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ABSTRACT

Context. The transition in turbulence in the inner regions of protoplanetary discs and the closely connected dust sublimation front lead
to a periodic instability, manifesting as episodic accretion outbursts. For the corresponding interplay between heating and cooling, the
opacity of the material needs to be treated carefully.

Aims. We investigated the effects of different dust and gas opacity descriptions on the structure and evolution of the inner regions of
protoplanetary discs. The effect on the episodic instability of the inner disc edge is of central interest here.

Methods. Two-dimensional (2D) axisymmetric radiation hydrodynamic models were employed to simulate the evolution of the inner
disc over the course of several thousand years. Our simulations greatly expand on previously published models by implementing
detailed descriptions of the gas and dust opacities in terms of their mean and frequency-dependent values. This allowed us to also
consider binned frequency-dependent irradiation from the central star.

Results. The adaptive opacity description affects the structure of the inner disc rim to a great extent, and the contribution of the gas
opacities is the most significant effect. The resulting effects include the shift in position of the dust sublimation front and the dead zone
inner edge (DZIE), a significantly altered temperature in the dust-free region, and the manifestation of the equilibrium temperature
degeneracy as a sharp temperature transition. The episodic instability due to the activation of the magneto-rotational instability in
the dead zone still occurs, but at lower inner disc densities. While the gas opacities set the initial conditions for the instability by
determining the location of the DZIE, the evolution of the outburst itself is mainly governed by the dust opacities. The analysis of
criteria for non-axisymmetric instabilities reveals a possible breaking of the density peaks that is produced during the burst phase.
However, due to the periodicity of the instability cycle, the DZIE itself may remain stable throughout the quiescent phases according
to linear criteria applied to our axisymmetric models.

Conclusions. Although the thermal structure of the inner disc is crucially affected by different opacity descriptions, especially by the
contribution of gas, the mechanism of the periodic instability of the DZIE remains active and is only marginally affected by the gas

opacities. The observational consequences of the severely altered temperatures can be significant and require further investigation.
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1. Introduction

A substantial number of previous investigations has shown that
the structure of the inner regions of protoplanetary discs is sub-
ject to extensive variability, originating from various processes
and often manifesting as periodic outbursts of accretion onto
the central star (Lin et al. 1985; Kley et al. 1999; Wunsch et al.
2006; Vorobyov & Basu 2006; Bae et al. 2013; Audard et al.
2014; Kadam et al. 2019; Steiner et al. 2021). A compilation
of observed variable young stellar objects is provided in the
Outbursting Young Stellar Objects Catalogue (OYCAT, Contreras
Pefia et al. 2025). The instabilities underlying the variability,
and the potential luminosity feedback from the accretion burst,
can significantly affect the thermal and chemical disc structure
(Rab et al. 2017; Vorobyov et al. 2020; Laznevoi et al. 2025).
While most previous studies focused on modelling observational
signatures of outbursting young stellar objects such as FU
Orionis (Herbig 1977), our previous work (Cecil & Flock 2024,

* Corresponding author: cecil@mpia.de

hereafter Paper I) investigated the instability of the inner disc as
an intrinsic consequence of the dynamic and thermal evolution
of the region around the dead zone inner edge (DZIE) over
long periods of time. A particular focus was thereby laid on the
potential effects on the formation of planetesimals and planets
in the inner disc.

The mechanism emerging in our radiation hydrodynamic
simulations causes thermal instability (TI) by activating the
magneto-rotational instability (MRI; Balbus & Hawley 1991)
within the dead zone. While multiple previous studies have
investigated such MRI-triggered outbursts (Zhu et al. 2009b;
Kadam et al. 2020; Vorobyov et al. 2021; Cleaver et al. 2023; Das
et al. 2025), Paper I showed that they can naturally arise from the
turbulence transition between the irradiation-dominated gaseous
inner disc and the optically thick outer domain. After activating
the MRI beyond the DZIE, heating fronts travel into the dead
zone, expanding the highly turbulent region and flushing large
amounts of material onto the star. The burst phase is hereby
substructured into multiple reflares of the instability. After the
density of the inner regions has been lowered enough to prevent
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further MRI activation, the disc enters a quiescent phase, during
which the inner dead zone is refilled with matter accreted from
the outer regions. A new outburst cycle commences as soon as
the combination of viscous heating and heat trapping again raises
the midplane temperature above the MRI activation threshold
beyond the DZIE. The temperatures reached during this burst
process are not high enough to induce the classical TI by hydro-
gen ionisation (Bell & Lin 1994; Zhu et al. 2009a; Nayakshin
et al. 2024; Elbakyan et al. 2024, 2025).

The type of accretion burst analysed in Paper I followed a
limit cycle and could be tracked on S-curves of thermal sta-
bility, as was done in studies of cataclysmic variables (Lasota
2001; Hameury 2020; Jordan et al. 2024), but also for instabil-
ities in protoplanetary discs (Martin & Lubow 2011; Nayakshin
et al. 2024). Additionally, the burst cycle produced multiple pres-
sure maxima, in which dust might accumulate and grow (Taki
et al. 2016; Dullemond et al. 2018; Lee et al. 2022). On the other
hand, the pebble- and planet-trapping pressure bump at the DZIE
(Dzyurkevich et al. 2010; Flock et al. 2019; Chrenko et al. 2022)
was periodically destroyed.

In Paper I, we used a simplified description of the opacities
by fixing a single value for the gas contribution and two constant
values for the mean and irradiation opacities for the dust coeffi-
cients. However, in the context of instability cycles, the opacities
govern the critical surface densities for activating (X7%°) and
shutting down (Zé“r}:‘) the underlying physical mechanism (MRI,
in the case of Paper I; Lodato & Clarke 2004; Wunsch et al.
2006; Nayakshin et al. 2024). Furthermore, in regions in which
dust sublimation becomes relevant, the gas opacity can be dom-
inant in describing heating and cooling as well as determining
the optical thickness of the disc material and the shape of the
inner dust rim (Muzerolle et al. 2004; Isella & Natta 2005; Isella
et al. 2006; Zhang & Tan 2011; Kuiper & Yorke 2012; Flock
et al. 2016). Therefore, we expand our previous models by imple-
menting detailed descriptions of the dust and gas opacities in
this work. While several versions of relevant gas opacity cal-
culations were presented in the literature (Helling et al. 2000;
Ferguson et al. 2005; Marigo et al. 2024), Malygin et al. (2014)
provided frequency-dependent opacities in addition to the Planck
and Rosseland means. This allowed us to treat the irradiation in a
frequency-dependent manner with contributions from the gas in
addition to the frequency-dependent dust opacities, which have
already been shown to result in a more accurate description of
radiative transport in irradiated discs (Kuiper & Klessen 2013).
The mean gas opacities by Malygin et al. (2014) were also used
by Pavlyuchenkov et al. (2023) to show the multivalued equilib-
rium temperature solution leading to variable accretion, similar
to the classical TL.

The density structure resulting from the burst cycle can be
favourable for convergent migration of planetesimals, which has
been proposed as a possible origin of the terrestrial planet distri-
bution in the Solar System (Ogihara et al. 2018; Broz et al. 2021).
However, the sharpness of the density features produced by the
outburst mechanism calls their dynamic stability into question,
especially regarding the Rossby wave instability (RWI; Lovelace
et al. 1999). The RWI can lead to the emergence of large-scale
vortices (Lyra & Low 2012; Bae et al. 2015; Flock et al. 2015),
which can affect the dynamic disc structure, and which have
been suggested as origins of dusty non-axisymmetric structures
in discs observed with ALMA (e.g. Pérez et al. 2018; Ziampras
et al. 2025b). Therefore, a careful investigation of the dynamic
stability of spikes and bumps in the density structure during the
burst and post-burst phases is warranted.

A296, page 2 of 22

Our study intends to broaden our understanding of the inner
disc structure and dynamic evolution under the effect of periodic
instability by carefully treating dust and gas opacities in their
mean and frequency-dependent form. Analogously to Paper I,
we used 2D axisymmetric radiation hydrodynamic simulations,
which were additionally complemented by the consideration of
accretion luminosity feedback from the central host star. By sub-
sequently activating the different descriptions in our simulations,
we analysed their direct or combined impact. Additionally, we
investigated the possibility of a non-axisymmetric instability of
the density features produced by the burst cycles.

The paper is structured as follows. In Sect. 2, we describe the
physical and numerical configuration of our models. We present
the results of the simulations in Sect. 3 and discuss and anal-
yse them further in Sect. 4. Our conclusions are summarised in
Sect. 5.

2. Method

The set-up and execution of the simulations we conducted fol-
lowed the same strategy as presented in Paper L. Section 2.1 gives
a brief overview of the governing equations and summarises
the main parts of the modelling procedure. The subsequent sec-
tions are mainly concerned with the extension of the models of
Paper I by implementing new physical prescriptions. Section 2.2
presents the descriptions of gas and dust opacities, which are
then included in the formulation of the frequency-dependent
irradiation flux in Sect. 2.3. Section 2.4 describes the imple-
mentation of the turbulent viscosity and Sect. 2.5 addresses
the numerical details. All simulations were conducted with the
PLUTO code (Mignone et al. 2007), including the flux-limited
diffusion (FLD) description of radiative transport presented in
Flock et al. (2013).

2.1. Governing equations

The initial model of the 2D axisymmetric disc in spherical
co-ordinates (r, 6, ) was constructed by solving the equations
of vertical hydrostatic equilibrium in conjunction with the two
radiative transport equations in the FLD approximation, includ-
ing viscous heat dissipation as a source term,

e (T — Ex) =V - Fir + Ouees (1)
v—1 ot £

OE A

IR v [ ELVER| = kppc(ar T - Ev), 2
ot KR P &

with the adiabatic factor y, the gas thermal pressure Pg, the mass
density p, the gas temperature T, (which we assume to be equiv-
alent to the dust temperature), the radiation energy density ER,
the azimuthal component of the viscous stress tensor Q,.., the
flux-limiter function A (Levermore & Pomraning 1981), the radi-
ation constant ag and the speed of light c. The description of
the Planck and Rosseland mean opacities, kp and kg, is given in
Sect. 2.2 and the form of the irradiation flux Fj, is presented in
Sect. 2.3.

For creating the initial surface density profile X, which is
then used to determine the 2D density structure according to the
hydrostatic equilibrium, we used
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where M, is a radially constant mass flux through the disc
and vyis is the kinematic viscosity of a standard a-disc model
(Shakura & Sunyaev 1973),

O et 4
VVISC_H_Q/CS s 4
with @ being the temperature-dependent stress-to-pressure ratio,
the structure of which is described in Sect. 2.4. We defined the
speed of sound as ¢; = /yP,/p and the orbital frequency' as
Q = v,/r, where v, is the azimuthal component of the velocity
field. The scale height H is defined as H = ¢;/Q.

The hydrostatic initial model was then evolved in time by
solving the coupled equations of continuity, motion and total
energy,

dp

&’ .v. =

ot (pv) =0, )
%+V-(pva)+VPg=—pVCD+V~H, 6)
O

E+V-[(E+Pg)v]=—pv~VCD—H:Vv

—kppclar Ty — ER) =V - Firr, (7)

together with the equations for radiative transport (Eqgs. (1) and
(2)), omitting the viscous heating term in Eq. (1) since it was
already considered in the hydrodynamics equations through II.
The velocity vector is denoted with v = (v,, vy, V), E is the total
energy, @ the gravitational potential and II the viscous stress
tensor.

As a closure relation, we used the ideal gas equation of state
in both the hydrostatic and dynamic calculations,

kg Ty
P, =8¢ )
g

Hg U

with the mean molecular weight p, = 2.35, the Boltzmann
constant kg and the atomic mass unit u.

As was the case in Paper I, due to the inclusion of vis-
cous heat dissipation and the temperature-dependence of « in
the establishment of Z, we expect the initial hydrostatic model to
be unstable to the TI by MRI activation in the dead zone. Con-
sequently, the hydrodynamic simulations always start with a full
TI accretion burst cycle. This initial phase can be regarded as
a process of relaxation towards the beginning of the quiescent
state, representing the disc structure equivalent to the state after
subsequent burst cycles, as presented in Paper 1.

2.2. Opacities

The mean and frequency-dependent opacities for both gas and
dust were interpolated from tabulated values in logarithmic
space (assuming underlying power-law relations between opac-
ities and disc quantities) at each timestep and in every cell of
the computational domain. The dependencies on disc properties
and corresponding parameter spaces covered by the respective
opacity tables are summarised in Table 1.

For the dust component, we used the DIANA standard opac-
ities (Woitke et al. 2016), calculated with optool (Dominik
et al. 2021), with a minimum and maximum grain size of ay;, =
0.05 um and anax = 10 um, respectively, and a power-law index

I 'We defined r as the spherical radius. However, since z/r is small in
our models, we can assume r ~ R with R being the cylindrical radius.

Table 1. Parameter ranges for the different opacity tables.

T,-range Pg-range v-range [Hz]
K] [dyncm™2]  (A-range [um])
10°-10* B B
KPR.d {500}
) > 1((())131_31('))10]5
Ka(v - - 1=
' {50)
2 10
KPR 7 1(9)4_10 107°-10° -
¥ extrap. to 10° {126}
6-10°-10* “13_103  3-108-3-10"
Ke() 60 3 1({)16}—10 (0.1-10)
extrap. to 10° {50}

Notes. The number of sample points within the range of the according
quantity is given in the curly brackets.

of apow = —3.5 (Mathis et al. 1977) for the dust size distribution.
The frequency-dependent dust opacities x4(v) from the optool
output were then used to calculate the Planck and Rosseland
means, kp 4 and kg 4.

The mean and frequency-dependent gas opacities were based
on Malygin et al. (2014) and provided in separate tables (we refer
to the data availability statement at the end of the paper for access
to the tables). The Planck and Rosseland means, kpg and kg,
were calculated on a grid of gas temperatures and pressures with
ranges listed in Table 1. Additionally, the table included values of
the gas density for each temperature—pressure pair, based on an
ideal gas equation of state with varying mean molecular weight
1g. The frequency-dependent gas opacities, k,(v), were tabulated
on a slightly different, coarser grid of temperatures and pres-
sures’ in addition to a range of wavelength bins®. The opacity
was given in the table as both a direct and harmonic average of
the underlying fine-resolution spectrum within a wavelength bin.
Our handling of the frequency-dependent opacities is elaborated
on further in Sect. 2.3.

Panels a and c of Fig. 1 show the maps of the Planck and
Rosseland mean gas opacities, respectively, in the temperature—
pressure space relevant for the models in this work, together
with the temperature-dependent dust mean opacities. While the
gas pressure values in our simulations lie well within the grid
ranges, the temperatures can drop significantly below 700 K. In
regions where this was the case, we extrapolated the opacities
by adopting the values at the lower temperature grid boundary.
This extrapolation has no effect in the optically thick regions of
the disc near the midplane, where the diffusive radiative trans-
port is primarily governed by the Rosseland mean opacities.
Since the gas Rosseland mean is very low compared to its dust
counterpart (panel ¢ of Fig. 1) and dust will always be present
at T, < 700K, the effective Rosseland mean opacity will be
dominated by the dust component. As a consequence, the extrap-
olation might only be relevant for the Planck mean opacities. We
inferred from Fig. 4 in Malygin et al. (2014) that the Planck

2 In fact, the table included density values instead of the pressure grid.
However, with the three grids (7, Pg,p) given in the gas mean opac-
ity table, the underlying ideal gas equation of state is uniquely defined,
which allowed for an interpolation and simple transformation between
the gas pressure and density values.

3 Consistency between the mean and frequency-dependent opacity
tables was confirmed by recalculating the mean opacities from the
frequency-dependent ones and comparing them to the tabulated values.
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Fig. 1. Planck (panels a and b) and Rosseland (panels ¢ and d) mean opacities. Panels a and c: maps of the temperature- and pressure-dependent gas
mean opacities. The pink lines represent the dust mean opacities as functions of temperature. Panels b and d: final effective mean opacities, with
the lime-coloured contour indicating the dust sublimation temperature, T's, for each pressure value. The white and black dots mark the temperature—
pressure pairs that occur in our simulations, representing a snapshot of the quiescent and the outburst stage, respectively.

means remain approximately constant below 700K, which is
consistent with our extrapolation, at least down to about 200 K,
according to Freedman et al. (2008). Furthermore, the extrapo-
lated Planck mean opacities only have an effect in intermediate
disc layers above approximately two scale heights (where the
Rosseland means become subdominant, with temperatures typ-
ically exceeding 200K) and below the hot disc atmosphere.
Therefore, we do not expect this extrapolation to significantly
affect the main findings of this work.

Panels b and d show the effective total opacities kpr =
KpRg + fD2gkpRr.d (With the dust-to-gas mass ratio fpyg) includ-
ing the vaporisation of dust at a sublimation temperature T
(green contour). We refer to Appendix A for the parametrisations
of Ts and fpyg. Panels b and d also visualise all combinations
of gas temperature and pressure extracted from a representa-
tive simulation in states of quiescence (white dots) and outburst
(black dots). The noticeable gap in the coverage of the dots
along the ridge of the Planck mean opacity transition is due to
the equilibrium temperature degeneracy, the effects of which are
investigated in Sect. 3.4.

2.3. Irradiation flux

The method used in our models to efficiently describe the fre-
quency dependence of the stellar irradiation was based on Kuiper
et al. (2010). In the following, we review the specific implemen-
tation of the method in our models. We hereby expand upon
the description used by Sudarshan et al. (2026) by including the
frequency-dependent gas opacities.

We calculated the total irradiation flux at every radius with
(we refer to Appendix B for a derivation),

R

2 n
Fin(r) = (7*) ossTy o Z wie 0, )
i=1

with the stellar radius R,, the Stefan-Boltzmann constant o-sg,
the number of frequency bins n, the central frequency of a bin
v;, its spectral weight w; and its radial optical depth Tp,q(v;, r).
The effective stellar temperature 7', .4 takes the contribution
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of accretion shock luminosity (following the description given
in Appendix C) into account. The spectral region considered
for the frequency-dependent opacities extended from 0.1 pm to
10 pm and was separated into 50 bins as a compromise between
computational efficiency and accuracy. Since the absorption of
irradiation is typically governed by the Planck means, we chose
the direct averages within the frequency bins for the gas opaci-
ties. A visualisation of the binned frequency-dependent opacities
for both gas and dust, in relation to the irradiating stellar spec-
trum, is given in Fig. 2. The temperatures of the displayed
blackbody spectra include contributions from both the stellar and
accretion shock luminosity. The colour coding of the bins cor-
responds to their relative spectral weight w;/max(w;). Following
the definition of w; in Appendix B, the bin with the largest weight
(i.e. carrying most of the energy) is located at the maximum of
B, (v, T et), Which shifts only slightly under the influence of the
maximum accretion luminosity. The wavelength range beyond
10 um, which we did not consider in our irradiation descrip-
tion, only incorporates ~0.2% of the total irradiation energy and
could therefore be neglected. The gas opacities are displayed
for two different temperatures, with the density being kept con-
stant. When considering the effect of the dust-to-gas mass ratio,
the contribution of the gas to the total opacity can significantly
exceed the impact of the dust, especially at small wavelengths
and low temperatures.

Without frequency-dependent irradiation, we can set n = 1
and w; = w = 1 in Eq. (9), 71aq(v, r) becomes the total radial opti-
cal depth 7.,4(r), and we arrive at the usual expression for the
grey irradiation flux,

R* g —Trad(r
F*(r)z(T) orsp T €0, (10)

2.4. Viscosity

For most models in this work, we used the same description for
the temperature-dependent viscous a parameter as in Paper I,

T, - T
%)} + apz. (1)

1
a = (aMmRr1 — @pz) = [1 - tanh(
2 A
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Fig. 2. Frequency-dependent gas and dust opacities in relation to the
irradiating blackbody spectrum of the central star. The black lines indi-
cate the Planck function of the irradiation, where the dash-dotted line
represents the star during the quiescent phase (with negligible contribu-
tion from the accretion luminosity), whereas the dashed line shows the
irradiating spectrum that includes the effect of the maximum accretion
luminosity occurring in our models. The separation of the frequency
space into the 50 bins is indicated by the thin vertical lines, where each
bin is coloured according to its relative spectral weight. The orange
crosses mark the dust opacities in their respective bins, multiplied by
the maximum dust-to-gas mass ratio fy. The gas opacities in each bin
were evaluated for a density of 107'° gcm™ and are shown for two rep-
resentative temperatures: 1000 K (blue crosses) and 3000 K (magenta
crosses).

where ayr; and apz describe the viscosity of the MRI active
and dead zone regions, respectively, and Ty represents the
threshold temperature around which the MRI becomes active.
Following Flock et al. (2019) and Paper I and the motivations
given therein, we set avr; = 0.1, apz = 107 and Tyg; = 900 K.
While we implemented a narrow transition between aygr; and
apz with a smoothing parameter 7y = 25K for the models in
Paper I, we expanded the transition range for the new mod-
els of this work to T = 70 K. The influence of this parameter,
together with the effects of a lower value of apy, is investigated
in Appendix D.

Previous studies have suggested that the effective viscosity
does not respond instantaneously to changes in disc properties
(e.g. Hirose et al. 2009; Flock et al. 2017; Ross et al. 2017; Held
& Latter 2022). Instead, there might be a significant delay in
a adapting to alterations of the thermal and ionisation struc-
ture. We analysed the effects of a delay like this by adapting
Eq. (11) accordingly and by incorporating this description in
additional models. We present the modelling procedure and its
consequences in Appendix E.

2.5. Numerical considerations

The majority of the numerical parameters and boundary condi-
tions were directly adopted from Paper 1. We briefly present the
relevant differences.

To allow efficient radiative cooling, the vertical domain must
be large enough to capture the transition from the optically thick
disc to the optically thin atmosphere at every radius. Addition-
ally, the polar boundary conditions should not inhibit the cooling

process. In ensuring that, taking into account the new opac-
ity descriptions of the models of this work, the polar domain
was expanded to Ny = 192 linearly spaced cells and covered a
range in 6 of /2 + 0.22, in contrast to /2 + 0.15 considered
in our previous models. The radial domain remained separated
into N, = 2048 logarithmically spaced cells and extended from
rin = 0.05 AU to 7oy = 10 AU. As a polar boundary condition
for the temperature, we set

R 1/2
) T..

Ty = 0.6(5 (12)

which is very similar to the condition used in Paper I. We ensured
that the resulting values are lower than the typical boundary
temperatures in our models, enabling the disc to cool efficiently.

The sensitive temperature- and pressure-dependence of both
the mean and frequency-dependent opacities necessitated the
application of an under-relaxation scheme to the solver algo-
rithm to maintain numerical stability. To exclude any impact
on the onset and evolution of the episodic accretion events, the
under-relaxation scheme was only applied in the optically thin
disc atmosphere, where numerical instabilities are most preva-
lent. The detailed strategy and consequences of this method are
explored in Appendix F.

3. Results

We conducted a multitude of 2D radiation hydrodynamic sim-
ulations with different combinations of the newly implemented
physical effects. Table 2 lists the names and configurations of
the various models presented in this section, including MREF*
from Paper I as a reference. While the model DUST only con-
sidered the effects of the DIANA standard dust opacities for
both the mean values and the frequency-dependent irradiation,
NOFREQIRR combined the new descriptions for mean opacities
of both the dust and the gas, but the irradiation was treated
as frequency-integrated (i.e. grey irradiation), using the Planck
means as absorption coefficients. The FULL model incorporated
the new mean opacities and frequency-dependent irradiation,
taking into account the contributions of both gas and dust. Addi-
tionally, the models DUST and FULL were simulated with and
without the effect of accretion luminosity feedback. The values
of the remaining physical and numerical parameters used in all
simulations are listed in Table 3.

3.1. Effect of dust opacities

To isolate the effect of the new description of dust opacities using
the DIANA standards, we analyse the initial outbursts in the
models MREF* and DUST, starting from essentially the same ini-
tial hydrostatic structure. Figure 3 shows a comparison between
these two models in the initial configuration, the outburst stage
and the post-burst structure. The small difference in the gradient
of the initial surface density profiles at the DZIE, recognisable
in panel b, is due to the discrepancy between the values of T
of the two models. The vertical optical depths of the initial mod-
els shown in panel c reveal that the DIANA opacity description
results in a higher optical thickness of the disc compared to the
constant opacity values in MREF*. For instance, at a radius of
1 AU, 7y differs by a factor of 1.5 between DUST and MREF*.
Since the surface density is equal outside a radius of ~0.2 AU,
the heat produced by viscous accretion near the midplane can
become trapped more efficiently in the case of DUST. This has a
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Table 2. Model names and configurations.

Dust mean opacity  Dust irradiation opacity ~Gas mean opacity ~ Gas irradiation opacity ~ Accretion
Model 2 -1 2 -1 2 -1 2 -1 O
[cm” g™'] [cm” g™ ] [cm” g™ ] [cm~ g7'] luminosity
MREF* kp = kg = 700 kp = 1300 Kp = KR = 1073 Kp = 1073 no
DUST ng(Tg) «Plv) kp = kg = 1073 kp = 1073 yes/no
NOFREQIRR kpr(Te) kN(T4) Ko (Tg, Pg) KTy, Py) no
FULL Kpr(Te) KPl(v) Ko (Tg, Pg) M4y, Ty, Py) yes/no

Notes. The superscript DI indicates opacities according to the DIANA standards, while M 14 symbolises gas opacities from Malygin et al. (2014).

Table 3. Model parameters.

M, M) 1.0 | Ta (K) 70
R. (Ro) 26 | fo 1073
T, (K) 4300 | 7, (AU) 0.05
QMR 0.1 | rou (AU) 10
apz 1073 | 6 (rad) 7/2+0.22
Mgt Moyr™")  3.6-107° | N; 2048
Tvrr (K) 900 | Ny 192

Notes. These parameters were implemented in the models DUST,
NOFREQIRR, FULL, and FULL_DEL. The differences to MREF* are
restricted to the configuration of the polar domain and 74 and are laid
out in Sect. 2.

variety of consequences for the evolution of the TI cycle. Com-
paring the MRI activation fronts in panel a (black contours)
reveals that a considerably larger portion of the dead zone is
heated up and made MRI active in the DUST model. The heat-
ing front, launched after activating the MRI near the DZIE, is
able to travel further outwards compared to the optically thinner
disc in MREF*, where radiative cooling is more efficient. Con-
sequently, the outermost density- and pressure bump emerging
from the burst cycle (i.e. the peak in the surface density in the
post-burst state) lies at a larger radius in the DUST model. Fur-
thermore, the MRI active region becomes hotter, allowing for a
larger fraction of the dust content to be sublimated. Hence, the
upper equilibrium branch of the S-curve describing the insta-
bility cycle shifts to higher temperatures (as explored further in
Sect. 4.3).

The magenta lines in panel a of Fig. 3 mark the 7 = 1
surfaces for the stellar irradiation. In the case of DUST, 7.4 has
to be understood as the optical depth considering the total irra-
diation flux, Tyuq0. Hereby, Trawe = 1 was calculated as the
radius at each height at which Fi,(7) (Eq. (9)) has decreased to
Fi(R,)e~"'. The surface lies at larger heights compared to MREF*,
which creates the drop in relative temperature between the two
magenta lines because the stellar irradiation is absorbed sooner
behind the dust sublimation front in DUST.

Another consequence of the higher dust opacities in DUST
becomes discernible in the comparison of the post-burst states.
Since the MRI can be kept active even at lower surface densities
than in MREF*, the TI cycle in DUST not only engulfs a greater part
of the dead zone, but also removes more mass from the affected
regions. As a consequence, although the overall shape of the sur-
face density profile in the post-burst state is the same in both
models (including the positive gradient in the burst region), the
absolute values of X in DUST are lower. Despite the lower sur-
face density, the vertical optical depth in the post-burst state is
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Fig. 3. Comparison between the models MREF* and DUST. Panel a: map
of the temperature difference between the two models at a stage when
the MRI active region has reached its largest extent during a burst. The
black, green, and magenta contour lines represent the MRI transition,
the dust sublimation front, and the 7,4 = 1 surface, respectively, where
the dashed lines correspond to DUST and the solid lines to MREF*. Panels
b and c: surface density and total vertical optical depth, respectively,
of both models at two different stages: the initial hydrostatic structure
(blue), and the state after the initial burst, when most of the density
bumps have diffused (red).

still higher. This can be understood by considering that the min-
imum surface density necessary to keep the MRI active (2‘;}?
depends on the balance between heating and cooling efficiency,
both of which depend on the surface density. In the DUST model,
the more potent heat trapping near the midplane has to be com-
pensated for by a greater diminishment of the surface density to
enable effective cooling. However, a lower surface density also
decreases the viscous heating efficiency, as a consequence of
which, the equilibrium at Z‘C‘I‘,i? allows for a larger vertical optical
depth.

Sections 3.2 and 4.3 show that the evolution of the disc dur-
ing burst cycles is mainly determined by the dust opacities, while
the contribution of gas is only marginal. Therefore, the analysis
of the onset, progression, and consequences of the outburst under



Cecil, M., et al.: A&A, 707, A296 (2026)

TFULL _ TgUST [K]
-100 O 500 1000 1500 2000 2500
I I I I

-500

—-300

z/r

P
-

r [AU]

100 500 1000

TgUST [K]

1500

2000

Fig. 4. Differences between the models DUST and FULL during qui-
escence (panel a) and outburst (panel b). The coloured contour lines
represent the same transitions as in Fig. 3, with the solid lines corre-
sponding to DUST and the dashed lines to FULL. The upper halves of
the panels show the differences in temperature between the two models,
while the lower halves depict the absolute temperature of DUST.

the effect of the DIANA opacities was conducted in the context
of the FULL model in the following sections.

3.2. Effect of gas opacities

The FULL model incorporates the mean and frequency-
dependent gas opacities, as calculated by Malygin et al. (2014),
in addition to the DIANA standard dust opacities. We start
the analysis of their combined effects by comparing FULL to
the previously investigated DUST model. Figure 4 displays the
discrepancies between these two configurations for both the qui-
escent (panel a) and the outburst phase (panel b). Additionally,
the lower hemispheres of the two depicted snapshots show the
temperature map of DUST. In both models, the accretion shock
luminosity feedback is included.

The structure of the quiescent inner disc shows several
remarkable differences. The temperature in the optically thin,
gaseous atmosphere is significantly higher (by up to 2000 K)
in the case of the FULL model. While we assumed a constant
value of 1073 cm? g~! for the irradiation and the Planck mean
gas opacity in the DUST model, the corresponding opacities in
FULL adapted freely to the conditions in the atmosphere, typ-
ically exceeding 0.1cm?g~' (see Fig. 1), leading to a higher
temperature in the equilibrium between heating and cooling. For
the definition and evaluation of the equilibrium temperature, we
refer to Appendix G and Sect. 3.4.

The shapes and positions of the MRI transition, the dust sub-
limation front, and the 7,4t = 1 surface are strongly altered by
the adaptive gas opacities. Due to the typically higher irradiation
opacity of the FULL model compared to DUST, the stellar radi-
ation is absorbed much sooner in the vicinity of the midplane,
shifting the 7,41t = 1 surface significantly closer towards the

star. Consequently, the midplane temperature decreases below
the dust sublimation and MRI activation thresholds much sooner,
placing these transitions at the midplane at smaller radii as well.
As a result, there is only a very small region (<0.015 AU) at
the disc midplane that can be considered to be dust-free, assum-
ing that the magnetic truncation radius lies approximately at the
inner boundary. This is the case even though we neglected the
attenuation of the stellar irradiation between the stellar surface
and our computational domain.

Similar to what we explored in Fig. 3, the region between
the two Tra0 = 1 surfaces is significantly cooler in the FULL
model. At a height of z/r ~ 0.1, the gaseous atmosphere is
optically thin enough in both models such that the 7Tgor = 1
surfaces approximately coincide again outside of 0.2 AU, where
the optical depth is mainly determined by the dust.

While the shapes of the transitional surfaces show a pointy
feature at the midplane in the DUST model, they form a more
rounded structure and become very shallow at a height of z/r ~
+0.05 in the case of FULL. The MRI activation front and the
inner dust rim become vertical just outside 0.2 AU in DUST,
whereas they approach the polar boundaries only slowly in FULL,
maintaining a hot, gaseous atmosphere at much larger radii.

Analogous to panel a of Fig. 3, panel b of Fig. 4 compares the
structure of DUST and FULL at the respective times when the MRI
active region has reached its greatest extent during an accretion
event. The depicted outbursts are again part of the initial cycle,
starting from the same hydrostatic initial model. The compari-
son of the MRI transitions (black contours) and dust sublimation
fronts (green lines) indicates that the instability affects almost
exactly the same region of the dead zone in both models, hinting
at the dominance of the dust opacity, rather than the gas con-
tribution, during the burst. Within the MRI active region near
the midplane, the temperatures only start to diverge very close
to the star, where the material becomes hot enough to sublimate
the dust content to an extent at which the gas opacity (especially
Kr,¢) becomes influential again. The similarities in the optically
thick parts of the disc during the outburst, as well as the slight
differences, manifest themselves in the shapes and positions of
the S-curves, which are investigated further in Sect. 4.3.

In front of the inner dust rim, the Tpgiwr = 1 lines dif-
fer between the two models, similar to what was observed
in the quiescent phase. Due to the large amounts of material
being accreted inwards during the outburst cycle, the midplane
becomes optically thick enough to allow for the T = 1
surfaces to reach the inner boundary in both models.

3.3. Temporal evolution of the outburst phase

As a next step in analysing the effect of the new opacity descrip-
tions, we compared the structure and evolution of the MRI-
activated TI burst cycle following the quiescent phase between
the models FULL and MREF*. Figure 5 shows five snapshots in
time illustrating the evolution of a complete outburst cycle. The
top row presents the 2D temperature structure of FULL, analo-
gous to that shown for MREF in Paper I, but on a logarithmic
temperature scale. At ¢t = 11, the MRI is activated in the dead
zone at the midplane, just outside the DZIE. The sudden increase
in heating efficiency by viscous dissipation launches heating
fronts into the dead zone, progressively activating the MRI. The
front stalls when the surface density valley trailing it reaches X731
(at ¢ = t¢1), below which the MRI can no longer be sustained. It
is then reflected into a cooling front that travels back towards the
star, shutting down the MRI activity. This process repeats several
times as smaller reflares (the first of which is ignited at ¢ = f.q
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Fig. 5. Evolution of the outburst in the FULL model compared to MREF*. The different columns correspond to different evolutionary stages, starting
from the ignition of the burst at ¢ = #1;, chronologically proceeding through the burst stage and ending with the beginning of the next quiescent
state at t = fquies. The top row shows the temperature maps of FULL with the black and green contour lines marking the MRI-transition and the dust
sublimation front. The middle row depicts the surface densities for both MREF* and FULL at the same stages during their respective evolution. The
vertical dotted lines in the first panel indicate the locations of the DZIE in the corresponding model of the same colour. The panels in the second,
third, and fourth column also show the respective profiles of =i together with a reference power-law profile of r7. The bottom row represents

the aspect ratios H/r of both models. The r'/* profile indicates the slope of H/r in the outer disc (>2 AU). In the high-state regions, an additional

0.48 +

reference profile of 7*° is shown.

and expands until 7 = 7,) until enough material has drained from
the inner disc onto the star to prevent further MRI activation
in the dead zone. The quiescent phase is then re-established at
I = Iquies-

The second row of Fig. 5 depicts the corresponding surface
densities and radial profiles of 22;1{‘ for both the FULL and MREF*
models. The first panel shows that at # = ¢, FULL requires less
overall mass in the inner disc for the conditions of MRI acti-
vation to be fulfilled. The reason for this difference is twofold:
On the one hand, the DZIE and, consequently, the location of
the first MRI activation in the dead zone reside at smaller radii,
where the viscous heat dissipation is more efficient (despite
the different choice of Ty, the effects of which are explored
in Appendix D). On the other hand, the higher dust Rosseland
mean opacities in the dead zone increase the effectiveness of
heat trapping near the midplane, which also shifts the profile
of Zg‘r}? to lower values. However, the slope of 22;:{‘ remains
mostly unchanged. Remarkably, the combination of a less mas-
sive inner disc at t = tr; and the shift of Zg‘,ﬁ‘ results in the
outermost density- and pressure bump produced by the TI cycle
being placed at the same location (r ~ 0.7 AU) in both models.

At t = frq, the density between the retreating cooling front
and the star has to be much lower in the FULL model in order
for the heating by irradiation to become dominant and stop
the retreat of the cooling front. This inability for further cool-
ing closer to the star ultimately leads to the reignition of the
MRI behind the stalled cooling front and the development of
the reflares. After each reflare has placed a density maximum
within the inner dead zone, the surface density retains an over-
all increasing slope in the regions affected by the burst at the
beginning of the quiescent phase.

The third row of Fig. 5 reveals that the aspect ratio is very
similar in both models during the evolution of the outburst. In
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the regions where the equilibrium on the upper branch of the S-
curve is established (see Sect. 4.3), H/r adopts a radial power law
with an exponent of 0.48, as already recognised in Paper I. This
relation is a consequence of the temperature on the upper branch
being roughly constant with radius (with a small dependence on
surface density, as discernible in the S-curve shown and analysed
in Sect. 4.3). Following the definition of H, H/r « TYV2p302p1
r!/2, which is consistent with our finding. With this scaling, the
aspect ratio at a radius of 0.5 AU can be increased by a factor of
up to two during the burst phase.

A more detailed evolution of the surface densities, as well as
the accretion rates of the models FULL and MREF*, is illustrated
in Fig. 6. Comparing the space-time diagrams in panels a and ¢
shows that while the individual flares occupy more time in the
case of FULL, the duration of the entire burst cycle is approx-
imately equal in both models. As investigated in Paper I, the
pressure bump at the DZIE in the quiescent phase is destroyed by
the TI cycle and re-established after the burst has ended. During
the accretion event, multiple pressure bumps are placed through-
out the inner disc by the individual flares. The new opacity
description does not have any significant effect on the placement
and evolution of these maxima.

Panel b of Fig. 6 displays the evolution of the accretion rates
of both models over their entire simulation time, which includes
the initial TT cycle, the quiescent phase in which the inner disc is
refilled by accretion and the viscous evolution of the dead zone,
and the subsequent outburst. For the FULL model, the simula-
tion of the quiescent phase had to be partly interpolated between
the burst cycles due to computation time restrictions. We lay out
the details as well as the consequences for the timescales of the
quiescent phases in Appendix H. It is expected, however, that
the refilling of the material at the DZIE is slower in the FULL
model due to the smaller extent and lower temperature of the
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Fig. 6. Evolution of the surface densities and accretion rates. Panels a and c: space—time diagrams of MREF* and FULL, respectively. The displayed
time spans have the same length. The white contours mark the positions of local pressure maxima, while the cyan line indicates the DZIE at the
midplane. Panel b: accretion rates for both models over their entire simulation times. The dashed section of the blue line represents the interpolation
between the two bursts. Panel d: magnification of the burst occurring in FULL. The vertical dashed lines mark the time of the ignition of the outburst
(tr1), the first and second reflections of the heating front (7, #.), the launching of the first reflare (#..5) and the beginning of the quiescent phase
(tquies) for FULL. For comparison, the accretion rate resulting from the burst in MREF* is overplotted, shifted in time so that the respective 1y for both

models align.

MRI active region at the midplane in the quiescent phase com-
pared to MREF* (and, equivalently, DUST, as shown in panel a of
Fig. 4). As a consequence, the total amount of angular momen-
tum being transported outwards and taken over by the material
behind the DZIE is decreased as well, making the accumulation
of mass in the inner dead zone less efficient and prolonging the
quiescent phase.

Panel d provides a more resolved view of the accretion rates
during the episodic accretion events occurring in both models.
The times at which the snapshots shown in Fig. 5 were extracted
are marked as vertical dotted lines for the example of FULL. As
was already discernible in panels a and c, the duration of the
individual flares is increased in FULL due to the necessity of
more material having to be accreted onto the star in the case
of an optically thicker disc. The larger diminishment of density
between the cooling front and the star, explained above in the
context of Fig. 5, manifests in panel d as the more pronounced
dips in accretion rate between the reflares. Although the evolu-
tion of the accretion rates during the burst cycles differs between
the two models, the maximum accretion rate is approximately
the same, as is the total mass accreted onto the star with a value
of ~107 Mo,

3.4. Effect of frequency-dependent irradiation and
manifestation of the equilibrium temperature degeneracy

Figure 4 and the top row of Fig. 5 include a remarkable detail
inherent to the FULL model: a sudden drop in temperature,
especially noticeable in the disc atmosphere near the polar
boundaries, that does not necessarily coincide with either of the
transitions marked in the figures. Intuitively, it stands to reason
that this feature might be a consequence of either the effects of
frequency-dependent irradiation or the transition to an opacity

dominated by dust. In order to show that this temperature drop is
an inherent property of the gas Planck mean opacities, we com-
pare the quiescent structure of FULL to the NOFREQIRR model
in which we only consider the Planck mean opacities for the
absorption of the irradiation flux. We aim to confront the temper-
ature structures resulting from our numerical calculations with
the expected equilibrium temperature Ty of the optically thin
medium in both models. A derivation of the analytic expression
for Teq is presented in Appendix G.

The effect of frequency-dependent irradiation is illustrated in
panels a and c of Fig. 7. While the midplane of the inner disc is
largely unaffected, the 2D temperature structure is altered sig-
nificantly. In the FULL model shown in panel a, the hot, gaseous
atmosphere reaches higher temperatures close to the star and
extends to much larger radii when compared to the temperature
map of NOFREQIRR displayed in panel c. However, the temper-
ature drop is still manifested in NOFREQIRR, indicating already
that its presence is not a consequence of frequency-dependent
irradiation. The shape of the dust sublimation front (green con-
tour) is affected as well by the altered position of the temperature
jump. Additionally, the vertical temperature profile in the cool
regions is more smoothed-out in FULL, in contrast to the very
noticeable transition from the optically thick disc to the warmer
atmosphere in NOFREQIRR.

Figure 7 also analyses the origin of the temperature jump,
which effectively separates the inner disc into a low and high
temperature regimes. To efficiently calculate the analytic equi-
librium temperature for comparison to the numerical values, we
define the function f(r, T, P,) on the basis of Eq. (G.3),

T

Kirr(Tg’ Pg) )_1/4 (R* )1/2 T, — (13)
* 2

S Te Pe) = ( kp(Ty, Py) 2r
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Fig. 7. Temperature jump as a consequence of the equilibrium temperature degeneracy. Panels a and c: temperature maps of the quiescent phase
for the models FULL and NOFREQIRR, respectively. The dashed red lines show the radial profiles of the temperatures at a height of z/r = 0.2
(indicated by the dotted white line). The solution of Eq. (G.3) for T, at every radius is represented by the blue line. The green contours mark the
dust sublimation fronts. Panels b and d: function given in Eq. (13), evaluated at four different radii for both models, respectively. The star-shaped
markers indicate which of the available solutions is adopted by the solver at each radius. The same markers were used to locate the respective

evaluation radii in panels a and c.

The roots of f(r, T, P,) represent the solutions for T,q. Panels
a and c of Fig. 7 compare the radial profiles of the temper-
atures of the underlying models at a height of z/r = 0.2 (to
ensure optical thinness) with the analytic equilibrium solution.
We applied a root finding algorithm of the secant method to
solve f(r, Tg, Pg) = 0 at every radius. In order to isolate the con-
sequences of the gas mean opacities, we excluded the effect of
dust (fpog = 0), the varying profile of the gas pressure (Pg =
const.), and the attenuation of the irradiation (7q(v;, ¥) = 0) in
the calculation of Tq. For the constant P,, we chose the mean
value at z/r = 0.2 of 6 - 107 dyncm ™. A full evaluation of T,
with all contributions included in Eq. (G.3) is demonstrated in
Appendix F.

The temperature profiles of our numerical models fit the
analytic solution reasonably well in both the FULL and the
NOFREQIRR models, considering the neglected effects described
above in the analytic calculations. Most notably, the presence
and location of the temperature jump can be exactly recreated
in both models by the simplified analytic considerations. For
further analysis, panels b and d show f(r, T, Pg) as a function
of T, for four different radii, respectively, calculated with the
same simplifications as indicated above. The gold lines depict
f(r, Tg, Py) at a radius just before the location of the temperature
jump. In this case, the only available solution for the equilibrium
temperature is in the high-temperature regime. The blue curves
were calculated at a larger radius where a second root becomes
available, which is the solution adopted by our numerical solver
algorithm. Starting from the blue profile, f(r, Ty, Pg) allows for
three solutions until the radius of the purple curve, after which
only one solution for T, is allowed again. Consequently, for
radii between the blue and the purple curves, the solution for
the equilibrium temperature is degenerate. This phenomenon is
equivalent to the equilibrium temperature degeneracy described
by Malygin et al. (2014).
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The star markers indicate that our models immediately
switch to the low-temperature solution as soon as it becomes
available and do not revert to the high-temperature regime at
larger radii. Arguably, this is a consequence of our chosen
method of setting up the initial model. Since we start from a
cool disc and let the temperature increase by radiative transport,
the low-temperature solutions are conserved. Conversely, if we
chose to start from a hot disc and let it cool down radiatively
towards the initial model, the temperature jump would occur just
before reaching the radius of the purple curves. As argued by
Malygin et al. (2014), the available intermediate solutions are
always unstable and will therefore not be adopted by our solver
algorithm. This is the reason for the visible gap in panels b and d
of Fig. 1 in the coverage of the temperature-pressure pairs occur-
ring in our simulations. Regardless of the choice of the initial
model creation, the temperature jump intrinsically has to man-
ifest at a radial range bounded by the blue and purple curves
shown in panels b and c of Fig. 7 in all models that include the
gas mean opacities of Malygin et al. (2014).

3.5. Locations of radial and vertical - = 1 surfaces

The availability of frequency-dependent opacities for both gas
and dust enabled us to calculate optical depths at different wave-
lengths. Figure 8 presents the profiles of the radial (7p,q(v),
panels ¢ and d) and vertical (Tye(v), panels a and b) 7 = 1
surfaces for selected wavelengths in the upper hemisphere of
the FULL model, including accretion shock luminosity feedback.
Both the quiescent (panels a and ¢) and outburst phases (panels b
and d) are represented.

For the 7, (v) = 1 surfaces, the optical depth was inte-
grated along the (Cartesian) z-direction, starting from the upper
polar boundary down towards the midplane. The positions of
the surfaces for the different wavelengths can be understood by
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Fig. 8. Different 7 = 1 lines for a disc in quiescence (panels a and c) and in outburst (panels b and d) shown atop the underlying temperature
structure for the model FULL. In panels a and b, the dashed blue lines mark the 7,.(v) = 1 surfaces for different wavelengths, which are indicated
in the labels in units of pm. The dashed lines in panels ¢ and d show the locations of the 7,,4(v) = 1 transitions for the stellar irradiation for several
representative wavelength bins with the respective central wavelengths in pm marked in the labels. The colour of the dashed lines indicates the
relative spectral weight of the bin. Additionally, each panel includes the dust sublimation front as the green line and the 7,40 = 1 line for the total

radial optical depth in red.

comparing them to the wavelength-dependent opacities shown
in Fig. 2. At smaller wavelengths, radiation is more readily
absorbed, especially due to the higher gas opacities. Remarkably,
the disc can become optically thick even without the contribu-
tion of dust at the shortest wavelengths. Starting from about
I um and going to longer wavelengths, the surfaces lie deep
within the disc at approximately the same position (for clar-
ity, only 7y (1 pm) = 1 is shown). During a burst (panel b),
the MRI active region inflates the disc significantly, pushing all
Tvert(v) = 1 surfaces to greater heights. The effect of accretion
luminosity feedback is clearly evident in the higher temperatures
in the atmosphere near the star. However, its effect on the dynam-
ics and position of the 7y (v) = 1 lines remains mostly marginal.
A small effect of the higher irradiation flux is the disturbance
of the temperature jump caused by the equilibrium temperature
degeneracy analysed in Sect. 3.4. The effective increase in stellar
temperature slightly shifts the temperature jump to larger radii.
After the burst phase, these new equilibrium solutions remain
conserved (as also evident in comparing the first and last panels
in the first row of Fig. 5).

In panels ¢ and d, the 7,4(v) = 1 were calculated for the
central wavelengths of a number of selected frequency bins.
Generally, radiation in wavelength bins with high spectral weight
can penetrate deeper into the disc, while radiation at small wave-
lengths is already mostly absorbed by the gas before reaching the
dust sublimation front. As a consequence, the transition between
optically thin and thick, considering the total stellar irradiation
flux, Tragtor = 1, lies deeper within the disc as well. Similar to
the case for the Tye(v) = 1 lines, the T.,q(v) = 1 surfaces are
shifted away from the midplane during the outburst phase. Con-
sequently, the surfaces become horizontal in the region beyond

the MRI active zone up to several AU, indicating the shadowing
effect of the puffed-up, hot inner disc.

3.6. Stability of burst features

The emergence of steep density features during a burst cycle (e.g.
middle row of Fig. 5) raises questions about their dynamic sta-
bility. We emphasise that the RWI cannot be manifested in our
axisymmetric models. For the analysis of the stability of the
DZIE and the burst features, we relied on criteria that assess
the linear RWI. A complete investigation of this aspect of the
inner disc evolution, including non-linear effects, would require
non-axisymmetric simulations, ideally, in 3D. Figure 9 shows
an analysis of the density bumps that develop during the burst
in the FULL model with respect to a potential Rossby wave and
Rayleigh instability. In this context, we considered the Lovelace
criterion (Lovelace et al. 1999; Lovelace & Romanova 2014) as
a necessary condition for RWI, the halfway-to-Rayleigh limit
(Chang & Youdin 2024) as a sufficient criterion, and the con-
dition resulting from the fit to the amplitude of marginally stable
features according to Ono et al. (2016) for comparison.

For the Lovelace criterion to be fulfilled, extrema in the
vortensity profile g of the disc have to be present, while the
halfway-to-Rayleigh condition is given as min(k%)/Q* < 0.5-
0.6, with «.¢ the epicyclic frequency. In order to compare the
density bumps occurring in our models with the descriptions of
marginally stable features given in Table 2 of Ono et al. (2016),
we approximated them by Gaussian bumps with corresponding
amplitudes and widths. For the definitions of the relevant quan-
tities for the three considered criteria, we refer to Appendix I.
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Fig. 9. Analysis of the stability criteria for the density maxima gener-
ated during the outburst in the FULL model. Top three panels: temporal
evolution of the surface density = (panel a), the parameter «*/Q? (panel
b), and the vortensity g (panel c). These are shown as snapshots dur-
ing the time frame starting from the ignition of the burst (¢ = #r;, blue
line) until the first density bump has reached its outermost position and
K*/©?* becomes positive (brown line). Additionally, the pink line repre-
sents the disc at = fgui. The dashed green line in panels b and (b;)
indicates the halfway-to-Rayleigh stability threshold. Bottom three pan-
els: Same three quantities, but zoomed into the radial region where the
first density bump is located. The colour-coded time frame begins at the
moment when min(x?/Q?) > 0 and includes the transition from instabil-
ity to stability according to the halfway-to-Rayleigh criterion, reached
at t = 3877.7 yr (orange line in panels a;, by, and c; and in the colour
bar). Quantities in panel b, (b;), panel c, and (c,) are depicted on a log-
arithmic scale with a linear transition around zero, indicated by the grey
shaded region.

The first expansion of the heating front during the accre-
tion event occurring in the FULL model is analysed in the top
three panels of Fig. 9. At ¢t = #r, no extrema in the vorten-
sity profile are present. Even the DZIE does not fulfil any of
the three criteria. If the density contrast at the DZIE increased
further, the RWI might still become active. However, this is pre-
vented by the emergence of the accretion event. The density
peak travelling outwards alongside the heating front produces
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sharp minima in both the vortensity and Kgf/ Q? profiles, fulfilling

both the Lovalace and halfway-to-Rayleigh criteria. Since Kgf/ Q?
becomes negative, these features can even be considered to be
Rayleigh unstable. After the heating front has stalled, Rayleigh
stability is quickly restored and the density feature starts to dif-
fuse on the viscous timescale. A part of this process is shown
in the bottom three panels of Fig. 9. The time between the den-
sity feature reaching its outermost position and the transition to
stability according to the upper limit of the halfway-to-Rayleigh
criterion (orange line) is around seven years, which corresponds
to ~12 local orbits at the central radius of the bump. During
this time period, the amplitude of the feature is large enough
to also render it unstable according to the criterion proposed by
Ono et al. (2016). Regarding this condition, the RWI remains
even after the halfway-to-Rayleigh threshold is crossed. How-
ever, the width of the density bump is always larger than the
local scale height, which should make the halfway-to-Rayleigh
criterion more accurately applicable in this time frame (Chang
& Youdin 2024).

By the time the burst cycle has completed (at ¢ = fguies), the
vortensity profile still shows minima at the locations of the den-
sity bumps. However, the inner disc is stable to the RWI through-
out its entire extent according to both the halfway-to-Rayleigh
and Ono et al. (2016) criteria.

Although these conditions should not directly be influenced
by the levels of turbulence (Lin 2013), the steepness of the den-
sity structure at the DZIE and the evolutionary timescale of the
features placed within the dead zone are subject to the descrip-
tion of the viscous @ parameter. An investigation of the effect of
a lower value of apz and a sharper transition at the DZIE on the
RWI of the inner disc is presented in Appendix D.

4. Discussion

The models analysed in this work show that although the ther-
mal structure of the inner disc is crucially affected by the careful
treatment of dust and gas opacities, the periodic instability mech-
anism disrupting the inner disc and leading to accretion outbursts
is operational in all cases, and hence denotes a robust feature
of disc evolution. In this section we discuss the potential obser-
vational prospects expected from our simulations and address
the possible consequences of the RWI and Rayleigh instability
of burst features. We further analyse the dominance of the dust
opacities during the burst evolution, indicated by our results, by
investigating the S-curves of different models. Finally, we assess
the importance of considering detailed dust and gas opacities for
our understanding of the inner disc structure and its evolution
before describing the limitations of our models.

4.1. Preview of potential observational consequences

The significant changes in the temperature structure of the inner
disc resulting from our treatment of the gas opacities might have
considerable implications for the observational signatures pro-
duced. While a more detailed analysis will be part of future work,
we aim to provide a first estimate of the expected observational
effects in this section.

Concerning the spectral energy distribution (SED), we
expect a higher flux in the near-infrared from the hot gas
atmosphere, which fills the spectral region in which dust does
not contribute due to sublimation. In the mid- to far-infrared,
changes in the SED may be insignificant, as these regions are
primarily dominated by dust emission. The implementation of
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Fig. 10. Differences in the SEDs between the MREF* and FULL models
during the quiescent and outburst phases. The shaded areas mark the

wavelength regions covered by the various infrared bands.

temperature- and density-dependent gas opacities in radiative
transfer codes, such as RADMC-3D (Dullemond et al. 2012), is
non-trivial and warrants a dedicated study. To still assess the
influence of the altered inner disc structure by the new opac-
ity descriptions on the resulting SEDs, we adopted a simplified
approach in the following.

Instead of determining the absolute values of the SEDs, we
only intend to estimate the differences in the emissions of the
MREF" and FULL models by calculating
FULL F,(FULL) — F,(MREF*)
B F,(MREF*)

, (14)

v
MREF*

where the frequency-dependent flux is evaluated for each model
with (Chiang & Goldreich 1997).

Tout 0 a verl L] — b
F, =k f r f e W12 ‘(;V "3 IR (v, Ty dzdr,  (15)
Tin - <

with z being the cylindrical height and k£ a constant factor
that is cancelled when evaluating Eq. (14). For the calculation
of Tyer(v, 7, 2), we took the contributions of both the dust and
gas opacities into account. This method assumes that both the
gas and dust components are radiating as blackbodies at their
respective local temperatures.

Figure 10 shows the results of Eq. (14) for both the quiescent
and outburst phases in the near- to mid-infrared spectral region,
with markings for the main infrared bands. The flux in the near-
infrared is significantly enhanced in the FULL model compared
to MREF by virtue of the hotter disc atmosphere. Starting from
the M-band, the flux in MREF is slightly increasing above the
flux emerging from FULL due to the less massive inner disc in
FULL and the rise in influence of the dust opacities at larger
wavelengths. The differences between the quiescent and outburst
phases are only marginal, with the dominance of the FULL model
shifting slightly towards the mid-infrared region. This simplified
approach presents a first idea of the significance of the change
in the structure of the inner disc by considering (primarily) the
detailed gas opacities on the spectral emissions. However, to
determine the precise shape of the SEDs resulting from our
models, dedicated radiative transfer calculations with careful
implementation of the gas opacities and, ideally, thermochemical
considerations in the hot disc corona are necessary.

Apart from effects on the SEDs, the hot gas in the disc atmo-
sphere might lead to the emergence of several line emissions.
For instance, CO overtone emissions have previously been asso-
ciated with a hot gas component with temperatures of 3500 K in
the innermost regions of Class I discs (Lee et al. 2016; Rudy et al.
2023). This temperature regime might be reached in our models
in the thin disc atmosphere (e.g. Fig. 8).

The disc regions close to the 7,40 = 1 surface with temper-
atures in the range of 1500-3000 K could fulfil the conditions
for producing H, rovibrational line emission in the NIR by col-
lisional excitation in the dense, hot gas (Beck & Bary 2019).
Furthermore, the hot, thin gas atmosphere may also enable for-
bidden line emissions, particularly of [OI], which, for instance,
has been observed to originate from the inner regions within the
disc of ET Cha (Woitke et al. 2011). However, forbidden line
emissions are typically also expected to be produced in jets and
winds emerging from the inner disc (e.g. Flores-Rivera et al.
2023). The true origin might be discernible by disentangling
different velocity components of the lines.

The high-resolution spectrum of the frequency-dependent
gas opacities calculated by Malygin et al. (2014) might allow us
to track the strength and origin of specific line emissions in the
near- and mid-infrared, as would be observable by instruments
such as NIRSpec or MIRI of the James Webb Space Telescope.
A detailed investigation of the implications for the SEDs and the
line emission spectra using tools for radiative transfer modelling,
such as RADMC- 3D, goes beyond the scope of this study and is left
for future work.

4.2. Possible implications of the instability of density features

As shown in Sect. 3.6, the density spikes travelling outwards
alongside the expanding MRI active region are prone to the
Rayleigh instability, while the bumps left behind in the inner disc
continue to fulfil the conditions for RWI for more than ten local
orbits. The RWI has been recognised as an effective production
mechanism for vortices at the edges of planetary gaps (e.g. Li
et al. 2005; Hammer et al. 2019; Ziampras et al. 2025b) or at
strong transitions in turbulence, such as the edges of dead zones
(e.g. Faure et al. 2014; Flock et al. 2015; Roberts et al. 2025).
The duration of the linear growth phase of the RWI is on the
order of ten local orbits, after which vortices are readily formed
(Lyra & Low 2012; Bae et al. 2015). However, this mechanism
is intrinsically non-axisymmetric and does not manifest in our
models. Based on the analysed RWI criteria and the timescales of
linear growth and saturation of the instability, we conclude that
the density bumps placed by the outburst mechanism, including
its reflares, might lead to the emergence of vortices in a non-
axisymmetric geometry. However, these vortices typically merge
together quickly to form a single vortex (e.g. Bae et al. 2015)
and can decay on short timescales due to processes such as vis-
cous diffusion (governed by apz), slow cooling or dust dynamics
(Rometsch et al. 2021; Ziampras et al. 2025a,b). Vortices pro-
duced by RWI at the edges of dead zones might survive longer
(Regdly et al. 2017), but the results of our work indicate that the
DZIE seems to be mostly stable. Therefore, we expect the vor-
tices resulting from RWI in the density bumps to decay on a short
timescale while new vortices are continuously produced by the
ongoing burst mechanism. A lower value of apz might allow the
vortices to linger in the dead zone for a longer time.

Rayleigh instability of density features effectively results
in their radial diffusion on a dynamic timescale (e.g. Yang &
Menou 2010). Since the formation of vortices would also effec-
tively smooth out sharp density features, it is reasonable to

A296, page 13 of 22



Cecil, M., et al.: A&A, 707, A296 (2026)

assume that the bumps placed in the inner disc by the burst
mechanism are not as pronounced as our models predict (Fig. 5).

The question remains of whether the Rayleigh or Rossby
wave unstable, outward-moving density spikes pose an imped-
iment to the expansion of the heating front. The progression of
the heating front relies in part on the activation of the MRI by
increasing the density ahead of the front above a critical value.
Consequently, if the timescale of the dispersion of the density
spikes by the instabilities is comparable to the timescale of the
expansion of the MRI active region, the heating front may be
slowed down and could possibly be stalled sooner. However,
neither the possible impediment of the heating front nor the
quicker dispersion of the density bumps will significantly affect
the emergence of the burst cycles and the resulting density struc-
ture within the quiescent phase. Non-axisymmetric simulations
are needed to investigate the interplay between these different
instability dynamics in more detail.

4.3. Alteration of S-curves

A major part of Paper I revolved around the tracing of the
episodic accretion events along S-curves of thermal stability.
Panel a of Fig. 11 illustrates the effect of the new opacity descrip-
tions on the shapes and positions of the curves in the Tgmig—2
plane. The S-curves are shown for the MREF*, DUST, and FULL
models, calculated at a radius of 0.2 AU. They include the first
flare of the burst cycle*, omitting the reflares for clarity.

The discrepancies between the MREF* and FULL curve are
another manifestation of what we described in Sects. 3.1-3.3.
In FULL, the TI is initiated at lower surface densities, the tem-
perature in the MRI active region (high-state upper branch of the
S-curve) is higher, and 71" lies at lower values. As described
in Paper I and also discussed in other studies (e.g. Woitke et al.
2024), the upper branch of the S-curve is shaped by a thermostat
effect. Thereby, a continuous rise in temperature is prevented by
the sublimation of dust, allowing the increased radiative cool-
ing to counteract the viscous heat dissipation and establishing
the high-state equilibrium. The slopes of the upper branches
only change at temperatures well below the dust sublimation
threshold, where the dust-to-gas mass ratio is constant.

Curiously, the curves for DUST and FULL overlap exactly at
the chosen radius. The underlying reason has already been men-
tioned in the context of Fig. 4. In the optically thick MRI active
region, the radiative cooling is determined by the Rosseland
mean opacities, which is always dominated by the dust contri-
bution as long as a sufficient amount of dust is still present (see
Fig. 1). Since this is the case at 0.2 AU, the gas opacities do not
affect the S-curve at this location. They only become relevant
when the temperatures reach values high enough for the major-
ity of the dust to be sublimated, such that the values of g ; and
Jp2ckr.a become comparable. This effect is revealed when cal-
culating the S-curves closer to the star, where heating becomes
more efficient. Panel a of Fig. 11 includes the upper branches of
DUST and FULL at r = 0.08 AU, showing that they indeed start
to diverge at high temperatures. The same effect would manifest
even at larger radii if the disc were chosen to be more massive.

Along the lower branches, the discs evolve slowly on the vis-
cous timescale, #, = r2/v, determined by apz. Panel b of Fig. 11
shows the evolution of the surface density during the quiescent
phase of the FULL model. It illustrates the refilling of the inner

4 While the curve originates from the initial TI cycle for DUST, the
MREF* and FULL curves result from the burst after the quiescent phase.
The upper branch of DUST therefore extends to higher surface densities.

A296, page 14 of 22

PRI
(MREF; )
16001 i -]
1 el
1 1 -
1 1
1400 i
1 1
: ':/ FULLg gg
o 12004 | H — = DUSTq.08
X ' ! — FULLo,>
i) ] I *
€ 10004 ¢ — MREF,,
5 N '
i LA DUSTo.
800 - i
1
1
600 |
! (a)
1
Fmin 3.102 5:102 7-102 103
(FULLo, DUSTo2) Y [gcm™4]
103 FULLps
(B
I -
g i
2 ~
W -
(b)
102_1 T T T T LI
10-1 r [AU] 10°

I T T T
tquies 500 1000 1500 t2{)00} 2500 3000 3500 ty
yr

Fig. 11. S-curve behaviour with respect to the MRI-activated TI and
evolution of the inner disc during quiescence. Panel a: S-curves of
MREF*, DUST, and FULL, extracted from the respective quiescent phases
(for MREF* and FULL) compared with the main flares of the accretion
events (for all three models) at a radius of 0.2 AU. The arrows along
the curves indicate the direction of evolution. The dashed black lines
mark the critical values of the surface densities at which the respective
upper branches end. The panel also includes the upper branches of the
S-curves for the DUST and FULL models at » = 0.08 AU. Panel b: evo-
lution of the surface density during the quiescent phase of FULL. The
dashed yellow line is the approximate profile of the hydrostatic struc-
ture the disc would adopt if no TI were to occur.

disc by accretion of material from larger radii and the diffu-
sion of the density bumps produced by the previous accretion
event. If no further burst cycles were to occur, the refilling would
proceed until a hydrostatic, steady-state solution is reached, an
estimate of which is shown as the dashed yellow line. However,
the conditions for TI are fulfilled at r = ¢77 and the surface den-
sity structure is reset by the burst to approximately what is shown
in panel b at t = #qyies.

4.4. The necessity of including detailed opacity descriptions

Section 3 provides comparisons of simulations with different
opacity descriptions. The confrontation of these models with
each other allows us to gauge the necessity of complex and
computationally expensive opacity descriptions for different use
cases.

Sections 3.1-3.3 and 4.3 make clear that the evolution and
extent of the episodic accretion event caused by MRI activation
in the dead zone is only influenced by the mean dust opacity
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description, while the gas opacities and the frequency depen-
dence of the irradiation do not play a major role. However, the
position of the DZIE, and consequently, the location of the igni-
tion of the outburst and the efficiency of the density pile-up
during quiescence, is strongly affected by the gas contribution.
Therefore, it cannot be assumed that the duration of the quies-
cent phase and the shape of the disc at ¢ = #yy are independent of
the gas opacities. Furthermore, as indicated in Sect. 4.3, for more
massive discs and stronger viscous heating during the burst, the
gas mean opacities could become the dominant contributor to the
cooling efficiency if dust is sufficiently sublimated. Therefore,
concerning the burst mechanism investigated in this work and
Paper I, we propose that if the duration of the quiescent phase
and the structure of the inner disc at the ignition of the TI are
of interest, the gas mean opacities should not be neglected. For
the burst phase itself, the careful treatment of just the mean dust
opacities should suffice, but only as long as the thermostat effect
on the upper branch of the S-curve can be sustained throughout
the majority of the burst region.

The axisymmetric temperature structure of the inner disc is
strongly affected by the gas opacities. As displayed in Fig. 4,
the temperature in the disc atmosphere increases drastically
when gas opacities are properly accounted for. The frequency-
dependent irradiation exacerbates this behaviour even further
(Fig. 7). The radial temperature profile in the very inner disc
in the vicinity of the midplane is strongly affected as well.
While in the simpler MREF* model, the dust sublimation front is
located outside 0.1 AU, it shifts to smaller radii (0.06-0.07 AU)
in the FULL model, which agrees better with recent estimates of
inner dust wall locations in discs around classical T Tauri stars
(Pittman et al. 2022). Furthermore, the gas mean opacities evoke
the manifestation of the equilibrium temperature degeneracy as a
sharp jump in temperature, as analysed in Fig. 7. The location of
the transition between the high- and low-temperature regimes is
significantly affected by frequency-dependent irradiation. Addi-
tionally, determining the positions of different 7 = 1 surfaces
using frequency-dependent opacities allows us to gauge where
observed radiation of different wavelengths originates. There-
fore, for investigating the 2D temperature structure of the inner
disc and analysing its observational consequences, gas opaci-
ties with both their mean and frequency-dependent values are
of significant importance.

However, it is worth noting that including detailed opac-
ity descriptions in simulations can entail considerable compu-
tational costs. Considering that the gas opacities depend on
temperature and pressure in both their mean and frequency-
dependent versions, the necessary interpolations in each cell for
each frequency bin can severely increase the computational load.
For instance, all aspects of the computational setup being equal,
the computational time for the FULL model was larger by a factor
of around 2.4 in comparison to MREF*.

4.5. Model limitations

A major part of the limitations of the models of Paper I has been
addressed in this work. However, several physical factors that
may have an influence on our results were not taken into account.

In the equation of state (Eq. (8)), we assumed a con-
stant value for u, of 2.35 for a mixture of hydrogen and
helium with solar abundance, following Flock et al. (2019).
The same assumption was used for fixing the first adiabatic
index y. However, p, and 7y typically depend on the ionisation
state of the material in addition to the chemical composition

(e.g. D’Angelo & Bodenheimer 2013). While our assumption
may still be reasonable for models with maximum temperatures
around the dust sublimation limit (as in MREF*), it breaks down
in the hot gaseous regions occurring in simulations with detailed
gas opacities. In our models, the absorbed energy in the thin
atmosphere translates directly into an increase in temperature,
rather than being also invested in the partial ionisation of the
gas at high temperatures. Additionally, energy may be expended
for the endothermic process of H, dissociation at temperatures
higher than 2000 K. These simplifications could result in an over-
estimation of the temperatures in the atmospheres of the FULL
and NOFREQIRR models. However, the ionisation state and its
effect on the equation of state were taken into account in the
calculations of the gas opacities by Malygin et al. (2014).

In addition to alterations in the equation of state in the thin,
irradiated disc atmosphere, several important heating and cool-
ing processes in this region were not captured by our radiative
transport scheme. The optical thinness and consequential rarity
of collisions result in weak coupling between the radiation field
and the gas, leading to the prevalence of non-local thermody-
namic equilibrium effects. In those cases, line cooling by atoms,
ions and molecules can dominate the cooling process (Woitke
et al. 2009; Sellek et al. 2024). On the other hand, photodissocia-
tion by the stellar irradiation can destroy relevant coolants, while
photoionisation, photoelectric effects and absorption of ultravi-
olet radiation by, for instance, polycyclic aromatic hydrocarbons
can significantly contribute to heating of the optically thin gas
(e.g. Woitke et al. 2009; Wang & Goodman 2017). Addition-
ally, gas and dust temperatures tend to decouple in the upper
layers of the disc, warranting a more detailed treatment of the
energetic exchanges between the radiation field, the dust and the
gas component (e.g. Muley et al. 2023). Since the self-consistent
thermochemical modelling exceeds the intentions of this work,
the temperatures achieved in the thin irradiated disc atmosphere
in our models should be regarded as approximate. The consider-
ation of chemical processes in the thin gas and dust components,
as performed by codes like GGchem (Woitke et al. 2018) or
PRIZMO (Grassi et al. 2020) and implemented in hydrostatic disc
structure models like ProDiMo (Woitke et al. 2009), in combi-
nation with the hydrodynamic evolution presented in our work,
would result in a more complete picture of the thermodynamics
of the inner disc.

As was the case for Paper I, the consideration of non-ideal
magnetohydrodynamic (MHD) effects might change the evolu-
tion of the inner disc. For instance, Iwasaki et al. (2024) conclude
that the region around the DZIE incorporates a transition zone,
in which the radial mass transport is halted, effectively lead-
ing to an accumulation of mass, similar to the refilling of the
inner disc shown in panel b of Fig. 11. Other works by Latter &
Balbus (2012) and Faure et al. (2014) do not find a limit-cycle
behaviour similar to our results in their MHD considerations of
the dynamics of the DZIE. Consequently, the structure found in
their models is prone to RWI (Faure et al. 2015; Roberts et al.
2025). Additionally, Roberts et al. (2025) find that the dead
zone features a particular magnetic field topology as a result
of magnetic flux transport near the DZIE. This field could pos-
sibly account for radial mass transport in the inner dead zone
by driving a magnetic wind. Although a self-consistent treat-
ment of non-ideal MHD in combination with the set-up of our
work is computationally challenging, a reasonable compromise
could consist of determining the MRI activity based on large-
scale magnetic field structures, such as determined, for instance,
by Steiner et al. (2025), in combination with tabulated values
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of ambipolar and ohmic diffusivities, as calculated in works of
Desch & Turner (2015) or Williams & Mohanty (2025).

The values of the physical and numerical parameters enter-
ing our simulations (Table 3) were chosen for consistency with
previous work and were motivated by observational and theoret-
ical literature. Different choices of parameter values can affect
the details of our simulation results, especially concerning the
timescales of the quiescent and outburst phases. For instance,
previous studies have indicated that the location of the inner
boundary r;, can affect the magnitude of accretion events caused
by TI to a significant extent (Steiner et al. 2021; Elbakyan et al.
2025). However, since the main focus of this work is the effect
of opacity descriptions, detailed further parameter and resolution
studies go beyond the intention of our investigations.

The calculations of the gas opacities by Malygin et al. (2014)
considered a wide range of atomic and molecular lines. Recent
investigations of gas mean opacities use slightly different line
lists and treatments of the line pressure broadening (Marigo
et al. 2024). This can lead to discrepancies between the different
approaches, especially in the low-temperature regime. However,
we do not expect these differences to significantly affect the
qualitative results of this study.

The equilibrium state during quiescence, especially in the
vicinity of the DZIE, is considerably delicate. Small distur-
bances in the density or thermal structure, such as planet-disc
interactions, vortices, gravitational disturbances or changes in
the effective stellar luminosity, can launch the burst cycle far
sooner than our models predict. Since such disturbances are not
included in our models, the state of the disc at ¢ = tqy, as dis-
played in the first column of Fig. 5, has to be understood as the
latest possible quiescent structure. Non-axisymmetric 2D or 3D
models, allowing for the emergence and evolution of vortices or
gravitationally bound clumps, as well as consideration of embed-
ded planets or interaction with the stellar environment, could
reveal different timescales of quiescence between burst cycles.

5. Conclusion

The models we presented greatly expand on previously published
results for the structure and radiation hydrodynamic evolution of
the inner region of protoplanetary discs that include the inner
permanently MRI-active region, the dust sublimation front, and
the transition to the dead zone. We investigated the effect of
detailed frequency-dependent and mean opacity descriptions for
gas and dust on the 2D thermal structure of the inner disc and
the emergence, evolution, and consequences of periodic accre-
tion burst cycles caused by the activation of the MRI in the inner
regions of the dead zone. Additionally, we included the stellar
accretion shock luminosity and analysed the stability of features
produced by the burst cycles with respect to the Rossby wave and
Rayleigh instability. We summarise the main results below:

— The consideration of the gas opacities as calculated by
Malygin et al. (2014) significantly affects the structure of
the inner disc. The dust sublimation front and the DZIE at
the midplane are closer to the star than previously predicted.
Consequently, the inner MRI active region during quiescent
phases is restricted to smaller radii;

— In the FLD approximation of radiative transport, the gas
opacities additionally lead to a significantly higher equilib-
rium temperature in the optically thin gaseous regions;

— The equilibrium temperature degeneracy, inherent to the
gas mean opacities, manifests itself as a sharp temperature
transition, effectively separating the thermal structure of
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the disc into a high- and low-temperature regime and
shaping the vertical structure of the MRI transition and dust
sublimation front;

— The inclusion of the frequency dependence of the gas opac-
ities in the irradiation shifts the equilibrium temperature
transition and adds substructure to the thermal state of the
inner disc, especially in front of the inner dust rim;

— The dust-free regions can already become optically thick
through the effect of gas opacities, especially at small
wavelengths (<0.5 pm);

— The mechanism leading to accretion burst cycles by acti-
vation of the MRI behind the DZIE is still functional in
different treatments of opacity descriptions;

— The effect of the gas opacities determines the initial con-
ditions for the accretion outburst by setting the location of
the DZIE. However, the thermodynamic evolution of the
burst cycle itself is mainly determined by the Rosseland
mean opacities of the dust. The equilibrium temperature in
the viscously heated burst region on the upper branch of
the S-curve is governed by a thermostat effect, where the
decrease in optical thickness by sublimation of dust balances
the enhanced heating by viscous energy dissipation. Only
when the dust is (close to) being completely sublimated in
regions with strong viscous heating do the gas opacities
start to dominate the radiative cooling;

— Higher dust opacities lead to lower values of the critical

surface densities Zgﬁ? and E‘c‘:;“t". As a consequence, the burst

cycle can be initiated in less massive inner discs. However,
the maximum accretion rate and total mass accreted during
the burst remain independent of the opacity description;

— The density spikes travelling outwards alongside the
expanding MRI active region during burst cycles fulfil the
conditions of the Rayleigh and Rossby wave instability. The
viscously evolving density and pressure bumps placed in
the inner disc by the burst can remain prone to RWI long
enough to produce vortices in non-axisymmetric settings;

— The burst cycles reset the density structure at the DZIE
before the linear criteria for RWI are fulfilled, which might
keep the DZIE stable during quiescent phases.

Our study highlighted the importance of considering detailed
opacity descriptions, especially for the gas, in the inner regions
of protoplanetary discs where temperatures become high enough
to sublimate dust. Depending on the physical processes or struc-
tures of interest, a careful treatment of gas opacities can crucially
affect the relevant results. This work provides an additional con-
tribution to our understanding of the structure, evolution, and
planet-forming conditions of the regions in protoplanetary discs
in which the terrestrial planets of our Solar System and the
majority of newly detected planets are located.

Data availability

The mean gas opacity tables have been published alongside
Malygin et al. (2014) and are available at the CDS via http://
cdsarc.u-strashbg. fr/viz-bin/qcat?J/A+A/568/A91.

The frequency-dependent gas opacity tables are available on
Zenodo via https://doi.org/10.5281/zenodo.18610649.
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Appendix A: Description of the dust-to-gas ratio

The dust sublimation temperature was parametrised analogous
to Isella & Natta (2005) as

0.0195
Tg = 20001((%) . (A1)
lgem

For simulations without frequency-dependent irradiation, the
dust-to-gas ratio fppg was smoothed around T and centred at
a radial optical depth for grey irradiation (see Sect. 2.3) of
Trad = 2/3 according to (see Paper I, Sect. 4.2)

50K

3.0—de
+q1 +tanh| ——F—
1 Tg - TS 3.0 - Trad
+{f0z[1—tanh( 0K )]}{1—tanh(—0.6 )},

(A.2)

with far = 0.2/[pkpa(Twerr) Ar] — kpg(Tuefts Po)/kpa(Txeff)s
where T, . is the effective temperature of the irradiating star
(see Appendix C), fy is the maximum dust-to-gas mass ratio and
Ar is the radial width of a computational cell.

When including frequency-dependent irradiation, the inner
dust rim is intrinsically less sharp and better resolved. In those
cases, a simple smoothing around the dust sublimation tempera-

ture sufficed,
T,-Ts
50K ’

Appendix B: Derivation of the binned
frequency-dependent irradiation flux

(s - ()| }
JooG =1 farg |1 — tanh [1 —tanh(2/3 — Tra)]

reqirr 1
];262, - foz [1 —tanh( (A.3)

In general, the irradiation flux can be evaluated at every distance
r to the host star with

Fiue(r) = f fg 1,0, ¢") e ™0 eos dQLdv (B.1)
where

TadW, 10 ,¢") =19 + fr o0 ,¢)dr, (B.2)
o, r6,¢") = pa(r,d, S;:)Kd(y) + (1,0, @)k (v, Py, T) . ®3)

Equation (B.1) should be understood as the flux passing through
an infinitesimal surface located at a distance r from the star.
I(v, ', ¢") is the specific intensity, dependent on the frequency v
and the polar and azimuthal angle, 6 and ¢’, of the direction of
the incoming radiation. Q represents the solid angle, the origin
of which lies at the location of evaluation of Fiy. Traa(v, 7,6, ¢")
is the optical depth of a specific frequency at radius r in the direc-
tion given by 8" and ¢’. It consists of the optical depth at the inner
boundary 7 and the optical thickness o (v, r, &', ¢”), composed of
contributions from both gas and dust, integrated from the inner
boundary at ry, to r. For the models presented in this work, we
neglected the effect of the regions between the star and the inner
boundary of the simulated domain on the optical depth and set
T0 = 0.
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Following the assumption that the central star radiates
uniformly as a blackbody and r > R,, with R, being the
stellar radius, we can equate 1(v,6’,¢") = B,(v, Txer) (Where
B, (v, T« ef) is the Planck function) and the solid angle covered
by the central star is small. Hence, the optical depth can also be
assumed to be uniform across the stellar disc, and the irradiation
flux can be expressed as

R 2
Fi,-r(r)zﬂ'(—*) f B,(v, Tyep)e™ ™™ dy . (B.4)
r v

In the numerical implementation, the spectral range of the irra-
diation was split into a number 7 of discrete bins, where each bin
had its respective optical depth. Therefore, we can write

) n Vis1+vi)[2

R
Fm(r) = JT(T*) Z e—rr.‘\d(v,-,r) BV(V’ T*,eﬁ)dv .
i=1 Vi1 +v)/2

(B.5)

For practical purposes, it is useful to utilise fv By(v, Tyer)dv =
%Tﬁ off? with ospg being the Stefan-Boltzmann constant, and
define the spectral weight of a frequency bin as

(Vi1 +vi)/2

BV(Vs T*,eff) dV
Vie1+vi)/2
i =
fv BV(V’ T*,eff) dv

Hence, the final expression for the irradiation flux becomes

(B.6)

R

2 n

* 4 ~Trad (Vi

Fin(r) = (7) O'SBT*,effZ wie” T
=1

(B.7)

In this derivation, we neglected the dependence of the flux on the
polar and azimuthal coordinates of the evaluation point for clar-
ity. In practice, T, in Eq. (B.7) has to be evaluated at every 6 and
@ in the spherical coordinate system of the simulation, result-
ing in Fi(r) = Fin (7, 0, ¢), or Fi;(r) = Fix(r, 6) in axisymmetric
settings.

Appendix C: Accretion shock luminosity feedback

When considering energy dissipation by the accretion process
on the stellar surface, the total luminosity affecting the disc
is composed of the intrinsic luminosity of the star L, and the
luminosity originating from the accretion shock L,.. and can be
calculated with Ly, = Ly + Lycc, Where

GM,. M
E— .
R,

The parameter & incorporates the efficiency of the transforma-
tion of gravitational energy to luminosity and the factor resulting
from the distance from which the material can be considered to
be in free fall onto the star (typically the inner magnetic trun-
cation radius of the disc; Hartmann et al. 2016). Although L,
can become larger than L, by a factor of a few during the burst
cycles, it is not expected that the accretion luminosity has a cru-
cial influence on the dynamics of interest in our models. Hence,
for simplicity, we set &€ = 0.75.

The total luminosity was then converted back to an effective
stellar temperature for evaluating the irradiation flux in Egs. (9)
and (10),

Ly = 47R>0sgT ., Lo = (C.1)

Ltol

1/4
_— . C2
47rRia'SB ) €2

T*,eﬂ“ = (
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Fig. D.1. Effect of different viscosity parameters on the location and
evolution of pressure bumps. Panels (a) and (b): Comparison between
the models alDZ4 and MREF* (separated by the dotted grey line) in terms
of the evolution of the surface density and x*/Q? for a density bump
placed by the respective outburst cycles. The depicted time frame is the
same for both models and begins at a time #, at which both models have
roughly the same minimum value of x*/Q?. The time #; = f; + At has
been chosen arbitrarily. Panels (c) and (d): Surface density and the radial
gradient of the vortensity for four different models in the radial range of
the DZIE. The vertical dashed lines in panel (c) mark the positions of the
inner pressure bumps in the respective models of the same colour. The
inset panel (d,) presents «*/Q? for the model alDZ4 around the position
of the vortensity minimum. The dashed green lines in panels (b) and
(d;) indicate the upper limit for the halfway-to-Rayleigh criterion.

Appendix D: Effects of a lower ap; and different
smoothing ranges around Tyg;

To investigate the effect of different parameters describing the
behaviour of @, we constructed two additional models. alDZ4
has the same configuration as MREF* but with a lower value of
apz of 1074, and FULL_25 is equivalent to the FULL model,
but with a sharper transition at the DZIE with T, = 25K in
Eq. (11). Both models show the same phenomenology concern-
ing the MRI-triggered outburst as the other simulations analysed
in this work and Paper 1. Panels (a) and (b) of Fig. D.1 com-
pare the evolution of a density bump placed in the respective
inner discs of the models alDZ4 and MREF* by burst cycles.
The time frame shown from £, to #; corresponds to around 95
orbits at 0.5 AU. At this location, the time frame is equivalent
to 6 - 1074, and 4.8 - 107>¢, for MREF* and alDZ4, respectively,
with £, = r?/v being the viscous timescale. While the density
bump disperses significantly during this time in MREF*, there is
no visible change in alDZ4. However, panel (b) shows that even
for the slowly evolving alDZ4, the bump becomes stable to RWI
after approximately 1/3 of the displayed time frame.

Panel (c) compares the surface density structure and the loca-
tions of the midplane pressure maxima at the DZIE during the
quiescent phases for the four models. As expected, the FULL
model exhibits a smaller gradient and a more smoothed-out tran-
sition between the MRI active and dead zone. Consequently, the

inner pressure bump is placed at almost the same location as in
the MREF* model, although the inner dust rim is much closer to
the star in FULL. Only if the transition range is reset to the same
width as in MREF”, the pressure bump emerges at smaller radii,
as modelled in FULL_25. A possible consequence of this shift in
the location of the pressure bump could be that the MRI can be
activated (and the burst cycle initiated) even sooner than in the
FULL model due to the critical surface density being lower.

In alDZ4, the DZIE and the corresponding pressure max-
imum move further outwards in the quiescent phase than in
models with a higher apz. Since MREF* and alDZ4 have the
same opacity description and equal values of apgi, E‘;ﬁ‘ is also
very similar since its value depends on the balance between the
viscous heating of the MRI active disc and the radiative cool-
ing. Consequently, the surface density profiles at the beginning
of the quiescent phase are also approximately the same in both
models. However, since the ratio avri/apz is larger by an order
of magnitude in alDZ4, the density in the irradiated MRI active
region during quiescence is much lower, decreasing its optical
thickness, allowing the stellar radiation to penetrate deeper into
the disc and to push the DZIE further outwards.

Another consequence of the larger ayry/apyz ratio is a higher
efficiency of the mass accumulation in the inner dead zone due
to the exacerbated difference in angular momentum transport
between the MRI active and inactive zones. This results in a
stronger pressure and density bump, which could bring the DZIE
closer to RWI. Panel (d) of Fig. D.1 shows the radial gradient of
the vortensity of the four different models. The alDZ4 model
does indeed exhibit a vortensity minimum at the DZIE, fulfilling
the Lovelace criterion. However, the inset panel (d;) indicates
that this structure is still far away from meeting the halfway-to-
Rayleigh condition and possibly remains stable. However, lower
values of apy require higher surface densities to trigger a burst
cycle, which could possibly also facilitate the onset of RWI. In
the snapshot of alDZ4 shown in Fig. D.1, the model has not
reached ¢ = try after the quiescent phase due to computation time
restrictions. Therefore, the susceptibility of the DZIE to RWI in
this model is possibly underestimated. A proper assessment of
these results requires simulations in non-axisymmetry.

Appendix E: Delayed MRI saturation

To analyse the interplay between the non-instantaneous satu-
ration of the MRI and the outburst mechanism, we adopted
an approach similar to the method used by Zhu et al. (2010).
We constructed additional simulations in which the prescription
of the stress-to-pressure ratio was complemented with a delay
factor &,

a = (amr1 — apz) € + apz , (E.D
where £ follows the evolution equation,
1 Q
—L— [exp(6.253 5L aua) — 1]
% [1 + tanh (—0'%‘.’2'5_(;’1“‘ )] for & < &
% _)_
ot AMRI—ODZ ’

2mtm

- (exp [4.57 (a1 + apz — Otdel)] —1) foré>¢

0 for & = ¢
(E2)
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Fig. E.1. Demonstration of the effect of delayed MRI-saturation. Panel
(a): Temporal evolution of @ between its minimum (dead zone) value
apz and its maximum (fully MRI active) value ayg; in response to an
artificial temperature evolution shown in panel (b). The dashed black
line in panel (b) marks the MRI activation temperature 7yg;, while
the grey shaded area indicates the smoothing range around T'yg;, deter-
mined by 7.

with
1 Twvrr — T
=—|1-tanh| ——— E.
é 2[ tan( - )} E3)
and
a1 = (amr1 — @pz) €1 + apz. (E4)

In this context, £ acts as a weight function that changes its value
towards &1, which is the standard smoothing factor included in
Eq. (11). € ensures that the time it takes for @ to transition
between aymgy and apyz after a rapid change in temperature is
equal to m orbits. As initial values, we set & = &;.

Figure E.1 visualises the behaviour of @ in time accord-
ing to Eq. (E.1) for saturation timescales of zero, three and ten
orbits. After a quick increase of the temperature above Ty, @
increases exponentially with varying slopes, dependent on the
chosen timescale. The increase tapers off shortly before sat-
uration is reached. This behaviour mimics the growth of the
MRI, as investigated in e.g. Hawley & Balbus (1991) and Flock
et al. (2010). Rapid oscillations in temperature may remain
mostly unrecognised by the viscosity in models with long MRI
saturation timescales.

We investigated the consequences of the gradual saturation
of the MRI by setting up two additional models, FULL_DEL (3)
and FULL_DEL(10), which incorporated the description of «
via Eq. (E.1) with saturation times of three and ten local orbits,
respectively. Since the MRI transition stays approximately static
during quiescence, the following analysis focuses on the burst
phase.

Figure E.2 shows the temporal evolution of the bursts
occurring in models with various MRI saturation timescales.
Panel (a) indicates that the FULL_DEL models still involve a
reflare behaviour. However, the individual flares last longer with
increasing saturation time due to the advancements of both the
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Fig. E.2. Effect of different MRI saturation times during a burst
cycle. Panels (a), (b), and (c): Accretion rate, the total accreted mass,
and the position of the midplane DZIE, respectively, for models with
instantaneous saturation (FULL) and saturation over the course of three
(FULL_DEL (3)) and ten (FULL_DEL(10)) local orbits. The small dots
in panel (c) mark the positions of midplane pressure maxima.

heating and the cooling fronts being slowed down. Since the
high-state of the burst phase is governed by the same aypg; in
all cases, a larger total amount of mass is accreted onto the star
per flare in the FULL_DEL models. Hence, fewer reflares occur as
the saturation time increases.

The same is also discernible in panel (b), where the cumu-
lative total mass accreted on the star is displayed. While the
differences between FULL and FULL_DEL(3) are small, the sig-
nificant delay in MRI saturation in FULL_DEL (10) leads to more
total mass having been accreted at the end of the burst cycle.

The MRI activation front at the midplane of the first flare
of the accretion event reaches approximately the same distance
in all three models, as illustrated in panel (c). Consequently,
the outermost pressure bumps are located at the same radii as
well. Due to the decreased number of reflares, the models with
larger MRI saturation times produce fewer pressure maxima in
the dead zone, with only two being created during the burst in
the FULL_DEL (10) model.

Appendix F: Under-relaxation scheme

The non-linearities introduced in the radiative transport equa-
tions by the temperature- and pressure-dependence of the opaci-
ties can lead to large oscillations in the solutions found for the to-
tal energy and, ultimately, the temperature. Since resolving these
non-linear effects by significantly reducing the timestep while
still allowing long-term simulations is unfeasible, it was neces-
sary to suppress these oscillations in time. Furthermore, our nu-
merical scheme included a linearisation of the terms proportional

to Tg appearing in Egs. 1 and 2 (adopted from Commercon et al.



Cecil, M., et al.: A&A, 707, A296 (2026)

2011), which is only valid if the relative change in temperature
between two subsequent timesteps is small (for details, we
refer to Flock et al. 2013, Appendix A). For these purposes, we
implemented an under-relaxation scheme for the temperature
and both mean opacities in the following way,

t
Tt+5[ — T[ +1 (Tt+§t _ Tt) =1 Tg (Fl)
g g 7 T g sol g/ T =10 A :
g.sol
KpR
t+ot _ t+6t t —_ >
Kpr = Kpg + LK(KP’R’SOI — KpR) > b= (F.2)
P.,R,sol

: : t+6t t+6t :
where 6t is the timestep and Tg’so1 and KpRsol A€ the solutions

for the temperature and opacities for the next timestep as found
by the numerical solver. ¢, can be regarded as a percentage of
the offset between the current values and the newly evaluated
solution. With this description, the solver algorithm was forced
to adopt values that do not deviate from the current solutions to
an extreme extent, while still allowing the quantities to evolve
towards any value without numerical restriction. We chose the
constant factor ¢y to be between 1/5 and 2/5 for all models.

The oscillations only occur in the optically thin, dust-free
regions of the disc. Therefore, the under-relaxation scheme is
only applied in numerical cells where fpog = 0 and p < 7.5 -
10~"'g cm™3. The effect of this method is illustrated in Fig. F.1.
Panel (a) shows the manifestation of the strong oscillations in
temperature in the optically thin regions by comparing two mod-
els with and without the effect of the under-relaxation scheme,
respectively. The radial temperature profiles of these two models
at a height of z/r = 0.125 are depicted in panel (b) as the red and
orange lines, respectively. The blue profile shows an intermediate
state with a less restrictive under-relaxation description, where
small oscillations still occur in specific regions (displayed in the
inset panel b;). The analytical equilibrium temperature solution
shown in green was calculated with Eq. (G.3), considering all of
the included terms (contribution of dust, pressure-dependence of
the opacities and optical depth effects). The numerical tempera-
ture profile resulting from the under-relaxed model with ¢y = 1/5
is in excellent agreement with the analytical solution.

Appendix G: Equilibrium temperature with binned
frequency-dependent irradiation

In order to find an analytic expression for the equilibrium temper-
ature in the optically thin, irradiated medium in the most general
case, we equate the heating rate Q" = pk;,Fi, to the cool-
ing rate Q- = pkpFem, With «p being the total effective Planck
mean opacity (Sect. 2.2), ki, the irradiation opacity and Fep, the
emission flux. Considering the binned frequency dependence of
the irradiation, the product «iFi; has to be evaluated in every
bin separately before summing over all bins. Using the spectral
weights of the frequency bins introduced in Eq. (B.6) and con-
sidering the attenuation of the irradiation up to the evaluation
radius r, the heating rate is expressed as

n
0" (1) = p D K(vi, T, Pw(vi) Foe ™, G.1)
i=1
where k(vi, Ty, Pg) = kg(vi, Ty, Pg) + fpogka(vi) takes the con-
tribution of both gas and dust into account. With Fy =
(Ry/ r)2 OsB Ti, we define the irradiation opacity ki (Ts, Py) as
n

Kin'(Tg’ Pg) = Z K(Vis Teqy Pg)U)(V,')e_T"‘d(V"’r) .

i=1

(G.2)

Tgltr,x =1) = Tg(to = 1/5) [K]
-10! 0 100 102 103

-10?

— ]

lT,K=1 _— lo=2/5 — LO=1/5 . Teq
. 2800
— 2€004
5000 .
2400
9 4000
22001
: (b1)
3000 011 012 013014 015
A
20004 /
1000
(b)

10-1 r [AU] 10°
Fig. F.1. Visualisation of the effect of the under-relaxation scheme.
Panel (a): Map of the temperature residuals between states calculated
with (¢p = 1/5) and without (¢r, = 1) under-relaxation for the upper
hemisphere of the FULL model in quiescence. Radial temperature pro-
files for these two states have been extracted at a height of z/r = 0.125
(dashed black line) and are shown in panel (b). The blue curve rep-
resents an additional state resulting from a larger under-relaxation
parameter ¢y = 2/5. The profile of the equilibrium temperature evalu-
ated at every radius with Eq. (G.3) is shown as the dashed green line.
Panel (b,): Magnification of the region where the more generous under-
relaxation description still deviates from the equilibrium solution.

In the case of grey irradiation, the irradiation opacity can be
simplified t0 (T, Pg) = kp(Tx, Py). ldentifying the volu-
metric emission rate of the medium, assuming black-body
behaviour and no re-absorption of emitted radiation, with
Fem = arcT; = 40spTy, setting O* = O~ and solving for
T, = Ty, we arrive at the final expression for the equilibrium
temperature (analogous to Chiang & Goldreich 1997),

4
Teq _ (Kirr(Teqs Pg))l/ (R* )1/2 T,

—= (G.3)
kp(Teqs Pg) 2r

Appendix H: Comments on timescales

As described in Sect. 4.4, the inclusion of mean and frequency-
dependent dust and gas opacities significantly increases the com-
putational cost of the models. While it was possible to include
the entire quiescent phase in addition to the two burst phases
in the MREF* model, the simulation of the long quiescent phase
had to be artificially accelerated in FULL. For that purpose, we
let the model relax into the quiescent state after the initial burst
cycle before we accelerated the computation by switching to a
simple Euler solver (in contrast to the second-order Runge-Kutta
method normally used for all models) and shortening the viscous
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evolution timescale by increasing both® ayg; and apy by a factor
of 1.3. Since the disc structure is not subject to any rapid changes
during quiescence, the simpler solver algorithm still captured the
relevant processes to sufficient accuracy.

We used the slope of the accretion rate evolution depicted
in panel (b) of Fig. 6 as a diagnostic for when the relaxation
after the initial burst cycle has been completed. Taking the MREF*
model as a template, we switched on the acceleration as soon as
the slope of the accretion rate evolution became constant in time.
The acceleration was stopped when the model entered the next
burst phase. At this point, we reverted to our standard computa-
tional method, restored the @ parameters to their normal values,
and let the model relax again until the accretion rate evolution
resumed the same slope as before the acceleration. The next
burst cycle then emerged soon after this relaxation phase was
completed at a critical accretion rate. The dashed line in panel
(b) of Fig. 6 shows the interpolated accretion rate, having the
slope of the relaxed quiescent model, during the time frame of
the acceleration.

This method of shortening the computational time might
alter the actual timescale of the quiescent phase between burst
cycles. However, as elaborated on in Sect. 4.5, the duration of
the quiescent phase may also be subject to other processes or
interactions that are not considered in our models but could dis-
turb the equilibrium state in the inner dead zone and ignite bursts
at different stages. Therefore, predicting the quiescent timescale
is a complex endeavour, especially in non-isolated systems.

Appendix I: Relevant expressions for RWI
conditions

The vortensity g is given as the fraction between the vorticity
and the surface density,

C(otv), K

= I.1
> 2038 (1
with the squared epicyclic frequency being defined as
2Q dv
K = 2Q(rot v), = — (% + rd—:’) ) (L2)

The Gaussian profile fitted to the density bumps in our models is
given as (analogous to Ono et al. 2016)

_ 2
S M)] , (1.3)

2W?

1+A exp(—

with Zp, = Zor? being the background surface density profile
(without bumps), where Xy and b are the background sur-
face density at the bump location roump and the slope of the
background profile, respectively.

3 The position of the DZIE and the efficiency of mass accumulation in
the inner dead zone is governed by the ratio amgri/@pz, which remained
unchanged.
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