optical

depth of the He ii edge is around 𝜏 ∼ 104 − 105, suggesting that
photo-ionization of helium ions in the base of the wind is contribut-
ing significantly to reprocessing the disc emission. In fact, this is the
main reprocessing mechanism in our outflows. Electron scattering
optical depths are also fairly large for these inclinations, with 𝜏 ' 55.
By contrast, at low inclinations, the electron scattering optical depth
is only 𝜏 . 1, and the optical depths associated with the photo-
ionization edges are broadly comparable. Even so, these sight lines
can still intersect a small fraction of the dense wind base and thus
see a substantial column density (e.g. NH ∼ 1025 cm−2 for 𝑖 = 35◦).
Electron scattering is the dominant global source of opacity along low
inclination sight lines, since the reduction in photo-ionization opac-
ity means electron scattering reprocesses across a wider frequency
range.
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Å
−

1
]

H
δ

H
γ

H
e

ii

H
β

H
e

ii

H
α

10◦ 35◦ 60◦ 75◦ 85◦

Figure 5. Synthetic optical spectra of the fiducial model. The spectra for five inclination angles are shown, each coloured as labelled by the legend. For each
inclination angle, the model produces broad Balmer and helium recombination features. At low inclinations, the emission lines are single peaked but transition
into double peaked lines as the inclination angle increases. Notably, the intermediate and high inclination spectra are almost identical as to the base of the wind,
which these sight lines cut through, dominates spectrum generation. The spectra are plotted on a log-linear axes and have not been smoothed. Labelled at the
top of each panel are important line transitions.

3.2 Synthetic spectra across the simulation grid

In Fig. 6, we show an intermediate-inclination spectrum for each
model in our simulation grid (as labelled in the legend). Note that
the viewing angle adopted for these plots, 𝑖 = 60◦, corresponds to a
sight line which looks into the wind cone. Additionally, in Fig. 7, we
show angle-integrated disc and emergent reprocessed SEDs for the
same models, along with the continuum optical depths they present
along several sight lines.
For all of the models, the optical spectra feature broad Balmer and

helium recombination lines that are strongly reminiscent of the TDE-
Bowen class of spectra.5 However, the He ii and H𝛽 emission lines
can often become blended with one another, making them difficult
to distinguish from each other.
All the synthetic spectra shown in Fig. 6 feature double-peaked

lines and asymmetric red-skewed line wings, for the same reasons
as the fiducial model discussed earlier in Section 3.1. No model on
our simulation grid creates the pure Balmer recombination spectra
(without helium lines) that are characteristic of the TDE-H class.
We suspect this is a signature of the radiation field in the optical
line-forming regions. More specifically, the absence of helium re-
combination features in TDE-H systems suggests a lack of photons
with energies sufficient to ionize helium (24.6 eV). By contrast, all
of our models contain regions whose ionization state and emission
measure are both high enough to create observable He i and He ii
features.
In any case, Fig. 7 shows that each of our wind models, regardless

of its detailed parameters, strongly reprocesses the accretion disc
continuum (labelled as "disc"), producing a much redder observed
SED (labelled as "emergent"). Thus reprocessing of the disc contin-
uum in an outflow can, rather naturally, result in an optically bright
emergent SED.

5 Note that python does not currently include the Bowen fluorescence pro-
cess, so the models cannot produce the Bowen features themselves.

Qualitatively, the line spectra and SEDs do not change drastically
with different parameter values or with inclination. More specifi-
cally, all the synthetic line spectra produce broadly the same set of
transitions, accompanied by a continuumwith roughly similar colour
temperatures. The ionization state of the wind, in particular that of
hydrogen and helium, is insensitive to moderate changes in the input
SED, the mass-loading of the wind or its kinematics. The dense base
of the wind, which is the main line-forming region, does not change
all that much between models. This suggests that reprocessing, and
the production of Balmer and helium recombination features, can
happen over a fairly broad range of conditions in TDEs. Quantita-
tively, the spectra do, of course, depend on the model parameters. In
the following sections, we outline the main effect of the different pa-
rameters we have explored on the resulting line spectra and emergent
SEDs.

3.2.1 Disc mass-accretion rate

The top left panel of Fig. 6 shows three models with different disc
accretion rates. In all of these models, the wind mass-loss rate is
30% of the accretion rate. The main difference between the spectra
is the continuum normalization and the strength of the H𝛼 line. The
highest accretion rate model produces the most luminous spectrum.
The increase in the continuum level is mostly due to a more luminous
disc, but also because of greater reprocessing associated with the
higher density of the wind. This is clear by looking at the top row of
Fig. 7, which shows the reprocessed SED relative to the input SED for
the three accretion rates. In the highest accretion rate model, the high
frequency region of the disc continuum is slightly less attenuated,
but there is significant optical depth from lower frequency edges
contributing to reprocessing the SED. So while the higher continuum
luminosity can mostly be attributed with the higher accretion rate, it
does appear this wind reprocesses more radiation and re-emits it at
longer wavelengths.
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Figure 6. Synthetic optical spectra for the four parameter grids on log-linear axes. The first three panels show spectra for the mass accretion rate ( ¤Mdisc), the
wind mass-loss rate ( ¤Mwind) and the terminal velocity of wind streamlines (𝑣∞) grids, using a black hole mass of MBH = 3 × 106 M� . The bottom right panel
shows spectra of the fiducial model for three black hole masses (MBH). In each panel, the orange spectrum corresponds to the fiducial model in Section 3.1. All
of the spectra exhibit broad Balmer and helium recombination features, strongly reminiscent of TDE-Bowen objects. The emission lines are double peaked and
feature an extended red wing. Each spectrum is for an intermediate, in-wind, inclination angle of 60◦. The spectra have not been smoothed. Labelled at the top
of each panel are important line transitions.

The spectrum produced with the lowest accretion rate in Fig. 5 has
the strongest emission lines. In general, the strength of the emission
lines decreases with accretion rate, even though the higher accretion
rate models are reprocessing (and re-emitting via recombination)
more emission and that the emissivity of these lines scales with the
density squared. In this situation, the lines appear weaker because of
the stronger optical continuum due to stronger reprocessing decreas-
ing the line-to-continuum contrast.

3.2.2 Wind mass-loss rate

The top right panel in Fig. 6 shows how changing the mass-loss rate
of the wind affects the line spectrum, and the second row of Fig. 7
shows how the reprocessed SED changes. The model featuring the
highest mass-loss rate (and thus highest densities) has the strongest
recombination features, since, stating this once again, the emissiv-
ity of recombination scales with the density squared. This model
also produces the brightest optical spectrum, since it reprocesses the

largest fraction of the disc emission, although the middle mass-loss
model is not far behind.

Quite generally, denser winds tend to be more efficient at repro-
cessing disc emission, generating optically brighter spectra. This
derives from the dominant reprocessing mechanisms being photo-
ionization and free-free absorption, and since the optical depth of
edges, specifically He ii, and the electron/ion density, which free-free
opacity scales with, are enhanced in a denser wind, the reprocessing
becomes stronger. In the lowest mass-loss rate model, the input SED
is reprocessed less (refer to Fig. 7) and the emergent SED is the
least red. The opacity of the Lyman and He i photo-ionization edges
are considerably diminished and comparable to the scattering optical
depth, resulting in a reduction in the overall amount of reprocessing
via photo-ionization. However, as the He ii edge is still comparably
strong, there is still enough reprocessing via photo-absorption to cre-
ate an optically enhanced spectrum. It appears that the He ii edge is
very important in reprocessing high frequency disc emission.
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0.05 ṀEdd 0.15 ṀEdd
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Figure 7. The continuum optical depth as a function of frequency for various sight lines (right axis) and both the emergent and disc SEDs for the same
models as in Fig. 6. The middle column corresponds to the fiducial model from Section 3.1. The spectra have been plotted on logarithmic axes and important
photo-ionization edges have been labelled at the top. Each model is producing a redder (reprocessed) SED relative to the input disc SED. In general, denser
winds are more efficiently reprocessing the disc SED and result in optically bright spectra. The main reprocessing mechanism is photo-ionization of He i and
He ii, but in some winds H i also contributes. The electron scattering optical depth (corresponding to the “flat” region of the optical depth spectra) is roughly
the same between models.
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3.2.3 Terminal velocity

The terminal velocity is one of the parameters which controls the
wind kinematics. Larger terminal velocities imply higher veloci-
ties along streamlines, as well as lower densities (via the continuity
equation). Thus slower outflows are denser and produce redder re-
processed SEDs (third row down of Fig. 7). However, the effect of
the terminal velocity on the optical continuum luminosity and colour
temperature is relatively modest.
The bottom left panel of Fig. 6 shows the synthetic spectra for the

three different values of 𝑣∞ on our grid. Since the density is modified
by the velocity, the two models with the lowest terminal velocities,
i.e. which have largest densities at the base of the wind, produce the
strongest recombination lines and the brightest optical continuum.
Much like changing the mass-loss rate of the wind, varying 𝑣∞ from
0.1− 1 𝑣esc does not significantly affect the overall optical spectrum,
producing only modest changes in the normalisation. However, as
noted previously, changing the acceleration length scale has a more
significant impact.

3.2.4 Black hole mass

The bottom right panel of Fig. 6 shows the optical spectra produced
by the fiducial wind model for three different black hole masses.
Changing the black hole mass indirectly affects other parameters of
the models as well, such as the three other parameters comprising
our grid (since these parameters all scale with black hole mass).
The most significant differences between the spectra, associated

with different black hole masses, is their continuum luminosities and
their line strengths. The model with the most massive black hole
produces the strongest lines, as expected since recombination scales
with the density squared. The same model produces the brightest op-
tical spectrum, in this case because the accretion disc is the brightest
in the grid, rather than because of any significantly greater level of
reprocessing relative to the rest of the grid. In the case of the highest
black holemassmodel, there are simple “more” photons to reprocess.
Fig. 6 also shows that the same Balmer and helium recombination
features are produced for all three black hole masses. Otherwise,
the spectra remain relatively unchanged in terms of distinct spectral
features.

4 DISCUSSION

4.1 The origin of optical emission

In early TDEmodels, the stellar debris is assumed to fall back onto the
black hole, typically, at a super-Eddington rates. The luminosity of
these events are then generated via thermal blackbody radiation from
a hot, qausi-circular accretion disc (see, e.g., Rees 1988). The preva-
lence of optically bright TDEs with a weak soft X-ray component is,
then, somewhat inconsistent with these early models. Although the
early models of TDEs assumed that the radiation observed would be
that observed directly from the hot accretion disc, most modern in-
terpretations of these events involve a significant amount of radiative
reprocessing to explain the optical brightness of some TDEs.
Reprocessing is a core component in a number of TDE models

(Strubbe & Quataert 2009; Metzger & Stone 2016; Roth et al. 2016;
Dai et al. 2008; Roth & Kasen 2018; Lu & Bonnerot 2020; Piro &
Lu 2020; Bonnerot et al. 2021). Notably, Roth et al. (2016) showed
that reprocessing in an optically thick outflow plays a key role in
the formation of the optical spectrum. They identified two distinct
reprocessing regimes, which can explain why some TDEs can still

retain their soft X-ray component. Reprocessing also plays a key role
in the unification scenario proposed by Dai et al. (2018). In their
model, a given TDE could be observed as either optically or X-ray
bright, depending on the inclination of the observer. Intermediate and
high-inclination observers see an optically bright SED, since the disc
emission is reprocessed via adiabatic cooling and photo-ionization
along these sight lines. By contrast, observers viewing the TDE face-
on see an X-ray bright TDE, since they are looking directly at the
exposed inner accretion disc.
In contrast to the dense, spherically symmetric model of Roth

et al. (2016), our biconical disc wind models typically do not not
completely absorb the soft X-ray flux. This difference is likely a
geometric effect, as photons are able to escape along paths with lower
optical depths in our outflows. Thus, similar to Dai et al. (2018), we
find that the ratio of optical to X-ray fluxes increases with inclination
angle. At polar angles, the SED is more akin to a underlying disc
spectrum, since the optical depth is lower – and reprocessing less
efficient – along these sight lines.
In Section 3, we show how reprocessing in an optically thick

accretion disc wind, with plausible parameters, results in an opti-
cally bright spectrum, significantly redder than the original accretion
disc SED. The main reprocessing mechanism in our winds is photo-
ionization, which is also the case for the Dai et al. (2018) unification
model. Even so, free-free absorption is still important with an opti-
cal depth of 𝜏ff ∼ 102 for intermediate and high inclinations in the
fiducial model. The majority of the photo-ionization reprocessing is
associated with the ionization of He ii; in some models, He i and H
i are also important (Fig. 7). When the opacity in both helium edges
is significant, high frequency radiation is efficiently absorbed and
reprocessed, softening the SED and reducing the EUV/X-ray bright-
ness. The absorbed luminosity is re-emitted at longer wavelengths
via recombination, free-free and line emission.
The photo-ionization ofHe ii seems to be particularly important for

the reprocessing efficiency. For instance, the optical brightness in the
wind mass-loss rate sub-grid (second row down in Fig. 7) increases
as the optical depth (and hence absorption) of this edge increases,
as is clear by comparing the 0.1 ¤Mdisc and 0.3 ¤Mdisc models. This
is, in-fact, a common trend across all of the models in Fig. 7. But
additionally, models with high optical depths for lower frequency
edges (e.g. He i and Lyman) also have optically brighter spectra (see
the top right panel of the first and second row in Fig. 7). It seems that
reprocessing of not just the soft X-ray photons, but also of the EUV
photons is important for the production of optically bright spectra.
As mentioned previously, photons undergoing repeated scattering

events in a divergent flow lose energy and are redshifted as they
do work on the outflow (see, e.g., Laurent & Titarchuk 2007; Roth
& Kasen 2018). This effect, sometimes referred to as “adiabatic
reprocessing”, can be important (see Fig. 14 in Roth & Kasen 2018).
The integrated electron scattering optical depth in our winds are
significant (𝜏 & 50 for intermediate and high inclinations in the
fiducial model), and photons are almost certain to undergo multiple
scatters before reaching an observer. However, compared to outflow
models in which adiabatic reprocessing is known to dominate, the
scattering optical depths in our winds are fairly modest. For example,
Roth & Kasen (2018) report a scattering optical depth of 𝜏 ' 130 for
their spherical outflow, in which repeated scatterings in the outflow
play a major role in redshifting the SED. Additionally, as the models
here are 2D, photons are able to scatter around highly optically thick
regions and do not become trapped, as they would in a spherical
model such as by Roth & Kasen (2018).
In our fiducial model, the role played by adiabatic reprocessing is

minor. The scattering optical depths are similar between the models
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in Fig. 7, but the amount of reprocessing is not. It is clear, then, that
whilst adiabatic reprocessing can modify the SED, in our models it
is not an important process for the creation optically bright spectra.
To see this, consider the ¤Mwind = 0.1 ¤Mdisc panel in Fig. 7. Here,
the scattering optical depth is similar to other models, but the op-
tical depth of the He i edge is greatly reduced and comparable to
the scattering optical depth. The optical luminosity in this model is
low, showing that it tracks the photo-ionization optical depth, rather
than the scattering one. Therefore, adiabatic reprocessing is not a
dominant effect in our outflow models.
The emergent optical luminosity is also affected by the SED of the

accretion disc. If the SED does not have enough high frequency flux,
then there is nothing to reprocess to create a red optical spectrum.
This effect is illustrated in Fig. 8, with the fiducial model we used in
P20 and the fiducial model used in the present work. Clearly, the new
fiducial model reprocesses a great deal more of the underlying disc
continuum. This is despite the fact that the photo-ionization optical
depth for He ii is not too dissimilar between the models. But there is
a disparity between the optical depths for the He i and Lyman edges
in the old fiducial model, where they are larger.
So what is responsible for the higher reprocessing efficiency of our

new fiducial model, compared to our P20 model? Crucially, the disc
continuum in this model peaks at a higher frequency, which means
a higher fraction of its luminosity is susceptible to reprocessing by
the He ii edge. The reprocessing efficiency is not just related to the
physical properties of the wind, notably its (column) density, but it
also depends on the underlying SED. If this SED does not include
enough ionizing photons, reprocessing via photo-ionization becomes
inefficient (as does free-free reprocessing). Of course, adiabatic scat-
tering can still reprocess the continuum if the outflow is optically
thick, even if this is a relatively small effect in our models.

4.2 Formation of optical lines

When the density of the wind is low, the Balmer and He ii optical
features become weak. If the density is too low to shield or soften
the disc emission via reprocessing, the recombination features are
greatly diminished as the wind becomes overionized, preventing the
formation of absorption and emission lines (e.g. Proga et al. 2000;
Proga 2002; Higginbottom et al. 2013). More generally, however,
the strength of recombination features scales with emission measure,
EM =

∫
𝑛2𝑒 𝑑𝑉 . This depends not only the local density, but also on

the emitting volume, so where in the outflow these lines form is also
important. For example, emission lines will preferentially form near
the base of the wind where the density is largest. But, if H𝛼 photons
were being emitted over an extended region in the sparse, outer
portion of the outflow, this emission could still be significant, since
the volume of this region is so large.
One way to modify the density of the outflow in our kinematic

approach (other than by modifying the mass loss rate) is by changing
the acceleration length scale or the acceleration exponent. Together,
these variables control how quickly the outflow accelerates. By in-
creasing the acceleration length and increasing the exponent, the
outflow density increases and the ionization state is lowered. Both
effects result in stronger recombination features, so the appearance of
the optical spectra is sensitive to these kinematic model parameters.
However, some lines, such as H𝛼, are insensitive to changes in the
velocity structure. This suggests these line photons are produced in
the very base of the wind, whose kinematic properties remain fairly
constant with the change in parameters.

4.3 The effect of electron scattering on the line profiles

In Fig. 9, we break down the contribution of different physical pro-
cesses on the spectrum produced by our fiducial model in the vicinity
of H𝛼, isolating the contribution of “continuum” photons which have
never undergone any bound-bound interaction in the outflow. This
category includes photons emitted directly by the disc and photons
produced via bound-free or free-free processes.We also isolate “line”
photons which have undergone one or more electron scatters since
their bound-bound interaction (H𝛼 w/ES). The final contribution is
"pure" H𝛼 photons, i.e. photons whose last interaction in the wind
was in the bound-bound H𝛼 transition.
Fig. 9 shows very clearly that electron scattering is responsible for

the broadwings of the emission line, in line with the results of Roth&
Kasen (2018). In their simulations, higher electron scattering optical
depths resulted in broader emission lines. In our models, electron
scattering can also smooth out the double peaked line profile, at least
at low inclinations (left panel).

4.4 Comparison to observations

In Fig. 10, we show comparisons of two of our models to the opti-
cal spectra of ASASSN14-li and AT2019qiz. Other than the choice
of inclination angles and re-scaling the spectra to the relevant dis-
tance, the model parameters used to generate the synthetic spectra
have not been tailored and/or fine-tuned to fit either object. The ob-
served spectra were taken at roughly the same time post peak, at
Δ𝑡 ≈ 50 days, and have been corrected for foreground extinction
assuming a Cardelli et al. (1989) extinction curve with 𝑅𝑣 = 3.1
with 𝐸 (𝐵 − 𝑉) = 0.0225 and 𝐸 (𝐵 − 𝑉) = 0.0939 for ASASSN14-li
and AT2019qiz, respectively. For ASASSN-14li, we have also in-
cluded photometry, provided by Holoien et al. (2016), from both the
Swift UltraViolet and Optical Telescope (Roming et al. 2005) and
from the 2-m Liverpool telescope (Steele & Oschmann 2004). For
the comparison with ASASSN-14li, we use a black hole with mass
MBH = 3 × 106 M� and a mass loss rate of ¤Mwind = ¤Mdisc. For
AT2019qiz we use a model with ¤Mdisc = 0.5 ¤MEdd and a black hole
mass MBH = 106 M� . The rest of the model parameters are set to
their “fiducial” values.
Both TDEs belong to the TDE-Bowen spectroscopic class in the

van Velzen et al. (2021) taxonomy, as they display broad Balmer
and helium emission, along with complex of lines due to Bowen
fluorescence. TDE-Bowen objects present the strongest case for re-
processing, as Bowen fluorescence requires both large densities and
a high flux of EUV photons. As noted earlier, none of our models
produce pureBalmer emission spectra, sowe have notmade any com-
parisons to TDE-H objects, such as AT2018zr. We also do not make
any comparisons to TDE-He objects. These transients are probably
associated with the disruption of helium-rich stars, so their pure-He
spectra are likely to be an abundance effect. Note, however, that the
disruption of a regular main sequence can in principle also result in
hydrogen free spectra as a result of ionization effects (Guillochon
et al. 2014; Roth et al. 2016).
Qualitatively, the models do a good job for matching both of the

observed spectra in Fig. 10. They exhibit the same recombination fea-
tures, and somewith similar line strengths and line profiles, as well as
the optical continua which agree quite well. From amore quantitative
perspective, there is good agreement between the fiducial model and
ASASSN-14li’s continuum and emission line spectrum. The only
feature(s) missing entirely from the model are Bowen fluorescence
feature, which (as noted previously) is produced by a process that is
not yet included in python. The agreement is, of course, far from
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Figure 10. Rest frame synthetic optical spectra for two models (labelled in the legend) plotted on linear axes and against the optical spectra of ASASSN14-li
bat Δ𝑡 = 54 days (Holoien et al. 2016) and AT2019qiz at Δ𝑡 = 49 days (Nicholl et al. 2020). The spectra for the objects have been corrected for foreground
extinction assuming a Cardelli et al. (1989) extinction curve with 𝑅𝑣 = 3.1 for both TDEs and 𝐸 (𝐵 −𝑉 ) = 0.0225 and 𝐸 (𝐵 −𝑉 ) = 0.0939 for ASASSN14-li
and AT2019qiz respectively. Photometry for ASASSN-14li, taken from Holoien et al. (2016), has also been included with the filters labelled in the legend. The
distance of the object and inclination of the model are labelled in the top right of each panel. The spectra have not been smoothed. Important line transitions are
marked at the top of each panel. The synthetic spectra are in rather excellent agreement with the observations, especially considering neither model has been
tailored to fit the specific observation, producing the same recombination features with similar continua.

perfect: for example, the Balmer and the He ii emission lines are too
weak, and the continuum is slightly too blue at UV wavelengths.

There is, however, potential for improving the fit of this model by
fine-tweaking the model parameters. For example, parameters which
modify the density structure of the wind will change the strength
of the Balmer lines, since denser winds tend to produce stronger
emission as well as brighter optical continua (see §4.2 and Fig. 6).
Additionally, emission lines can also change by increasing/decreasing
the volume of the line emitting region. This could be done by, for ex-
ample, increasing the covering factor of the wind, i.e. the solid angle
subtended by the wind as seen by the central engine, or increasing the
outflow outer radius 𝑅max. Finally, the continuum SED could also
be changed to something more realistic, which better approximates
the underlying emission in ASASSN14-li. This would likely cause
changes to both the line profiles, as well as the overall shape of the
continuum.

The match between model and observation is slightly less good
for AT2019qiz. Here, the synthetic spectrum is slightly redder than
the data. Increasing the mass accretion rate of the disc (and scaling
the mass loss of the wind appropriately) would probably fix this and

make the spectrum slightly bluer. But the model produces the similar
emission features, although the Balmer lines are significantly weaker
than the data, with the higher order Balmer features missing entirely.
Overall, given that we have not fine-tuned our models to precisely

match the data, we consider the qualitative agreement with obser-
vations extremely promising. More specifically, it confirms that re-
processed disc emission can naturally produce both the continuum
and emission lines that are commonly seen in the optical spectra of
TDE-Bowen objects.

4.5 UV spectral lines as geometry and orientation indicators

In P20, we showed how the BEL vs. BAL dichotomy found in the
UV spectra of TDEs (see the top panel in Fig. 1, and, e.g., Cenko
et al. 2016; Blagorodnova et al. 2019; Hung et al. 2019, 2020) could
be explained via line formation in an accretion disc wind. In this
picture, BALs are preferentially produced for sight lines which look
"into" the wind cone. For other orientations, BELs are observed. The
fraction of BAL vs. BEL TDEs can then provide an estimate of the
covering fraction of outflows in TDEs. Just as importantly, UV lines
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Figure 11. Synthetic spectra of the fiducial model (blue) and a modified fiducial model with a truncated inner disc radius (orange, 𝑅co = 3.8 𝑅ISCO). The
fiducial model in this work (blue) is too highly ionized to produce the UV BAL features reported by P20. By truncating the inner disc radius of the fiducial
model, the disc SED is softened and the ionization state of the wind is lowered. The result is that the BEL vs. BAL behaviour reappears for the truncated disc
model (orange). Absorption features, such as in C iv, form for sight lines which look into the wind cone (top panel) and emission features form for sight lines
with do not look into the wind cone (bottom panel). Top panel: an intermediate sight line looking into the wind cone (60◦). Bottom panel: a sight line looking
below the wind cone (75◦).

could be used to infer our orientation with respect to the TDE disc
plane.
The models presented in this work all produce the UV transitions

commonly see in the spectra of TDEs. However, they do not have
the same inclination dependence as the synthetic UV spectra in P20.
Specifically, none of the in-wind sight lines give rise to BALs in our
models. Instead, BELs are produced for all inclinations.
The absence of BALs in the UV spectra of our models is due to

their higher ionization state (relative to the models explored by P20).
This is the result of the lower black hole masses we consider, which
give rise to harder SEDs. For example, in the fiducial model of P20,
the adopted black hole mass is MBH = 3× 107 M� . By contrast, our
fiducial model here assumes a black holemass ofMBH = 3×106M� .
As discussed in Section 2.3, this choice, and the range we explore, is
based on the data in Fig. 3.
Given that BALs are observed in the UV spectra of at least some

TDEs, it is worth asking whether disc wind models could still pro-
duce these features, even at the lower black hole masses we have
considered here. Fundamentally, the answer is clearly yes. For exam-
ple, the ionization state of a wind model can be lowered by stronger
clumping (i.e. a lower volume filling factor and denser clumps), by

self-shielding (see, e.g. Murray et al. 1995; Proga et al. 2000; Proga
& Kallman 2004), or by a softer underlying SED.
How significant a change is required in order for our fiducial model

to produce BALs? In order to address this question, we have carried
out tests with both lower filling factors and modified SEDs. These
revealed that a reduction in the filling factor by a factor of 10, to
𝑓𝑉 = 0.01, is not always sufficient enough to produce BALs. By
contrast, only a modest change to the disc SED is required before
absorption reliably reappears in the UV spectrum.
The modified SED test is illustrated in Fig. 11. For this test, the

inner disc radius was simply truncated to 3.8 𝑅ISCO, which decreases
the maximum temperature and softens the SED. This models illus-
trates that these models can recover the BEL vs. BAL behaviour,
even if the absorption is significantly narrower here than found by
P20. More specifically, absorption is seen for inclinations looking
into the wind cone (60◦), whereas only BELs are observed for sight
lines which do not look into the wind cone (75◦ in Fig. 11).
Our blackbody 𝛼-disc SED is clearly a highly idealized description

of the spectrum produced by the central engine (see also Section 4.6
below). Since BAL formation in our models depends sensitively
on the shape of this spectrum, the presence or absence of these
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features cannot be used as a "pure" orientation indicator. However,
the fundamental point made by P20 remains: BALs can only be
observed for specific sight lines, typically those looking into the
wind cone.

4.6 Limitations

As is the case for any numerical simulation, our modelling involves
a number of limiting assumptions and simplifications. First, whilst
python now takes into account special relativistic effects, we still
neglect general relativistic effects, i.e. whilst python simulates the
full random walk of photons, they still travel along straight lines
between interaction points. We also do not include any concept of an
event horizon within the computational domain. In P20, we partially
tested the importance of general relativistic effects by imposing an
absorbing spherical boundary at 𝑅ISCO. The ionization state and the
emergent spectrum were changed only marginally in this test. We
have repeated this test for our fiducial model here, with the same
results.
Second, all python simulations are time-independent. We have

made the implicit assumption that the outflow is in a steady state,
which, especially at early times in the evolution of TDEs, may not
be true. More specifically, the steady state assumption is valid so
long as photon travel times through the flow are short relative to the
time-scale over which the luminosity, the SED or the outflow itself
can evolve significantly.
In some TDEs, i.e. ASASSN-14ae, AT2018zr and AT2019qiz,

the optical spectra have been observed to evolve significantly over
time-scales as short as 10-20 days at early times. In our modelled
outflows, photons typically take up to 1-3 days to escape from the
simulation grid. Although, some photons may stay within the wind
cone for almost 231 days. However, since we are not modelling the
initial super-Eddington phase, our steady state assumption is likely
to be quite reasonable. In line with this, simulations have shown
that TDEs are able to reach a quasi-steady state after their initial
super-Eddington phase (e.g. Dai et al. 2018).
Third, reiterating another limitationmentioned previously,we have

assumed that the accretion disc is in a steady state, and is geomet-
rically thin and optically thick. Specifically, we model the accretion
disc SED by assuming a steady state 𝛼-disc, with constant ¤Macc,
that locally emits as a blackbody (Shakura & Sunyaev 1973). Strictly
speaking, our use of the standard 𝛼-disc temperature profile – which
assumes ¤Macc as a function of radius – is not self-consistent, since
our discs suffer significant mass loss from the surface. In principle,
this can be modelled by adjusting the effective temperature distribu-
tion (see, e.g. Knigge 1999). Such models have, in fact, already been
considered for TDEs. Specifically, Miller et al. (2015) outlined such
an idea, constructed from work by Laor & Davis (2014) for AGN.
In this scheme, Miller et al. (2015) show that mass losses from the
disc, via a disc wind, reduces the accretion rate at the inner edge
of the disc, decreasing the temperature and regulating the thermal
emission. In practice, the net effect is likely to be similar to the inner
disc truncation we explored in Section 4.5.
Another limitation of our disc model is that the inner regions of

TDE discs are dominated by radiation pressure and probably verti-
cally extended. The most important effect of the thin-disc approxi-
mation in this context is on the angular distribution of the radiation
field. Due to foreshortening and limb darkening, geometrically thin
and optically thick discs generate highly anisotropic radiation fields.
This degree of anisotropy is likely an overestimate for the vertically
extended inner discs in TDEs. However, the structure, evolution and
even the stability of such radiation dominated discs is the subject of

on-going intense research (e.g. Hirose et al. 2009; Jiang et al. 2013;
Blaes 2014). Our choice to use a simple disc model is, then, one
borne out of practically. Given that the emission from the disc is
reprocessed by the outflow, which isotropizes the radiation field, we
do not expect our qualitative results to change significantly.
Fourth and finally, we only model hydrogen and helium self-

consistently with full, multi-level model atoms. By contrast, bound-
bound transitions in metals are treated using a 2-level atom approx-
imation. Whilst this is perfectly reasonable for resonance lines, it is
not reasonable for transitions involving excited and/or meta-stable
states. With the exception of C iii] _1909 (which we treat in an ap-
proximate manner via a modified 2-level atom approximation), our
simulations do not include realistic treatments for semi-forbidden
transitions such as N iii] _1750. Our simplified treatment of metals
also currently prevents us from modelling the fluorescence process
that gives rise to the Bowen blend between 4630 Å and 4660 Å,
commonly seen in observations.

5 CONCLUSIONS

We have shown that the reprocessing of disc radiation by an accre-
tion disc wind can naturally produce the optical line and continuum
spectra seen in TDEs. In order to achieve this, we have run a grid of
Monte Carlo radiative transfer and ionization simulations to produce
synthetic UV and optical spectra of wind- and disc-hosting TDEs.
The disc winds we model are rotating, biconical and clumpy, and

they are illuminated by a geometrically thin and optically thick accre-
tion disc. Our model grid covers a realistic range of wind kinematics,
black hole masses and accretion states, inspired by observations. Us-
ing this grid, we explore how the mass of the black hole, the accretion
rate and the wind properties affect the broadband SED and optical
line spectra. Our main results are as follows:

(i) The hydrogen and helium emission lines commonly seen in the
optical line spectra of TDEs can be produced by an optically thick
accretion disc wind that reprocesses the SED of the underlying disc.
Reprocessing in such an outflow can also naturally produce the UV
line spectra seen in TDEs.
(ii) Ourmodels produce excellentmatches to the optical spectra of

TDEs of the TDE-Bowen class, reproducing the correct continuum
shapes and emission line properties. However, our models do not
produce the pure Balmer spectra seen in the TDE-H spectroscopic
class.
(iii) All of our outflow models are optically thick. There is sig-

nificant opacity in all of the modelled outflows at the He ii (≈ 54
eV) photo-ionization edge, with typical integrated optical depths of
𝜏 ∼ 107 at high and intermediate inclinations. At low inclinations,
the optical depth of this edge is still large, but can be of similar
magnitude to the electron scattering optical depth. Our models also
present significant opacity at the He i (24.6 eV) and, in some mod-
els, the hydrogen Lyman edges. The electron scattering optical depth
is similar in all of our models, with 𝜏 ' 1 − 55 depending on
inclination.
(iv) The optical colour temperature of the reprocessed SED is

much redder than that of the input accretion disc SED. Changes to the
black hole mass, accretion rate and the kinematics of the wind affect
the degree of reprocessing and the properties of the line spectra.
In general, slower and denser winds result in a greater amount of
reprocessing, as well as stronger Balmer and helium recombination
features.
(v) The main reprocessing mechanism is photo-ionization of He i

and He ii near the base of the wind. The absorbed luminosity is then
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re-radiated at longer wavelengths via recombination, or as free-free
or line emission. Based on our simulations, we expect He ii bound-
free interactions to be a critical source of opacity for reprocessing
the continuum emission in TDEs. Free-free absorption can also play
an important role, but affects the spectra to a lesser degree.
(vi) The optical emission lines are often double peaked, since the

kinematics of the line-forming regions are dominated by rotation.
Some lines exhibit asymmetric red wings due to adiabatic reprocess-
ing. Electron scattering also dramatically affects the line profiles,
both by increasing the width of the lines and, for low inclinations, by
smoothing out the double peaked shape.
(vii) Our models produce synthetic UV spectra with the same set

of atomic transitions commonly seen in TDEs. However, we find that
the winds are often too highly ionized to produce UV absorption fea-
tures. Truncating the inner radius of the accretion disc at ' 4 𝑅ISCO
softens the SED, lowers the ionization state of the wind and recovers
UV broad absorption lines for sight lines that look into the wind
cone.
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