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Tidal disruption event discs are larger than they seem: removing
systematic biases in TDE X-ray spectral modelling
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ABSTRACT

The physical sizes of TDE accretion discs are regularly inferred, from modelling of the TDEs
X-ray spectrum as a single temperature blackbody, to be smaller than the plausible event hori-
zons of the black holes which they occur around — a clearly unphysical result. In this Letter we
demonstrate that the use of single-temperature blackbody functions results in the systematic
underestimation of TDE accretion disc sizes by as much as an order-of-magnitude. In fact,
the radial ‘size’ inferred from fitting a single temperature blackbody to an observed accretion
disc X-ray spectrum does not even positively correlate with the physical size of that accretion
disc. We further demonstrate that the disc-observer inclination angle and absorption of X-ray
photons may both lead to additional underestimation of the radial sizes of TDE discs, but by
smaller factors. To rectify these issues we present a new fitting function which accurately re-
produces the size of an accretion disc from its 0.3 — 10 keV X-ray spectrum. Unlike traditional
approaches, this new fitting function does not assume that the accretion disc has reached a
steady state configuration, an assumption which is unlikely to be satisfied by most TDEs.
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1 INTRODUCTION

In recent years the number of tidal disruption events (TDEs) ob-
served at soft X-ray energies has greatly increased, with a current
population of approximately 20 sources. X-ray bright TDEs repre-
sent a particularly interesting TDE sub-population, as physical pa-
rameters of a TDE system can be inferred from the modelling of
their X-ray spectral energy distribution.

A common practice in the TDE literature is to fit the observed
X-ray spectrum of a TDE with a single temperature blackbody func-
tion (for example, some recent papers: Brown et al. 2017, Holoien
et al. 2018, van Velzen et al. 2019, Wevers et al. 2019, Stein et al.
2020, Cannizzaro et al. 2021, Hinkle et al. 2021). Modelling TDE
X-ray spectra in this manner allows two parameters to be inferred:
a temperature 71,1, and ‘emission radius’ Ry, (eq. 1). The inferred
size of the X-ray emitting region is a parameter of interest as, as-
suming that this emission results from a disc which extends down to
the ISCO, it can be used as an estimate for the TDEs central black
hole mass, Ry, ~ Risco GMBH/C2. The black hole mass at
the centre of a TDE is an extremely important physical parameter,
as it strongly correlates with the peak luminosity of the disc which
forms in the aftermath of a TDE (Mummery & Balbus 2021a). This
luminosity scale in turn controls the observed properties of a partic-
ular TDE (Mummery 2021b). Therefore, the radial size of an X-ray
bright TDEs disc could, if measured correctly, be used to under-
stand more general properties of the TDE.
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A characteristic radial scale of a TDE system is the
Schwarzschild radius of its central black hole, Rs = 2GMgpn/c>.
The mass of a central black hole can be inferred from a number
of galactic scaling relationships, and thus these two radii (R, and
Rs) can be compared. A surprising — to say the least — result of a
number of works on X-ray bright TDEs is that the inferred X-ray
emission radius Ry, is often found to be significantly smaller than
the event horizon of the TDEs central black hole (e.g. van Velzen
et al. 2019, Wevers et al. 2019, Stein et al. 2020, Cannizzaro et al.
2021, Hinkle et al. 2021). As an explicit example, Wevers et al.
(2019, their Figure 11) find that 13 of 20 X-ray bright TDEs have
Ry /Rs < 1. This is an unphysical result.

Thus far three possible explanations have been put forward for
this ‘too small emission radius’ problem. These are, (i) that TDE
discs are highly inclined with respect to the observer (e.g. Stein
et al. 2020), (ii) that TDE discs are obscured from the observer by
other TDE debris (e.g. Wevers et al. 2019), or (iii) that disc photons
are comptonised before reaching the observer (Saxton et al. 2021).
In this work we put forward an additional, as of yet unconsidered,
explanation for these spurious results: the radius inferred from fit-
ting a single temperature blackbody to an accretion disc spectrum
does not correlate with any physical radial scale of the accretion
disc. The reason for this is rather straightforward: the Wien tail of
a multi-temperature colour-corrected accretion disc spectrum (the
part of a TDE spectrum probed by an X-ray telescopes) does not
have the functional form of a single temperature blackbody. Rather,
the correct functional form has multiple correction factors which
modify both the amplitude and energy dependence of the observed
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spectrum (equation 3). These modifications result in the systematic
underestimation of TDE disc sizes by blackbody modelling. The
correction factor from this effect for typical TDE parameters can be
as high as an order of magnitude.

In sections 2 and 3 of this paper we analytically and numer-
ically demonstrate this systematic issue with single temperature
blackbody modelling. In section 4 of this paper we examine two
of the existing explanations for these small emission radii. We
demonstrate that highly inclined disc systems can have inferred
radii which are a factor ~ 3 smaller than those of face-on discs.
Finally, we demonstrate that discs with high levels of neutral ab-
sorption, as is expected from TDE systems with large initial bolo-
metric luminosities (Metzger & Stone 2016), also result in TDE
radii being underestimated. The magnitude of this obscuration cor-
rection factor depends on the density of absorbing material, but can
also be significant for the most obscured systems.

2 MODELLING TDE X-RAY SPECTRA

A common practice in the TDE literature is to fit the observed X-ray
spectrum of a TDE with a single temperature blackbody function,
which has the following functional form:
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There are three primary simplifications present in this model which
result in large deviations from physical reality. Firstly, this model
assumes a spherical emission surface, whereas TDE soft X-ray pho-
tons will result from an accretion disc. Further, this model assumes
that the TDE emission surface evolves with only a single temper-
ature, when in reality the disc temperature will vary with disc ra-
dius. Third, this model neglects the effects of so-called disc ‘colour-
correction factors’, which model disc opacity effects (Done et al.
2012). Colour-correction factors have large effects on the proper-
ties of disc spectra observed in their Wien tail.

In reality the observed thermal “soft state” emission from an
accretion disc is given by the following expression

Fo= g [ BB/ fea) dbrb
S

Here S is the surface of the disc, and b; and b» are cartesian im-
age plane photon impact parameters. The factor f is the photons
energy-shift factor, defined as the ratio of the observed photon fre-
quency v to the emitted photon frequency Vemit, fv = V/Vemit-
Here T is the temperature of the disc, a function of both disc radius
and time T'(r, t). Finally, f.o1 is the ‘color-correction” factor, which
is included to model disc opacity effects. This correction factor gen-
erally takes a value fco1 ~ 2.3 for typical TDE disc temperatures.
For a more detailed derivation and discussion of this expression see
Section 2 of Mummery & Balbus 2021a.

While this expression may look unwieldy, TDE discs have the
fortunate property that they relatively cool, with their spectra peak-
ing below the low band pass of X-ray telescopes, k1" < 0.3 keV.
This means that X-ray observations of TDE discs probe the quasi-
Wien tail of the disc spectrum, a limit in which equation 2 becomes
analytically tractable. In Mummery & Balbus (2021a) it was shown
that equation 2 can be integrated by performing a Laplace expan-
sion about the hottest region in the disc, resulting in the following

expression
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(see also Balbus 2014). Here we have defined T, = feolfyTp,
where T}, is the hottest temperature in the accretion disc. The ra-
dius R, corresponds to the image plane co-ordinate of this hottest
region. The constant v depends on assumptions about both the in-
clination angle of the disc and the disc’s inner boundary condition,
and is limited to the range 1/2 < v < 3/2. We note that v = 1/2
for a vanishing ISCO stress disc observed precisely face on. The
positive constants &1, {2 and &3 are all order unity, £; ~ 2.19, &> ~
3.50,&3 ~ 1.50 (Mummery & Balbus 2021a). Here ‘...’ denotes
higher order terms which scale like ~ (KT}, /hv)",n > 3, which
can be safely neglected.

The flux from equation 3 depends only on the hottest temper-
ature in the accretion disc, and not on contributions from other disc
regions. This is an important result as TDE discs represent a class
of accretion discs which are evolving, and are therefore not well
described by steady state models. Standard disc models (e.g. the
DISKBB model in XSPEC, Arnaud 1996) assume that the radial
profile of the accretion disc is that of a steady state configuration.
This enforces radial structure onto the solutions which may well
not be present in reality, particularly at the earliest (and brightest)
times. Equation (3) therefore represents a more agnostic approach
to modelling TDE X-ray spectra, assuming only that the each disc
radius emits like a colour-corrected blackbody, and that there exists
some temperature maximum within the accretion disc.

To compare this result to the single temperature blackbody
function, consider its leading order (k7), < hv) behaviour:

~\ 7
~ Axeim® (Ry\? [ KT, hv
F’/(RP7 Tp) — c2 4 < D ) hy €xXp _kT (4)

col P

X

)

In this expression we observe key factors which differ from the sin-
gle temperature blackbody model. A factor 2 results from the disc,
rather than spherical, geometry of the emission region. More impor-
tantly however, a factor (1/fco1)* results from disc opacity effects
which, despite leaving the bolometric luminosity of the disc un-
changed, strongly modify the overall scale of a discs Wien-tail flux.
Finally, a factor &1 (kT /hv)” results from the fact that accretion
discs have radial temperature profiles, as opposed to a single tem-
perature. As hv > kT, this factor further suppresses the overall
scale of the disc emission.

A single temperature blackbody is therefore missing two large
factors which act to suppress the normalisation of the models flux.
When fit to an observed X-ray spectrum, a single temperature black-
body will therefore correspondingly underestimate the radial size
of the TDE emission region. Assuming that the exponential factors
of the two models are comparable, and that they produce the same
fluxes (Fy,bb/Fu,disc ~ 1), we have to leading order that

~\ 7
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Here we have assumed Icfp ~ 50 eV, a typical value for TDE discs,
and used the fco1(7") model of Done et al. (2012).
This simple result implies that approximating a disc spectrum

with a single temperature blackbody will introduce an order of mag-
nitude error into the inferred size of the disc. It is therefore of no
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Figure 1. Example samples drawn from the posterior distributions of the
best fitting single temperature blackbody (blue curves), and best fitting disc
model (red curves) fits to a simulated disc spectrum (black points). Both
functions produce perfectly adequate descriptions of the simulated data, but
only the disc model provides useful information about the disc and black
hole parameters of the system.

surprise that the radial sizes inferred from TDE X-ray spectra are
consistently found to be smaller than the event horizons of the black
holes they occur around (e.g. Wevers et al. 2019, van Velzen et al.
2019, Stein et al. 2020, Cannizzaro et al. 2021)

3 NUMERICAL DEMONSTRATION

In this section we verify two results, firstly, that the use of single
temperature blackbody functions leads to order of magnitude under
estimates of the physical sizes of TDE accretion discs. Secondly,
that the disc fitting function (eq. 3) accurately reproduces the sizes
of accretion discs from their X-ray spectra. To do this we generate
simulated 0.3-10 keV X-ray spectra from fully relativistic numer-
ical accretion disc models, and then fit these spectra with both a
single temperature blackbody function and the disc fitting function.

‘Fake’ X-ray spectra are generated by solving the general-
relativistic thin-disc evolution equation (Balbus & Mummery
2018), before ray-tracing the resulting disc emission profiles (black
points, Figure 1). We use the full temperature dependent colour-
correction factor of Done et al. (2012). These models have, in
the simplest modelling, three free parameters: the black hole mass
M=zwu, the disc mass My, and a disc o parameter which parame-
terises the disc turbulence. More complex models result from vary-
ing parameters like the black hole spin a, and the disc-observer in-
clination angle 6,1s. For a full description of the numerical tech-
niques used to solve the relativistic disc equations and compute the
discs resulting X-ray spectrum, see Mummery & Balbus 2021a.

A simple example of the deficiencies of the single tempera-
ture blackbody approach can be seen in Figure 2. Figure 2 shows
the inferred posterior distributions of the radial size fitting param-
eters (Rpp and R,,) of the two spectral fitting models, found using
MCMC fits (Foreman-Mackey et al. 2013). These models were fit to
simulated X-ray spectra produced from five numerical disc models
around black holes of different masses (denoted on plot). To simu-
late observation effects, random noise was added to each disc spec-
trum, at the level of ~ 20% of the flux in each frequency bin. Each
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Figure 2. The inferred posterior distributions of the two ‘emission size’ fit-
ting parameters, found using MCMC fits. The distribution of Ry, is plotted
in blue, and R, in red. The ISCO radius of each disc system is represented
by a black dashed line. The black hole masses of each disc system are dis-
played in the upper right corner of each plot. The radial ‘size’ inferred from
fitting a single temperature blackbody to an observed disc spectrum bears
no correlation with the actual size of that accretion disc. The radial sizes in-
ferred from eq. 3 accurately reproduce the physical sizes of accretion discs.

disc model was orientated face-on at an observer distance D = 100
Mpc, and the disc spectra were produced at the time when the bolo-
metric luminosities of the evolving discs peaked. The discs around
5, 7 and 9 million solar mass black holes used My = 0.5Mp.
To keep the disc luminosity sub-Eddington, the lowest black hole
mass X-ray spectrum was produced with My = 0.1M), while to
produce observable levels of X-ray flux the largest black hole mass
X-ray spectrum was produced with My = 0.75M . All disc mod-
els used the canonical value o« = 0.1, and the black holes had spin
parameters equal to zero. No prior constraints were placed on the
fitting parameters, except 1/2 < v < 3/2.

As can be clearly seen in Figure 2, the radial ‘size’ inferred
from fitting a single temperature blackbody to an observed disc
spectrum (blue histograms) bears no correlation with the actual size
of the accretion disc which produces that spectrum. In fact, these
best fitting blackbody radii do not even positively correlate with
black hole mass, instead returning values Ry, ~ 10'2 cm, indepen-
dent of physical disc size. On the contrary, the radial sizes inferred
from fitting eq. 3 to the simulated disc spectra (red histograms) ac-
curately reproduce the physical sizes of the accretion discs (black
dashed lines).

It is important to stress that the point of this analysis is not that
single temperature blackbodies produce particularly poor fits to the
observed data, it is that the parameters inferred from such mod-
elling do not correspond to any physical parameters of the system.
This can be seen from Figure 1 which shows 150 samples drawn
from the posterior distributions of the best fitting single tempera-
ture blackbody (blue lines), and best fitting disc model (red lines).
The simulated disc spectra are shown by black points, and corre-
spond to the Mpn = 7 x 106 Mg, My = 0.5M¢ simulation. Both
functions produce perfectly adequate descriptions of the simulated
data, but only the disc model provides useful information about the
disc and black hole parameters of the system.
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4 OTHER SOURCES OF SIZE UNDERESTIMATION
4.1 Inclined disc systems

The accretion discs examined in the previous section were oriented
face-on to the observer. Of course, in a real astrophysical system,
TDE accretion discs will instead be oriented at some general an-
gle 0 from the observer. The best-fitting radial sizes inferred from
an inclined disc system will be smaller than the physical disc ra-
dius (Figure 3). This is due to two principle effects. Firstly, simple
Newtonian ray tracing introduces a factor cos(f) to the projected
area of an accretion disc observed at an angle 6. This then leads
to an inferred radius R, = RoV/cos 6, where Ry is the ‘true’ disc
radius. Secondly, inner-disc Doppler boosting of photons emitted
from rapidly rotating disc material further decrease the inferred
radii of inclined disc systems. Equation 3 demonstrates that the
Wien-tail X-ray spectrum of an accretion disc is dominated by the
region where the combination T = fco1 fy7 is maximised. Both
feol and T are axis-symmetric quantities, but the photon energy-
shift factor f is, for large inclination angles, maximised in a small
region where disc material is moving directly towards the observer.
This rapidly rotating material has large Doppler blue-shifts, max-
imising T, but correspond to only a small area of the accretion disc.

As can be seen in the upper half of Figure 3, these two effects
lead to a systematic underestimate of the radial size of an accretion
disc when this disc is inclined to the observer. Fortunately however,
this systematic effect can be approximately removed by identifying
the fitted radius R, with R, = Rovcosf (lower panel, Figure
3). It should be noted however, that due to Doppler blue-shifting
this correction underestimates the required correction factor at large
inclinations. Inclination angle effects cause at most a factor ~ 3
change in the inferred radii of a disc system.

4.2 Local absorption

A final factor which has been suggested as a potential cause of the
deviations between the inferred and physical radii of TDE systems
is the presence of local absorption (e.g. Wevers et al. 2019). The
idea here is that some stellar debris are expelled from the TDE disc
system in the early stages of its evolution, which then obscure the
accretion disc from the observer (Metzger & Stone 2016).

As the ejected TDE material is likely to have been launched by
radiatively driven winds produced around TDEs with particularly
large bolometric luminosities, this effect will be particularly impor-
tant for low black hole mass TDEs (Mummery 2021a). The phys-
ical effect of absorption on an observed accretion disc spectrum is
to introduce a photon-energy-dependent multiplicative factor which
suppresses the spectrums amplitude. This takes the following form:

Fu,obscrvcd = eXP(—NH U(E)) * Fu,intrinsic; (6)

where Ny is the Hydrogen column density, o(F) is the photon-
energy-dependent scattering cross section per Hydrogen atom, and
F intrinsic 1 the un-absorbed flux, given by equation 2. The exact
form of o (E') depends on the abundances of various elements in the
absorbing medium, but can be well approximated analytically under
certain reasonable assumptions (Morrison & McCammon 1983).
To examine the effects of local absorption on the inferred disc
radii found from single temperature blackbody modelling we sim-
ulate 0.3-10 keV X-ray spectra from numerical disc models with
varying absorbing column densities. The model for o ( E') was taken
from Morrison & McCammon (1983). These absorbed disc spectra
are then fit with both a single temperature blackbody, and an ab-
sorbed disc model (combining equations 3 and 6, with Ny as a
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Figure 3. The posterior distributions of the radial fitted parameter R, (equa-
tion 3) fit to the observed 0.3-10 keV spectra of accretion discs inclined at
an angle 6 to the observer (inclination angle denoted in figure legend). The
upper plot shows the distributions normalised by the best-fitting radius for
a face on disc (§ = 0), denoted Rp. The lower plot shows the distribu-
tions normalised by Rpv/cos 6. Discs observed at an inclined angle will
have inferred radii which are smaller than the physical radius of the disc.
This correction factor can be as high as ~ 3 for large inclinations, and
scales roughly as v/cos@. This analysis was performed for a black hole
mass My = 5 x 108 Mg, disc mass My = 0.5M and o = 0.1.

free fitting parameter). As can be seen in Figure 4, fitting a single
temperature blackbody model to a locally absorbed disc spectrum
results in further large (up to a factor 10 for the largest column den-
sities) deviations between inferred and physical disc radii. This is
in addition to the intrinsic factor ~ 10 underestimate inherent when
using a single temperature blackbody function.

There are two reasons why higher absorption leads to further
underestimation of disc emission radii. Firstly, and most simply,
absorption acts to suppress the amplitude of the observed X-ray
emission (eq. 6), which is directly translated to lower inferred radii.
Secondly, the absorption cross section scales approximately as o ~
1/E? (but with various jumps due to atomic transitions, Morrison
& McCammon 1983), and thus introduce additional curvature in the
low photon energy part of the spectrum. This additional curvature
is then fit by a blackbody function with a higher temperature (Fig.
5), which acts to further increase the amplitude of emission, thus
requiring a further compensatory reduction in blackbody radius.

However, it should be noted that fitting absorbed disc spec-
tra using a single temperature blackbody function does not gener-
ally result in good fits to the data, particularly for large absorbing
column densities N > 10?* cm?. Unabsorbed blackbody spectra
tend to overestimate the flux at the lowest £ ~ 0.3 keV photon
energies (for the most absorbed disc spectra (lower panel, Figure
4), the blackbody model was fit to the 0.4 — 10 keV spectra, so
that a good fit could be found). It is unlikely therefore that neglect-
ing absorption has played a key role in the underestimation of TDE
disc sizes in the literature, because good fits are generally found
with blackbody modelling. In fact, a signature of significant intrin-
sic neutral absorption is rarely detected in high-quality TDE spectra
(Saxton et al. 2021). Undetected neutral absorption may however
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Figure 4. The posterior distributions of the two ‘emission size’ fitting pa-
rameters, found using MCMC fits to absorbed numerical disc spectra. The
distribution of Ry, is plotted in blue, and the parameter 12, of an absorbed
disc model is shown in red. The ISCO radius of the accretion disc is repre-
sented by a black dashed line. The absorbing hydrogen column density of
each disc spectrum is displayed in the upper left corner of each plot. The
radial ‘size’ inferred from fitting a single temperature blackbody to an ab-
sorbed disc spectrum differs hugely from the physical size of the disc. This
analysis was performed for a black hole mass Mgy = 7 x 108 Mg, disc
mass My = 0.5M¢ and oo = 0.1.

cause further underestimation of blackbody radii in the lowest qual-
ity TDE X-ray spectra, where the signal-to-noise is insufficient to
disentangle the absorption and emission components.

As can be seen in Figure 4, the correct disc radius can be re-
covered from an absorbed X-ray spectrum by treating the absorb-
ing column density Ny as a free parameter in a disc model fit (red
histograms). Modelling of TDE X-ray spectra should contain an
absorption component, in addition to a disc model, to model any
intrinsic neutral absorption which may exist in the system (e.g. the
ZTBABS model (Wilms et al. 2000) in XSPEC).

5 CONCLUSIONS

In this paper we have demonstrated that modelling TDE X-ray spec-
tra with a single temperature blackbody function leads to the sys-
tematic underestimation of the sizes of their accretion discs by as
much as an order of magnitude. In fact, the ‘blackbody radii’ found
with this method do not even positively correlate with the physical
size of an accretion disc (Figure 2). Coupled with possible (gen-
erally smaller) corrections factors from inclination angle and local
absorption effects, this work explains why various authors infer X-
ray emission radii which are smaller than the event horizons of TDE
black holes.

The size and temperature of TDE accretion discs are important
observational parameters as they encode information about both the
black hole and disc at the heart of a TDE. By using the disc model
presented in this paper (eq. 3), these two parameters can now be
accurately inferred from future X-ray observations of TDEs.
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Figure 5. The posterior distributions of the blackbody temperature, found
using MCMC fits to absorbed numerical disc spectra for varying levels of
absorbing Hydrogen column density. The absorbing hydrogen column den-
sity of each disc spectrum is displayed at the top of the plot. Disc spectra
with higher levels of absorption result in higher inferred disc temperatures,
due to additional curvature in the observed spectrum at low photon energies.
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