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ABSTRACT

Catastrophically evaporating rocky planets provide a unique opportunity to study the composition of small planets. The surface
composition of these planets can be constrained via modelling their comet-like tails of dust. In this work, we present a new
self-consistent model of the dusty tails: we physically model the trajectory of the dust grains after they have left the gaseous
outflow, including an on-the-fly calculation of the dust cloud’s optical depth. We model two catastrophically evaporating planets:
KIC 1255 b and K2-22 b. For both planets, we find the dust is likely composed of magnesium—iron silicates (olivine and pyroxene),
consistent with an Earth-like composition. We constrain the initial dust grain sizes to be ~ 1.25-1.75 wm and the average (dusty)
planetary mass-loss rate to be ~ 3 MgGyr~!. Our model shows that the origin of the leading tail of dust of K2-22b is likely a
combination of the geometry of the outflow and a low radiation pressure force to stellar gravitational force ratio. We find the
optical depth of the dust cloud to be a factor of a few in the vicinity of the planet. Our composition constraint supports the
recently suggested idea that the dusty outflows of these planets go through a greenhouse effect—nuclear winter cycle, which gives
origin to the observed transit depth time variability. Magnesium—iron silicates have the necessary visible-to-infrared opacity

ratio to give origin to this cycle in the high mass-loss state.
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1 INTRODUCTION

The nature and composition of small planets’ (R, < 1.5 Rg) interiors
remain uncertain. Measurements of planetary densities (e.g. Dressing
et al. 2015; Van Eylen et al. 2021) and modelling constraints (e.g.
Rogers 2015; Dorn et al. 2019; Gupta & Schlichting 2019; Rogers &
Owen 2021; Rogers et al. 2023a; Rogers, Schlichting & Owen 2023b)
show most have an ‘Earth-like’ composition of 2/3 silicate rock
and 1/3 iron. However, density measurements alone do not provide
enough information to determine a planet’s bulk composition because
planets with similar densities can vary greatly in terms of their bulk
composition (e.g. Seager et al. 2007; Valencia, Sasselov & O’Connell
2007; Rogers & Seager 2010; Unterborn, Dismukes & Panero 2016;
Dorn et al. 2017a; Dorn, Hinkel & Venturini 2017b; Neil & Rogers
2020; Neil, Liston & Rogers 2022). One way around this degeneracy
would be to constrain the elemental abundance ratios of the bodies.
For example, this analysis can be performed for the material accreted
by polluted white dwarfs (e.g. Génsicke et al. 2012; Farihi et al.
2016; Harrison, Bonsor & Madhusudhan 2018; Bonsor et al. 2020).
However, it is uncertain what planetary reservoirs polluted white
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dwarfs probe (e.g Jura & Young 2014; Buchan et al. 2022; Brouwers,
Bonsor & Malamud 2023), and they are unlikely to represent close-in
planets.

Alternatively, ultra-short-period (USP) planets (planets with an
orbital period of less than one day) provide a unique opportunity
to study the composition of small planets. USP planets are tidally
locked and highly irradiated by their host stars, often achieving sub-
stellar (day-side) surface temperatures > 2000 K. Their primordial
atmosphere is expected to be lost quickly (e.g. Valencia et al. 2010;
Owen & Wu 2013), leaving a ‘bare’ core exposed to stellar radiation.
Under these conditions, the surface of the planet becomes molten
on its day-side, and a rock-vapour atmosphere forms from magma
outgassing (e.g. Schaefer & Fegley 2009; Miguel et al. 2011; Ito
et al. 2015; Kite et al. 2016; Mahapatra, Helling & Miguel 2017;
Zilinskas et al. 2022). Measuring the composition of this rock-vapour
atmosphere could directly probe the planetary interior composition
since the planet’s atmosphere is likely in vapour pressure equilibrium
with the magma. Zieba et al. (2022) recently argued the small
(1.5 Rg) rocky USP planet K2-141 b probably has a thin rock-vapour
atmosphere. Further, JWST observations will likely unveil more
about the nature of these planets (Zilinskas et al. 2022). However,
current observations have yielded no evidence for thick atmospheres
(Kreidberg et al. 2019; Crossfield et al. 2022). Furthermore, detailed
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modelling of these planets’ interior—atmosphere interaction and
evolution is required to interpret the observations and understand
their planetary interiors.

In 2012, Rappaport et al. (2012) reported the discovery of
KIC 12557548 b (often shortened to KIC 1255 b and more recently
Kepler-1520b), a transiting object with an orbital period of ap-
proximately 15.7 h which displays an asymmetric light curve. The
KIC 1255b light curve presents a sharp transit ingress and a slow
egress. Additionally, the light curve shows a positive bump in stellar
flux before the transit occurs and high transit depth time variability.
Rappaport et al. (2012) suggested this light curve could be explained
by the existence of a low-mass (similar to Mercury) evaporating USP
planet with a comet-like tail of dust. The comet-like tail scenario
can be explained as follows: dust from the planet’s molten surface
condenses in a thermally driven wind (Rappaport et al. 2012; Perez-
Becker & Chiang 2013; Booth, Owen & Schulik 2023) and is
transported by a gaseous outflow out to the point where the gas
density is low enough that dust dynamically decouples from the gas.
At this point, the trajectory of the dust is dictated by the stellar
radiation pressure and the stellar gravity, which shapes the dust into
a cometary tail, trailing the planet (e.g Brogi et al. 2012; Rappaport
et al. 2012; Budaj 2013; Sanchis-Ojeda et al. 2015; Lieshout &
Rappaport 2018). As the gas density decreases away from the planet,
the sublimation temperature decreases (e.g. Booth, Owen & Schulik
2023). This results in the gradual sublimation of the dust as it moves
along the tail, ultimately resulting in a tail where the optical depth
drops with distance from the planet (Rappaport et al. 2012; van
Lieshout et al. 2016). The optical depth pattern of the dust cloud can
explain the sharp ingress and slow egress observed. Furthermore,
the forward scattering of stellar photons by the dust grains towards
the line-of-sight of the observer can give rise to the pre-transit
brightening (e.g. van Lieshout et al. 2016). This dusty-tail scenario
has been validated by studies of the colour dependence of the transit
depth (e.g. Bochinski et al. 2015). In addition to this, van Werkhoven
et al. (2014) obtained an upper limit on the KIC 1255 b’s radius of
4600 km, supporting the idea that we are observing the dust cloud
and not the planet.

Since the discovery of KIC 1255b, two more examples of evap-
orating rocky planets have been observed: KOI-2700 b (Rappaport
et al. 2014) and K2-22b (Sanchis-Ojeda et al. 2015). KOI-2700 b
presents a very similar light curve to KIC 1255 b. K2-22b presents a
symmetric light curve, with increased observed flux both before and
after the transit, where the post-transit brightening is explained with
a leading tail of dust (Sanchis-Ojeda et al. 2015).

To explain the high transit depth time variability, Rappaport et al.
(2012) state an erratic variation in the dust production rate is needed,
and a detailed understanding of the origin of this variability remains
uncertain. Perez-Becker & Chiang (2013) speculated and Booth,
Owen & Schulik (2023) found the planetary outflow can be unsteady.
For fast dust growth rates and moderate optical depths, there is a
cycle between periods of dust production and no dust production,
which could give rise to the observed transit depth variability. The
variability was investigated further by Bromley & Chiang (2023),
following the speculation of heterogeneous condensation by Booth,
Owen & Schulik (2023). Bromley & Chiang (2023) demonstrated a
chaotic evolution could arise when iron-poor silicates condensed at
low-mass loss rates (low optical depths), while iron-rich silicate dust
condensed at high mass-loss rates (high optical depths).

Using models of the planetary outflow, Perez-Becker & Chiang
(2013), Kang et al. (2021) and Booth, Owen & Schulik (2023) con-
strained the mass of KIC 1255 b and the planetary mass-loss rate. In
addition to this, the models agree with a scenario where the outflows
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are marginally optically thick in the planet’s vicinity.Morphological
models of KIC 1255b’s dusty-tail reproduce the characteristics of
the observed light curve and place constraints on the size of the dust
grains by comparing synthetic light curves to the observed ones (e.g.
Brogi et al. 2012; Budaj 2013; van Werkhoven et al. 2014). These
models do not attempt to model the formation and launch of the dusty
outflow but to study the properties of the dust under the assumption
it is launched from the planets. The models indicate the dust grains
are around micron-sized.

K2-22b’s dust tail properties have also been studied using similar
morphological models. Sanchis-Ojeda et al. (2015) determined K2-
22 b has a leading dust tail, giving origin to the observed post-transit
brightening in flux. This implies the ratio of radiation pressure forces
to stellar gravity (f) to be less than 2 percent. The value of B
can be this small for low-luminosity host stars and small particle
sizes (< 0.1um) or large particle sizes (2 1.0um). More recently,
observations and models of K2-22b by Schlawin et al. (2021) show
the average particle size must be larger than about 0.5-1.0um,
leading to mass-loss rates of about 1.6- 1.8 Mg Gyr~'.

The dust in the planetary outflow is a direct sample of the magma
pool on the planet’s surface. Therefore, studying the dusty tails can be
used to directly place constraints on the planetary composition. The
composition of the dust was investigated in detail by van Lieshout,
Min & Dominik (2014); van Lieshout et al. (2016). This work was
done by assuming the planet launched an outflow with dust particles
of a certain size and composition and studying how long they survived
before they completely sublimated. van Lieshout, Min & Dominik
(2014) used the dust’s survival time-scale to compute the distance it
could travel from the planet, and compared this to the length of the tail
inferred from the light curve. They found the models where the dust
was composed of corundum (Al,Os[s]) or iron-rich silicates to be
consistent with the observations of KIC 1255 b and KOI-2700 b. Pure
iron, graphite or silicon carbide grains were ruled out. van Lieshout
et al. (2016) directly simulated the dynamics and size evolution of
dust particles in KIC 1255 b’s tail to study the dust composition, the
dust grain sizes and the planetary mass-loss rate of the planet. They
found the dusty tail to be most likely composed of Al,O3[s] micron-
sized grains, with a planetary mass-loss rate ranging from 0.6 to
15.6 MgGyr~'. Enstatite (MgSiOs[s]) and forsterite (Mg,SiO4[s])
had previously been suggested as potential compositions of the dust
grains by Rappaport et al. (2012), Brogi et al. (2012) and Perez-
Becker & Chiang (2013). However, van Lieshout et al. (2016) found
iron-free magnesium-silicates were too cold to sublimate efficiently
due to their low optical, but high IR opacities, and hence survived
too long in the dust cloud to be consistent with the observed transit
duration.

All previous dusty-tail models are limited because they as-
sume the dusty-tail to be optically thin throughout. In addition
to this, many of the previous models use a simplified formula-
tion for the complex refractive index in the calculation of dust
optical properties. Considering the dust cloud to be optically thin
throughout is an assumption that requires detailed investigation.
The trajectory of a dust grain is highly dictated by the radiation
pressure force, which is obviously highly sensitive to the opti-
cal depth to stellar light once it reaches moderate values. Thus,
even moderate optical depths can cause significant changes in
the morphology of the dusty tail. In addition to this, the tem-
perature of a dust grain, and hence the sublimation rate of the
dust, is highly sensitive to moderate or higher optical depths.
Therefore, the more optically thick the environment, the cooler the
dust grains will be, causing them to survive longer in the dusty
tail.
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In this work, we construct a new model of the dusty tails. We
couple the dust particle dynamics to the self-consistently determined
optical depth. Introducing the optical depth evolution allows for
robust compositional constraints to be derived from the observations.
Our methods are presented in Section 2. In Section 3 we apply our
model to KIC 1255b and in Section 4 to K222b. In Section 5, we
discuss our results in the context of the observations. Finally, in
Section 6, we summarize our findings.

2 MODEL AND METHODS

We aim to develop a model with all the necessary physics to compare
directly to the observations, but that is still computationally feasible.
To achieve this, we adopt a hybrid method, where similar to van
Lieshout et al. (2016), the dust grains are modelled as Lagrangian
‘super-particles’, but the optical depth is computed by ray tracing on a
grid of dust densities. Our super-particle is a collection of dust grains
that share the same but evolving properties. The number of actual
dust grains (,) inside a super-particle depends on the planetary
mass-loss rate, the grain’s initial size and composition, and how
often/many super-particles we introduce into the simulation. Thus,
we introduce the super-particle mass my, = mgN,, where my is the
mass of an individual dust grain.

2.1 Dust motion

The stellar radiation pressure force and the stellar gravity dominate
the trajectory of the dust grains. For full consistency, we include
planetary gravity and the Poynting—Robertson drag (Robertson 1937)
acting on the dust grains, but we ignore collisions between the
individual dust grains. Following the results from Booth, Owen &
Schulik (2023), we assume the planet to have a mass of 0.03Mg
although we note the choice does not affect our results. Using
the Fortney, Marley & Barnes (2007) mass—radius relationship, we
estimate the planetary radius to be 0.33 Rg, assuming mass fractions
of 2/3 silicate rock and 1/3 iron. The equation of motion for the dust
grain is solved in the co-rotating frame of reference, centred at the
centre of mass of the star—planet system. The planetary and stellar
orbits are assumed to be circular. The equation of motion of a dust
grain is given by

GM * GM, planet

P=——— " (r—r)— ——P (o rne)
3 * 3 plane
|r_rp1anet|

|l'— I'*|
—wX(@wx 71 —2wxX T

+ /3 GM* . [(1_ .rradial> (l'— rx) _<i‘+((g)>< l')):|
| r—r,| c | r—r,| c

(1

where r is the position vector of the dust grain, r, pine; are the
position vectors of the star and planet, respectively; M, planct are the
mass of the star and planet respectively; w is the rotation vector of
the frame-of-reference, 8 is the ratio between the norms of the direct
radiation pressure force and the star’s gravitational force, G is the
gravitational constant and c is the speed of light. The final term on
the RHS of equation (1) represents the radiation forces acting on the
dust grains (Robertson 1937; Burns, Lamy & Soter 1979).

We assume our dust grains are spherical, and as such, g is given
by

1 L,

= o (T, 2
mecam <Ies @

B
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where L, is stellar luminosity, 7, is the optical depth of the dust cloud
to stellar irradiation at the grain’s position, and « is the radiation-
pressure Planck-mean opacity at the stellar temperature 7,, for a
particle of radius s.

2.2 Dust sublimation

We take a similar approach to van Lieshout et al. (2016) for
determining the sublimation rate of a spherical dust grain in a
gas-free environment. In thermodynamical equilibrium, when the
partial pressure of a molecule equals its equilibrium vapour pressure,
the condensation rate must equal the sublimation rate; thus, the
sublimation rate can be expressed in terms of the condensation
rate using the principle of detailed balance (c.f. Booth, Owen &
Schulik 2023). In our models, the dust grains have large numbers
of atoms (~10° atoms for a 0.1xm particle); thus, we assume their
sublimation rate is solely dependent on the dust’s internal properties
(e.g. its temperature, Gail & Sedlmayr 2013). Consequently, the
sublimation rate for a dust grain in thermodynamical equilibrium
with the gas surrounding it is equal to its sublimation rate in a gas-
free environment (Langmuir 1913). Therefore, the change of the
radius of a dust grain (s) can be written as (Kimura et al. 2002;
Gail & Sedlmayr 2013; van Lieshout, Min & Dominik 2014),

Ds _ apy(Ty) ( wimy )1/2 3)

Dr Pd 2mkeTy

where « is the evaporation coefficient which parametrizes the kinetic
inhibition of the sublimation.!, p, is the equilibrium vapour pressure,
W is the molecular weight of the sublimating molecules in atomic
mass units?, m, is the atomic mass unit, kg is Boltzmann’s constant,
and Ty is the dust grain’s temperature. The equilibrium vapour
pressure is given by the Clausius-Claperyon relation (Kimura et al.
2002),

pu(T) = exp(—=A/T + B) [cgs] (C)]

where A and B are material-specific parameters. Quantities ¢, A and
B are assumed to be temperature independent.

The balance between the received and emitted energy by a
dust grain is used to determine the dust’s temperature, which we
approximate as:

*

Kabs(Tw, S
abs( )47'”’(%

e™ =4 ka(Ty, 5) osp Ty ®)

where k.5(7y, ) is the Planck-mean absorption opacity at the
stellar temperature T,, kaps(Ty, §) is the absorption opacity at the
dust temperature Ty, rq is the dust grain-star distance and ogp is
Stefan—Boltzmann’s constant. This equation assumes that while we
are including the attenuation of stellar light due to the dust cloud’s
optical depth, we are assuming the dust cloud is optically thin to
its own cooling radiation. This assumption is justified, as for our
best-fitting models, the dusty outflow is optically thin to its re-
emitted thermal emission. As discussed in our results, the dust’s
temperature (and hence sublimation rate) depends critically on the
opacity ratio k ups (7%, $)/k 1514, 5), Which at higher ratios gives higher

o has been experimentally measured to be approximately the same as the
growth/sticking coefficient (Gail & Sedlmayr 2013).
2Following van Lieshout, Min & Dominik (2014) and for simplicity, we
assume ( to be the molecular weight of the dust sublimating. In reality, ©
is the average molecular weight of the molecules recondensing from the gas
phase in the sublimation—condensation equilibrium.
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Figure 1. A 2D representation of our staggered mesh, similar to the 3D one used to estimate the dust cloud’s optical depth. Scalar variables are measured at the
centres of the grid cells, represented by the red diamonds. Vector quantities/direction-dependent variables are measured at the grid-cell interfaces, represented
by the black circles. We apply the clouds-in-cells method (Section 2.3) where the extinction contribution of a dust grain in position P(x, y) (black star) is shared
between the grid cells surrounding it (shaded area) with the value determined between the volume assigned to the grain and the volume of the cell.

temperatures and hence faster sublimation. It is this opacity ratio
that ultimately allows us to constrain the dust’s composition and
size through its impact on the temperature and, subsequently, the
sublimation rate.

2.3 Optical depth evolution

To calculate the optical depth of the dust cloud, we imple-
ment the clouds-in-cells (CIC) method (Birdsall & Fuss 1969).
Consider a staggered-mesh grid, where scalar variables (e.g. ex-
tinction) are defined at the grid-cell centres (red diamonds in
Fig. 1) and direction-dependent variables (e.g. optical depth) at
the centres of the grid-cell interfaces (black circles in Fig. 1).
The extinction to be attributed to the grid-cell centres is ob-
tained by sharing a dust super-particle’s extinction over the grid
points surrounding it. A 2D representation of our 3D method
is shown in Fig. 1. Considering a dust grain at a position P(x,
y), we can regard the grain as a small cloud and spread it
over an area of AxAy, the shaded area surrounding the black
star. The extinction in the horizontal-lines-shaded area is as-
signed to point (i, j); that in the diamond-shaded area to point
(i + 1, j); that in the vertical-lines-shaded area to point (i +
1, j + 1) and that in the diagonal-lines-shaded area to point
G j+ 1)

We adapt and apply the method described above to a uniform
three-dimensional spherical polar grid centred at the star, i.e. the
volume of each grid cell is approximately the same. Here, r is the
radial distance from the star’s centre, 6 is the polar angle, and ¢ is the
azimuthal angle. The contribution to the extinction of a super-particle
at a position (r4, 04, ¢4) is given by

Mp Kext(Ty, 8)

AV ©

Xsp(Td, Oa, da) =
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where K.y is the extinction opacity of the dust grains in a super-
particle, and AV is the ‘volume’3 of the superparticle, taken to be the
volume element of the cell in which it resides. For better numerical
accuracy, volumes are calculated with the spherical volume element
in the following form (cf. Stone & Norman 1992):

AV = A(R?/3) A(—cos0) Ag. 7

The extinction of the grid cell centred at (#(7), 6(j), ¢(k)) can now be
written as

XG0 =" Vi xp(ra, O, d0) (8)
sp

where Vi{ « 18 the fraction of the superparticle’s volume that resides in
cell (7, j, k) (see Fig. 1). The sum is performed over all super-particles
that have any volume that overlaps with that cell. Once the extinction
grid is computed via equation (8), we obtain the optical depth by
numerically integrating the extinction over the radial distance from
the star to the grid-cell interface centres in the radial direction i,
using:
i1
(i, j, k)= Z x(', j, k) Ar, fori > 1 ©)]
i'=0
where t(i, j, k) is the optical depth at the grid-cell interface centred
at (r(i), 0(j), ¢(k)) and Ar is grid-cell size in the radial direction i.
The grid boundaries are set as

31t is important not to confuse this ‘volume’ with any physical volume. This
‘volume’ is used to smooth the extinction over our grid in the CIC method
and thus scales with the grid’s resolution. Our choice for its size is confirmed
by our resolution tests.

20z Arenigad |0 uo 1senb Aq /825 15//61Z1/2/82S/0Ie/Selul/woo"dno-ojwapese//:sdny Wwoly papeojumoq



r(i = 0) = Ruin, r(i = Nr) = Runax;

, N N
‘9(]=0)=0min+7a Q(JZNH_I)zemax_T;

. Ad . A¢g
¢(]=0)=¢min+71 ¢(.}=N¢_l)=¢max_7;

where Ng ¢, ¢ are the number of grid cells in the radial i, polar j,
and azimuthal k directions, respectively, (R, 0, ¢)min are the lower
boundaries in each direction and similarly (R, €, ¢)max are the upper
boundaries. We note that r(i’) = r(i) + %. In this case,ati =0, 1t =
0 for all j and k. After testing, we set N = 75, Ny = 25, and Ny =
250, and the grid limits to be

Ruin =095a, Rpxx =1.10a;
Omin = 1.55 rad, 6. = 1.60 rad;

Omin = - 0.40 rad, e = 0.10 rad;

where a is the semimajor axis of the planet’s orbit. These values
allow for approximately cubic grid cells with constant grid-cell sizes
in each direction, where Ar = 0.002a and A6 = A¢ = 0.002 rad.
The grid limits were chosen according to where the optical depth is
dynamically important. A lower limit of 0.001 for the optical depth
is placed. Outside the chosen grid limits, the optical depth of the dust
cloud is set to 0.001. To obtain the optical depth at the position of
a super-particle, we perform a tri-cubic spline interpolation (Press
et al. 2002) over the optical depth grid.

2.4 Dust opacities

Dust opacities are calculated for the materials listed in Table 1 as
follows. First, using the MIESCAT module of RADMC3DPY*, which
applies Mie theory, we calculate the dust absorption (k%) and
scattering opacities (k..,), as well as the scattering g-factor (gZ.,),
as functions of wavelength (A = 1075-10cm) and grain size (s =
0.1-10 um)®> Where the optical constants are not available for the
entire wavelength range indicated above, they are extrapolated by
keeping them constant at shorter wavelengths and with a log—log
function at longer wavelengths, as would be expected from simple
diffraction theory (e.g. Bohren & Huffman 1983). The extrapolation
of optical constants to shorter wavelengths may somewhat affect
the opacities at the stellar temperatures, especially for corundum
(AL Os[s]), for which the optical constants are only available down
to 0.5 um, but they do not change our conclusions. At the lower end
of relevant temperatures, the calculated values are unaffected by the
extrapolation since the available data covers the relevant range of
wavelengths.

For each grain size s, the opacities are averaged over a Gaussian
size distribution centred at s, and of width Aln(s) = 0.02 to avoid
‘ringing’. We adopt the dust bulk densities shown in Table 1.

To obtain the Planck-mean opacities as functions of temperature
and grain size, we integrate k% , k2

s
s Kiea and g% over frequency. In our
problem, we have four relevant opacities:

(i) The absorption opacity to stellar light, « (7%, 5), used in
equation (5);

“https://www.ita.uni-heidelberg.de/~dullemond/software/radme-3d/
manual_rmcpy/

SFor some materials, in some wavelength ranges, optical constants are
different for different crystal axes. In such cases, we follow van Lieshout
et al. (2016) and combine the optical constants for different axes using the
Bruggeman (1935) mixing rule.
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(ii) The absorption opacity at the grain’s temperature, « ybs(7y, ),
used in equation (5);

(iii) The extinction opacity to the star light, kex (T, §) = Kaps (T,
§) + ksca(T, 5), used in equation (6);

(iv) The radiation pressure opacity, «(T, ) = kaus(Ty, $) +
Ksca, eff(Tw, §), used in equation (2), where ks, eft(T%, ) is given by
(1 - gsca(Tn S) ) Ksca(Tn S)-

2.5 Numerical methods

To determine the trajectory of a super-particle, we solve its equa-
tions of motion (equation (1)) and sublimation (equation (3)) simul-
taneously. To solve equations (1) and 3, we use the Dormand—Prince
(DP) method (Dormand & Prince 1980) with an absolute and relative
tolerance of 10~8. We apply Brent’s method (Brent 1973) to solve
equation (5) numerically for the temperature of a dust grain with
an absolute tolerance of 10~ and a relative tolerance of 10~8. Each
super-particle has an optimal time-step for the DP solver. In order
to make the model as efficient as possible, we use the optimal time-
step for each individual super-particle and synchronize the time-step
between particles when obtaining the optical depth of the dust cloud
and calculating the transit depth (see Section 2.6). This approach
only updates the optical depth at every synchronized time-step;
however, we confirmed this does not affect our results by varying
the synchronized time-step.

The model’s free parameters are the distribution of the grain’s
initial positions and velocities, the initial dust grain sizes, the
planetary mass-loss rate and the dust composition. To ensure the
dust grains are not gravitationally bound to the planet, we start them
off at a distance of 1.1 Hill radii from the planet’s centre. We assume
the dust grains have left the planetary atmosphere at the thermal
velocity of the gas particles (Booth, Owen & Schulik 2023) in the
radial direction. The super-particles are either randomly distributed to
leave from the entire planetary surface (spherical outflow) or just the
planet’s day-side, both at the level of the Hill radius (see Section 4).

The simulations are initialized by obtaining the optical depth grid
of the initial dust cloud. The planetary mass-loss rate is set to be
constant throughout our simulations. We launch 250 super-particles
every 100th of a planetary orbit, enough to guarantee convergence
in the light curve (see Fig. 2). We trace the optical depth every
200" of an orbit. We consider a dust grain completely sublimated
when it is smaller than 0.1xm, at which point it does not significantly
contribute to the extinction or scattering of the dust cloud. We run the
simulations until the transit profile is converged, i.e. it has reached a
steady state and does not significantly change from one transit to the
next; this typically requires five orbits (or until it becomes apparent
there is no steady state for a given material; see Section 3.2).

2.6 Transit profile calculation

The final stage is to compute a synthetic light curve from our
simulations. We adopt a two-stage method, including extinction and
forward scattering. For the extinction calculation, we implement the
CIC method once again (see Section 2.3). We grid the star into cells
with area A and spread each super-particle over an area Ag. If
a super-particle overlaps with a given grid cell, the optical depth
contribution from the super-particle in that cell is given by

o = ST s)my
sp— T
Acell

where f is the fraction of the super-particle’s area which overlaps
with the grid cell. To obtain the total optical depth 7 in a grid cell,

: 10)
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Table 1. Dust species used in this study and the corresponding densities, sublimation parameters, and references for optical data and sublimation
parameters.

Dust species Density Optical data Sublimation parameters Notes
[gecm™3] ref. A [10* K] B o ref.

Al,O3(s] (Corundum)' 4.00 K95 7.74 39.3 0.1 S04, L08

MgSiO3([s] (Enstatite)'2 3.20 J94, D95, J98 6.89 37.8 0.1 MS88 (a)

Mg[0‘5,()‘7.0‘95]FC[0A5_0.3,0A05]Si03 [S] (Pyroxene)l 3.20, 3.01, 2.74 J94, D95 6.89 37.8 0.1 MS88 (a), (b)

Mg;SiO4[s] (Forsterite)' 3.27 FO1 6.53 34.1 0.1 N4

Mg 72Fep.21Si04[s] (San Carlos Olivine)? 3.30 FO1, 711 6.53 34.1 0.1 No4 (a), (¢), (d)

Mg s6Feo.40Si0.91 O4[s] (Sri Lanka Olivine)2 3.30 Z11 6.53 34.1 0.1 N94 (a), (c),(d)

Mg[l'o,o‘g]Fe[llo,1,2]Si04[S] (Olivine)l 3.71, 3.80 J94, D95 6.53 34.1 0.1 No4 (a), (d)

Fe,Si04[s] (Fayalite)? 4.39 FO1 6.04 37.7 0.1 No4 (a)

Notes. ' Amorphous. 2Crystalline. (a) Following van Lieshout, Min & Dominik (2014), & = 0.1 is adopted for materials with no evaporation
coefficient measurement. (b) Following Kimura et al. (2002), the sublimation parameters of enstatite are adopted for all other types of pyroxene.
(c) The density chosen for this olivine is the average density of low-Fe olivine. (d) Following Kimura et al. (2002), the sublimation parameters of
forsterite are adopted for all other types of olivine.

References. K95, Koike et al. (1995); S04, Schaefer & Fegley (2004); L08, Lihrmann (2008); J94, Jaeger et al. (1994); D95, Dorschner et al. (1995);
J98, Jaeger et al. (1998); M88, Mysen & Kushiro (1988); FO1, Fabian et al. (2001); N94, Nagahara, Kushiro & Mysen (1994); Z11, Zeidler et al.

(2011).
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Figure 2. Top: Simulated transit of KIC 1255b for different numbers of
super-particles launched every 100" of an orbit. The dust is assumed to be
composed of olivine (Mgg gFe; 2SiO4[s]). The dust cloud is assumed to be
optically thin throughout (z = 0.1) and the outflow is assumed to be radially
outwards from the entire planetary surface (spherical outflow). Bottom: The
relative percentage difference between the transits simulated on the top plot.
The difference is smaller than the observed error (=~ 200 ppm; Rappaport
et al. 2012), therefore, we launch 250 superparticles every 100" of an orbit.
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we sum all the individual 7,’s corresponding to that cell. The flux
from that cell is then attenuated by a factor of e~*. Finally, the total
stellar flux is obtained by adding all the individual fluxes from each
grid cell.

Forward scattering of light by dust grains can increase the
observed stellar flux. The increase in flux is proportional to the
scattering opacity of the dust grain, ks.(7%, s) (Section 2.4), and
the scattering phase function at the scattering angle. We use the
Henyey—Greenstein analytical scattering phase function for dust
grain mixtures (Henyey & Greenstein 1941), which is solely de-
pendent on g, and the scattering angle, and use the single scattering
approximation (van Lieshout et al. 2016). We ignored limb-darkening
effects for both the extinction and forward scattering computations.
The extinction and forward scattering components are combined into
synthetic transit profiles.

3 KIC 1255 B: DUST COMPOSITION, GRAIN
SIZES AND MASS-LOSS RATE CONSTRAINTS

One of our key goals is to determine the dust composition and
size. The size of the dust grains has been constrained through
measurements of the transit depth dependence on wavelength, i.e.
colour dependence. Croll et al. (2014) and Schlawin et al. (2016)
observed the transit depths of KIC 1255 b not to be colour dependent
and set a lower limit of the dust grain size of ~0.2-0.5 um. Previous
modelling efforts (e.g. Brogi et al. 2012; Budaj 2013) predict
the dust grain sizes to be 0.1-1.0 um based on the shape of the
forward-scattering bump. However, these models did not consider the
sublimation rate of the dust grains and simply assumed an exponential
decay of the size distribution. Furthermore, van Lieshout et al. (2016)
curiously found corundum (Al,O; [s]) to be the best fit with the
observations for KIC 1255b, using a model that didn’t include the
dust tail’s optical depth self-consistently on the dust dynamics.
Therefore, using our new, self-consistent approach, we constrain
the tail’s dust composition, grain sizes and planetary mass-loss rate.
We run a grid of models and compare the synthetic light curves
with observations. The dust’s optical properties, which are highly
dependent on the dust grain sizes and compositions, control the
morphology of the white light curve, specifically the pre-transit
brightening and the long egress. On the other hand, the planetary
mass-loss rate mainly influences the transit depth (see Section 3.3).
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Figure 3. Synthetic light curves of KIC 1255b for dust composed of corundum (Al,O3[s]). The observed Kepler light curve averaged over six quarters by

Brogi et al. (2012) is shown as the black solid curve. Left: Synthetic light curves for models at a constant planetary mass-loss rate of 8.0 Mg Gyr

—1 and different

initial dust grain sizes. Right: Synthetic light curves for models at a constant initial dust grain size of 4.5 um and different planetary mass-loss rates.

We define the best-fit models to be the ones where the pre-transit
brightening and the long egress shapes are best represented with a
transit depth comparable to that of the average observed light curves.
Therefore, the reported mass-loss rate is an attempt to estimate the
average dusty mass-loss rates (see Section 3.3).

Since the planet itself is not detected, we do not know exactly
when, in its orbit, the planet is at mid-transit in the observations. Thus,
one needs to align the models with the observations by defining when
an orbital phase of 0 occurs. We do this by aligning our synthetic
light curves with the observations by the pre-transit brightening (if
necessary). Additionally, we also align our out-of-eclipse flux to that
of the observations.

In our simulations, we compute the transit depth every 5 min. To
obtain the synthetic light curves to compare to the observations, we
smooth the data over the Kepler long cadence (30 min).

We first apply our model to KIC 1255b. KIC 1255b orbits a
K-type star with 7, ~ 4550 K, R, =~ 0.66 Ry, and M, =~ 0.67 My
(Thompson et al. 2018). We run the model for the dust compositions
listed in Table 1. We study the parameter space of initial dust grain
sizes ranging from 0.5 to 8.0 um, and (dusty) planetary mass-loss
rates from 1.0 to 15.0 Mg Gyr'. The models we discuss throughout
Section 3 assume the outflow is spherical. We also explored models
with a day-side outflow geometry, but we found the spherical outflow
to consistently be a better fit for KIC 1255b (Appendix A). This is
because the day-side outflow models produce a more symmetric
transit, which is less consistent with KIC 1255 b’s light curve. We
discuss the issue of outflow geometry further in Section 4.

3.1 Corundum

We find corundum dust grains with initial sizes below 2.0 um subli-
mate too fast to produce the observed light curve of KIC 1255 b. This
is expected as small corundum grains achieve very high temperatures
(fig. 4 in Booth, Owen & Schulik 2023), due to their low IR opacity.
We find corundum could give origin to the observed light curve
of KIC 1255b with initial dust grain sizes of ~3.5-5.5 um and an
average mass-loss rate of 8.0 MgGyr~! (Fig. 3). This result arises

because as the particles get larger, the ratio between their optical and
IR opacity falls resulting in lower temperatures and longer lifetimes;
however, larger particles have a lower opacity and we must increase
the mass-loss rate to match the observed transit depth.

The initial dust grain sizes we estimate for dust composed of corun-
dum are above the lower limit estimated from colour dependence
measurements. The average dust mass-loss rate we estimate is within
the findings of van Lieshout et al. (2016) but considerably higher than
the theoretical models of Perez-Becker & Chiang (2013) and Booth,
Owen & Schulik (2023). The estimate of the dust mass-loss rate
in other studies (e.g. Kawahara et al. 2013) is generally obtained
solely from the transit depth, ignoring any forward scattering effects.
Forward scattering reduces the transit depth and therefore, higher
mass-loss rates are needed to fit the observations (Appendix B).

As discussed by van Lieshout et al. (2016), aluminium has a low
cosmic abundance and is likely a minor component of rocky planets
(e.g. Schaefer & Fegley 2009; Jura & Young 2014). In addition to
this, corundum is measured to have a relatively low abundance in the
bulk silicate earth (BSE) composition (see table 1.7 in O’Neill &
Palme 1998). Therefore, the existence of a corundum dust tail
combined with such high mass-loss rates would be surprising. While
corundum can fit the data, we consider it an unlikely candidate for
the composition of the dust in the tail.

3.2 Olivine and pyroxene

‘We have studied compounds we know are pre-dominant in the Earth’s
mantle (e.g. O’Neill & Palme 1998): olivine, (Mg, Fe),SiOu[s], and
pyroxene, (Mg, Fe)SiOs[s].

First, we consider the end-members of these two types of minerals.
The iron end-member of olivine (fayalite), Fe,SiO4 [s], is too volatile
in the entire parameter space studied, i.e. it sublimates too fast to
explain an observable dusty tail. On the other hand, the magnesium
end-members of olivine (forsterite), Mg,SiO4[s], and pyroxene
(enstatite), MgSiOs[s], have low optical to IR opacity ratio and do not
achieve high enough temperatures to sublimate. The dust survives for
multiple orbits, accumulating over time, and the transit profile never
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converges (see the right panel of Fig. 4). Additionally, the synthetic
light curves produced show no agreement with the observations
at any time-point (see the left panel of Fig. 4). The pre-transit
brightening occurs earlier than expected for most of the parameter
space. Furthermore, there is a significant post-transit brightening,
which does not match the observations. Therefore, we rule out dust
grains predominately composed of fayalite, forsterite, or enstatite.
We test other types of pyroxene (see Table 1). For
Mgo.95Fe 0sSiO3[s], the scenario is similar to that of forsterite and
enstatite, i.e. the dust is too cold due to its low optical to IR opacity

MNRAS 528, 1249-1263 (2024)

ratio. Mgp7Fe(3Si0;[s] and Mg sFe(5SiO3[s] behave similarly to
fayalite—these compounds are too volatile and do not survive long
enough to create the dusty-tail observed. Given the contrasting
behaviours of the different types of pyroxene tested here, we believe
low—iron pyroxene with an iron content between 0.05 and 0.3 should
be explored in future work.

The dust compositions tested which best fit with the observations
of KIC 1255b are magnesium—iron olivines, i.e. compounds of the
form (Mg, Fe),SiO4[s] with an iron content of at least 10 per cent.
Fig. 5 shows that for Mg sFe;,SiO4[s], the pre-transit brightening
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and the long-egress match the observation for dust grain sizes
between 1.25 and 1.75 pm and an average planetary mass-loss rate
of 3.0 MgGyr™!. Similar results are obtained for Sri Lanka olivine,
San Carlos olivine and MgFeSiOy[s].

These results are in agreement with the BSE abundances (e.g
Kargel & Lewis 1993) and white dwarf measurements for evapo-
rating exoplanets (e.g Bonsor et al. 2020). Curry et al. (2023) show
that the observed dust is coming from a localized region where the
planet has been evaporated down to. This supports the idea that the
dust originates from the mantle of the planet, where magnesium—iron
silicates like olivine and pyroxene are expected to be abundant. In
addition to this, Bromley & Chiang (2023) argued iron-rich silicates
are required to be able to produce an observable mass loss rate for
catastrophically evaporating exoplanets.

3.3 Estimating the average mass-loss rate

Since the transits are variable, and the precision on an individual
transit is poor, we must compare our model to phase-folded, average
light curves. Therefore, we must evaluate whether the mass-loss rate
reported by our model, when compared to averaged light curves,
is representative of the average mass-loss rate. We did this by
computing the relationship between the mass-loss rates and the transit
depth in our models. As shown in the right panel in Fig. 6, we find
the transit depth has an approximately linear relation with the dust
mass-loss rate. A linear relationship implies that average light curves
can be used to estimate average mass-loss rates. Additionally, we
compared our synthetic light curves for Mgy sFe; ,SiO4 to two sets
of observed light curves of KIC 1255b as divided by Brogi et al.
(2012): a set where the transit depths are shallow (0.2 percent,- 0.5
per cent) and a set where the transit depths are deep (> 0.8 per cent).
We find the best-fit for the shallow and deep transits require smaller
and larger mass-loss rates, respectively, but the same range of dust

grain sizes as for the average mass-loss rate case (left panel, Fig. 6).
Therefore, our reported best-fit mass-loss rates to the average light
curves are a reasonable approximation to the average mass-loss rate.

3.4 Synthetic JWST spectra: corundum versus
magnesium-iron silicates

While we have argued corundum is an unlikely composition, we
suggest that this can be directly confirmed with additional ob-
servations. Corundum and magnesium—iron silicates have distinct
absorption features in the near-infrared and mid-infrared regions.
In particular, silicates show a very broad absorption feature at
about 10 um. Observing the dusty tails in these wavelengths can
help us understand what the dust is composed of and validate
our models. We produce synthetic JWST absorption spectra of
KIC 1255b for the Mg gFe;,SiO4[s] best-fit model with an ini-
tial dust grain size of 1.25um and an average mass-loss rate
of 3.0 MgGyr~! (pink dot-dashed curve in Fig. 5 left), and the
corundum best-fit model with an initial dust grain size of 4.5 pm
and an average mass-loss rate of 8.0 MgGyr~! (green dot-dashed
curve in Fig. 3 left). We use the wavelength range and resolution
of the MIRI-MRS mode and the NIRSpec-PRISM mode. The
spectra are shown in Fig. 7. The synthetic spectra show that we
would be able to distinguish if the dust is composed of corundum
or magnesium—iron silicates with JWST observations if a bright
target is identified.® This inference is in line with the results
of Bodman et al. (2018) and Okuya et al. (2020), who also
found JWST observations could help constrain the dust composi-
tion.

61t is likely KIC 1255 b is too faint to perform this experiment with a small
number of transits; however, K2-22 b may be bright enough.

MNRAS 528, 1249-1263 (2024)
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4 THE LEADING DUST TAIL OF K2-22B AND
THE OUTFLOW GEOMETRY

In addition to modelling KIC 1255b, we also model K2-22b. As
mentioned earlier, K2-22b shows a light curve with increases in
the observed flux both before and after the transit (Sanchis-Ojeda
et al. 2015). This agrees with a scenario where there is a tail of dust
also leading the planet. K2-22b orbits an M-type star with 7, ~
3830 K, R, =~ 0.58 Ry and M, ~ 0.60 My, with an orbital period of
approximately 9.2h (Sanchis-Ojeda et al. 2015).

Sanchis-Ojeda et al. (2015) state a ‘substantial’ (8 = 0.05)
radiation pressure force necessarily blows the dust into orbits trailing
the planet. However, they find if § is sufficiently small (< 0.02) some
dust can fall into faster orbits than that of the planet, creating a tail
of dust leading the planet.

The best-fit models we find for the K2-22b average light curve
(Sanchis-Ojeda et al. 2015), assuming the dust is composed of
Mg sFe;,SiOy4[s], are for initial dust grain sizes ~1.0-1.5um
and a mass-loss rate ~2.5-3.0 MgGyr™'. These results compare
favourably to Schlawin et al. (2021), who observationally constrained
the dust grain sizes of K2-22b to be larger than 0.5-1.0 pm. Based
on this measurement, they constrained the average mass-loss rate of
K2-22b to be ~ 1.6 MgGyr ™.
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Here, we investigate if the origin of the leading tail is a conse-
quence of the launch geometry of the dusty outflow. We test two
outflow geometries: a spherical outflow, where the super-particles
leave from the Hill sphere radially outwards over the full 47, and a
day-side outflow, where the super-particles leave the Hill sphere only
from the day-side of the planet, radially outwards. As discussed in
our methods, we always launch our super-particles from just outside
the planet’s Hill sphere. Physically, the outflow is always launched
from the day-side surface of the planet; however, multidimensional
simulations of photoevaporating planets with H/He-rich atmospheres
(e.g. Stone & Proga 2009; Owen & Adams 2014; Tripathi et al. 2015)
indicate the outflow can wrap around to the nightside, yielding a
quasi-spherical outflow through the Hill sphere. Thus, we speculate
a high-mass planet could have an outflow similar to those seen in
these photoevaporation simulations, while a low-mass planet might
have an outflow geometry that is day-side dominated at the Hill
sphere (Fig. 8, right).

We find the spherical outflow is a better fit for the pre-transit
brightening of K2-22b. However, we find the day-side outflow to
be a better fit for the egress and post-transit brightening (Fig. 8,
left). We find a post-transit brightening and a symmetric light curve
(i.e. a leading tail of dust) can exist for both geometries in certain
ranges of the parameter space, even though they don’t fit the light
curve perfectly. Thus, even in the spherical outflow scenario, this
implies that changing the stellar parameters and the planet’s orbital
period is enough to give rise to a leading tail of dust. This result
is a consequence of the strength of the radiation pressure force.
The radiation pressure is weaker for K2-22 compared to KIC 1255
because K2-22 is cooler than KIC 1255 by about 700K. Therefore,
dust grains can occupy orbits closer to the star. While we cannot
produce a model light curve that matches all the features of K2-
22b, we speculate that K2-22b’s outflow geometry probably lies
somewhere between a spherical and a day-side outflow. Coupling
this launching geometry with a lower radiation pressure force to
stellar gravitational force ratio than KIC 1255b, would likely yield
K2-22b’s light curve.

We find a day-side outflow at the level of the Hill sphere is not a
good fit with the observations of KIC 1255b (Appendix A). Thus,
the fact that KIC 1255b is consistent with a spherical outflow and
K2-22b with an outflow geometry that sits between our spherical and
day-side models might imply KIC 1255 b is more massive than K2-
22b. In this scenario KIC 1255 b is massive enough for a significant
fraction of the escaping dust grains to wrap around the planet as they
escape, as seen in hydrodynamic simulations (e.g. Stone & Proga
2009; Owen & Adams 2014; Tripathi et al. 2015), while for K2-22 b
they are effectively unbound when they leave the planet’s surface.

5 OPTICAL DEPTH AND TRANSIT DEPTH
TIME VARIABILITY

As speculated by Rappaport et al. (2012), Perez-Becker & Chiang
(2013) and van Lieshout et al. (2016), we find the dust cloud to be
optically thick in the vicinity of the planet (see Fig. 9). This affects the
transit light curve of the planet and its tail in our models significantly,
as shown in Fig. 10. The transit depth for the models where the optical
depth is traced is consistently larger than the transit depth in the
models in which we assume a fixed low value for the optical depth.
This is because the dust is cooler in the optically thicker environment,
and the grains do not sublimate as fast. Although the optical depth
also affects the radiation pressure force (i.e.  parameter, see equation
(2)), its effect on the sublimation is stronger as the sublimation rate is
exponentially dependent on the dust temperature (although radiation
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pressure is also exponentially sensitive to optical depth, our models
only reach moderate optical depths).

Although we have included the optical depth evolution of the dusty
tail, we do not find a transit depth time variability in our simulations.
One of the limitations of our model is the fact that the planetary
mass-loss rate is a free parameter and, therefore, independent of
the optical depth of the dust cloud. In reality, the planetary mass-
loss rate of the planet is dependent on the optical depth of the
dust cloud. The rock vapour pressure is exponentially dependent
on the surface temperature of the planet. So, a fractional change
in the dust cloud’s optical depth could cause large differences in
the planetary mass-loss rate (e.g. Perez-Becker & Chiang 2013).
Furthermore, we have disregarded the dynamical impact of the stellar
wind on the dust grains as for micron-sized particles, the stellar wind
pressure is generally negligible compared to the radiation pressure
(e.g. Strubbe & Chiang 2006). However, the stellar wind may become
relevant for extremely large stellar wind rates. These rates can happen

during, for example, coronal mass ejections, which can be a source of
the observed variability (cf. Kawahara et al. 2013; Croll, Rappaport &
Levine 2015; Schlawin et al. 2018).

The observations of KIC 1255b show that its transit depth vari-
ability presents no pattern (e.g Lieshout & Rappaport 2018). Both
Perez-Becker & Chiang (2013) and Booth, Owen & Schulik (2023)
have argued the variability might be driven by a cycle involving
stellar insolation and mass loss. In addition to this, Booth, Owen &
Schulik (2023) found that non-steady outflows can arise for fast
dust growth rates and moderate optical depths. However, a chaotic
behaviour, like the one the observations show, was not reproduced.
Recently, Bromley & Chiang (2023) found a chaotic behaviour for the
transit depth when they consider the planetary surface temperature
to increase with increasing optical depth when the atmosphere is
optically thin, and when it decreases with increasing optical depth
when the atmosphere is optically thick. Such behaviour is only
possible if, when the atmosphere is optically thin, the dust has
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lower opacities in the visible wavelengths than in the infrared. This
is because, in order to condense, the dust grains need to radiate
away their energy more efficiently than they absorb visible light.
In addition to this, for the planetary surface temperature to increase
with increasing optical depth in an optically thin atmosphere, the dust
needs to induce a greenhouse effect, which will raise the planetary
surface temperature via infrared back-warming. Iron-poor silicate-
rich dust presents the ideal visible-to-infrared opacity ratio to give
rise to the conditions described above. When enough dust grains have
condensed, and the atmosphere has therefore become optically thick
to starlight, more iron can condense onto the grains. The dust will
begin to absorb more efficiently in the visible than in the infrared,
and the planetary surface temperature will decrease, inducing what
Bromley & Chiang (2023) denominate a nuclear winter. Bromley &
Chiang (2023) state this cycle between the greenhouse effect and
the nuclear winter is the most likely cause of the transit depth time
variability.

Booth, Owen & Schulik (2023) discuss heterogeneous conden-
sation might give rise to the transit depth time variability. They
argue stable iron-free or iron-poor silicates will condensate first in
the wind (e.g. Mg,SiOg4[s]) at low temperatures. This will allow
iron to condense into these grains, causing the dust temperature to
rise. However, iron evaporates more promptly than magnesium from
silicates (e.g. Costa, Jacobson & Fegley 2017) which will increase the
dust temperature, causing the iron content to decrease. This means
the dust grains might reach a composition that is controlled by the
feedback between the iron content and the temperature of the dust.

We find the dust is likely composed of magnesium—iron silicates
(iron-poor or iron-rich) (Section 3). This is in agreement with both
the greenhouse effect-nuclear winter cycle (Bromley & Chiang 2023)
and heterogeneous condensation (Booth, Owen & Schulik 2023). A
complete model which couples the dust formation to the outflow
dynamics and tail morphology is needed to accurately study which
processes are giving rise to the transit depth time variability. In
addition to this, compositionally heterogeneous dust grains should
be considered.
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6 SUMMARY

Catastrophically evaporating rocky planets provide a unique oppor-
tunity to study the composition of rocky worlds. We have developed
a self-consistent model of the dusty tails of catastrophically evapo-
rating rocky planets. For the first time, we have introduced the optical
depth evolution of the dust cloud in a model of this kind. We apply the
model to two catastrophically evaporating exoplanets: KIC 1255 B
and K2-22b.

For both planets, we find the dust is likely composed of
magnesium—iron silicates. The synthetic light curves of KIC 1255b
match the observed light curve for average (dusty) planetary mass-
loss rates of ~3 MgGyr~! and initial dust grain sizes between ~1.25
and ~1.75 um. Although corundum also produces models that fit
the Kepler observations, this is for very large initial dust grain sizes
(~4 um) and large planetary mass-loss rates (~8 MgGyr~!). The
existence of a corundum dust tail combined with such high mass-loss
rates would be surprising as aluminimum is likely a minor component
of rocky planets (e.g. Schaefer & Fegley 2009). JWST observations in
the wavelength range of 1-28 pum could explicitly rule out corundum
as the composition of the dust.

We show K2-22 b probably has a different outflow geometry than
KIC 1255 b. Thus, K2-22b is likely less massive than KIC 1255 b and
presents a leading tail of dust. We find the leading tail of dust is likely
a consequence of the outflow geometry and low radiation pressure
force to stellar gravity force ratios (B).

We find the dust cloud is marginally optically thick to stellar light
in the vicinity of the planet, as first speculated by Rappaport et al.
(2012). This has a significant impact on the light curve, and therefore,
future models of dusty tails should account for the optical depth of
the tail, as was done in this work. Furthermore, Bromley & Chiang
(2023) recently showed the observed transit depth time variability
could have an origin in a greenhouse effect-nuclear winter cycle.
Magnesium—iron silicates have the ideal visible-to-infrared opacity
ratio to give rise to this cycle in the high mass-loss regime. In order
to fully validate this hypothesis, we need to combine the model here
developed with a model of the outflow dynamics and dust formation
(e.g. Booth, Owen & Schulik 2023).
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APPENDIX A: KIC 1255 B, DAY-SIDE OUTFLOW

The simulations for KIC 1255 b that assume a day-side outflow fail
to reproduce the observed long-egress. This happens consistently in
the parameter space explored. Fig. A1 shows the synthetic spectra
for different dust mass-loss rates and initial dust grain sizes when
assuming a day-side outflow for KIC 1255 b.

KIC 1255 b, day-side outflow, 2.0 Mg Gyr !

0.1 [ e e e
00k ="} e el
0.1f .

S f

£ 02r -

=] [ _

3 [ i

© - 4

G 03f .

5 [ i

= [ ]
04F === 2.00um ]

F 2.50 um 1
Lo 3.00 um ]
0.5 K -
F 3.50 um ]
H Kepler Brogi+ 12 (average) E
I R PRI R SN BT R

0.6
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
Orbital phase

Figure A1. Synthetic light curves of KIC 1255 b for dust composed of iron-rich olivine (Mgo sFe; 2SiO4[s]) and a day-side dusty outflow. Left: Synthetic light
and different initial dust grain sizes. The observed Kepler light curve averaged over
six quarters by Brogi et al. (2012) is shown as the black solid curve. Right: Synthetic light curves over five orbits at an initial dust grain size of 0.5 um and a

curves for models at a constant planetary mass-loss rate of 2.0 MgGyr™!

planetary mass-loss rate of 1.0 MgGyr ™.

MNRAS 528, 1249-1263 (2024)

APPENDIX B: THE EXTINCTION AND
FORWARD SCATTERING COMPETITION

While the extinction increases the transit depth, forward scattering
fills up the light curve. When including forward scattering in the
modelling of dusty-tails, we require larger mass-loss rates to fit the
observations (see also fig. 3, van Lieshout et al. 2016). Fig. B1 shows
the contribution from scattering and extinction for the best-fitting
models of corundum and iron-rich olivine.
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Figure B1. Synthetic light curves (black solid curves) of the best-fitting corundum (left) and iron-rich olivine (right) models, and the scattering (dashed red
curves) and extinction (dot-dashed blue curves) components. The components are smoothed to Kepler’s long cadence. Note how the scattering component
reduces the transit depth by a significant factor in both cases.
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