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A B S T R A C T 

Catastrophically e v aporating 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 the y hav e left the gaseous 
outflow, including an on-the-fly calculation of the dust cloud’s optical depth. We model two catastrophically e v aporating 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 μm and the average (dusty) 
planetary mass-loss rate to be ∼ 3 M ⊕Gyr −1 . Our model shows that the origin of the leading tail of dust of K2-22 b 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. 

Key words: planets and satellites: composition – planets and satellites: surfaces. 
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 I N T RO D U C T I O N  

he nature and composition of small planets’ ( R p � 1.5 R ⊕) interiors
emain uncertain. Measurements of planetary densities (e.g. Dressing 
t al. 2015 ; Van Eylen et al. 2021 ) and modelling constraints (e.g.
ogers 2015 ; Dorn et al. 2019 ; Gupta & Schlichting 2019 ; Rogers &
wen 2021 ; Rogers et al. 2023a ; Rogers, Schlichting & Owen 2023b )

how most have an ‘Earth-like’ composition of 2/3 silicate rock 
nd 1/3 iron. Ho we ver, density measurements alone do not provide
nough information to determine a planet’s bulk composition because 
lanets with similar densities can vary greatly in terms of their bulk
omposition (e.g. Seager et al. 2007 ; Valencia, Sasselov & O’Connell 
007 ; Rogers & Seager 2010 ; Unterborn, Dismukes & Panero 2016 ;
orn et al. 2017a ; Dorn, Hinkel & Venturini 2017b ; Neil & Rogers
020 ; Neil, Liston & Rogers 2022 ). One way around this de generac y
ould be to constrain the elemental abundance ratios of the bodies. 
 or e xample, this analysis can be performed for the material accreted
y polluted white dw arfs (e.g. G ̈ansick e et al. 2012 ; Farihi et al.
016 ; Harrison, Bonsor & Madhusudhan 2018 ; Bonsor et al. 2020 ).
o we ver, it is uncertain what planetary reservoirs polluted white 
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warfs probe (e.g Jura & Young 2014 ; Buchan et al. 2022 ; Brouwers,
onsor & Malamud 2023 ), and they are unlikely to represent close-in
lanets. 
Alternatively, ultra-short-period (USP) planets (planets with an 

rbital period of less than one day) provide a unique opportunity
o study the composition of small planets. USP planets are tidally
ocked and highly irradiated by their host stars, often achieving sub-
tellar (day-side) surface temperatures � 2000 K. Their primordial 
tmosphere is expected to be lost quickly (e.g. Valencia et al. 2010 ;
wen & Wu 2013 ), leaving a ‘bare’ core exposed to stellar radiation.
nder these conditions, the surface of the planet becomes molten 
n its day-side, and a rock-vapour atmosphere forms from magma 
utgassing (e.g. Schaefer & Fe gle y 2009 ; Miguel et al. 2011 ; Ito
t al. 2015 ; Kite et al. 2016 ; Mahapatra, Helling & Miguel 2017 ;
ilinskas et al. 2022 ). Measuring the composition of this rock-vapour
tmosphere could directly probe the planetary interior composition 
ince the planet’s atmosphere is likely in vapour pressure equilibrium 

ith the magma. Zieba et al. ( 2022 ) recently argued the small
1 . 5 R ⊕) rocky USP planet K2-141 b probably has a thin rock-vapour
tmosphere. Further, JWST observations will likely unveil more 
bout the nature of these planets (Zilinskas et al. 2022 ). Ho we ver,
urrent observations have yielded no evidence for thick atmospheres 
Kreidberg et al. 2019 ; Crossfield et al. 2022 ). Furthermore, detailed
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h permits unrestricted reuse, distribution, and reproduction in any medium, 
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odelling of these planets’ interior–atmosphere interaction and
volution is required to interpret the observations and understand
heir planetary interiors. 

In 2012, Rappaport et al. ( 2012 ) reported the disco v ery of
IC 12557548 b (often shortened to KIC 1255 b and more recently
epler-1520 b), a transiting object with an orbital period of ap-
roximately 15.7 h which displays an asymmetric light curve. The
IC 1255 b light curve presents a sharp transit ingress and a slow
 gress. Additionally, the light curv e sho ws a positi ve bump in stellar
ux before the transit occurs and high transit depth time variability.
appaport et al. ( 2012 ) suggested this light curve could be explained
y the existence of a low-mass (similar to Mercury) e v aporating USP
lanet with a comet-like tail of dust. The comet-like tail scenario
an be explained as follows: dust from the planet’s molten surface
ondenses in a thermally driven wind (Rappaport et al. 2012 ; Perez-
ecker & Chiang 2013 ; Booth, Owen & Schulik 2023 ) and is

ransported by a gaseous outflow out to the point where the gas
ensity is low enough that dust dynamically decouples from the gas.
t this point, the trajectory of the dust is dictated by the stellar

adiation pressure and the stellar gravity, which shapes the dust into
 cometary tail, trailing the planet (e.g Brogi et al. 2012 ; Rappaport
t al. 2012 ; Budaj 2013 ; Sanchis-Ojeda et al. 2015 ; Lieshout &
appaport 2018 ). As the gas density decreases away from the planet,

he sublimation temperature decreases (e.g. Booth, Owen & Schulik
023 ). This results in the gradual sublimation of the dust as it mo v es
long the tail, ultimately resulting in a tail where the optical depth
rops with distance from the planet (Rappaport et al. 2012 ; van
ieshout et al. 2016 ). The optical depth pattern of the dust cloud can
xplain the sharp ingress and slow e gress observ ed. Furthermore,
he forward scattering of stellar photons by the dust grains towards
he line-of-sight of the observer can give rise to the pre-transit
rightening (e.g. van Lieshout et al. 2016 ). This dusty-tail scenario
as been validated by studies of the colour dependence of the transit
epth (e.g. Bochinski et al. 2015 ). In addition to this, van Werkho v en
t al. ( 2014 ) obtained an upper limit on the KIC 1255 b’s radius of
600 km, supporting the idea that we are observing the dust cloud
nd not the planet. 

Since the disco v ery of KIC 1255 b, two more examples of e v ap-
rating rocky planets have been observed: KOI-2700 b (Rappaport
t al. 2014 ) and K2-22 b (Sanchis-Ojeda et al. 2015 ). KOI-2700 b
resents a very similar light curve to KIC 1255 b. K2-22b presents a
ymmetric light curve, with increased observed flux both before and
fter the transit, where the post-transit brightening is explained with
 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,
nd a detailed understanding of the origin of this variability remains
ncertain. Perez-Becker & Chiang ( 2013 ) speculated and Booth,
wen & Schulik ( 2023 ) found the planetary outflow can be unsteady.
or fast dust growth rates and moderate optical depths, there is a
ycle between periods of dust production and no dust production,
hich could give rise to the observed transit depth variability. The
ariability was investigated further by Bromley & Chiang ( 2023 ),
ollowing the speculation of heterogeneous condensation by Booth,
wen & Schulik ( 2023 ). Bromley & Chiang ( 2023 ) demonstrated a

haotic evolution could arise when iron-poor silicates condensed at
ow-mass loss rates (low optical depths), while iron-rich silicate dust
ondensed 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-
trained the mass of KIC 1255 b and the planetary mass-loss rate. In
ddition to this, the models agree with a scenario where the outflows
NRAS 528, 1249–1263 (2024) 
re marginally optically thick in the planet’s vicinity.Morphological
odels of KIC 1255 b’s dusty-tail reproduce the characteristics of

he observed light curve and place constraints on the size of the dust
rains by comparing synthetic light curves to the observed ones (e.g.
rogi et al. 2012 ; Budaj 2013 ; van Werkho v en et al. 2014 ). These
odels do not attempt to model the formation and launch of the dusty

utflow but to study the properties of the dust under the assumption
t is launched from the planets. The models indicate the dust grains
re around micron-sized. 

K2-22 b’s dust tail properties have also been studied using similar
orphological models. Sanchis-Ojeda et al. ( 2015 ) determined K2-

2 b has a leading dust tail, giving origin to the observed post-transit
rightening in flux. This implies the ratio of radiation pressure forces
o stellar gravity ( β) to be less than 2 per cent. The value of β
an be this small for low-luminosity host stars and small particle
izes ( � 0.1 μm) or large particle sizes ( � 1.0 μm). More recently,
bservations and models of K2-22 b by Schlawin et al. ( 2021 ) show
he average particle size must be larger than about 0.5 - 1.0 μm,
eading to mass-loss rates of about 1.6 - 1.8 M ⊕ Gyr −1 . 

The dust in the planetary outflow is a direct sample of the magma
ool on the planet’s surface. Therefore, studying the dusty tails can be
sed to directly place constraints on the planetary composition. The
omposition of the dust was investigated in detail by van Lieshout,
in & Dominik ( 2014 ); van Lieshout et al. ( 2016 ). This work was

one by assuming the planet launched an outflow with dust particles
f a certain size and composition and studying how long they survived
efore they completely sublimated. van Lieshout, Min & Dominik
 2014 ) used the dust’s survi v al time-scale to compute the distance it
ould travel from the planet, and compared this to the length of the tail
nferred from the light curv e. The y found the models where the dust
as composed of corundum ( Al 2 O 3 [s]) or iron-rich silicates to be

onsistent with the observations of KIC 1255 b and KOI-2700 b. Pure
ron, graphite or silicon carbide grains were ruled out. van Lieshout
t al. ( 2016 ) directly simulated the dynamics and size evolution of
ust particles in KIC 1255 b’s tail to study the dust composition, the
ust grain sizes and the planetary mass-loss rate of the planet. They
ound the dusty tail to be most likely composed of Al 2 O 3 [s] micron-
ized grains, with a planetary mass-loss rate ranging from 0.6 to
5.6 M ⊕Gyr −1 . Enstatite ( MgSiO 3 [s]) and forsterite ( Mg 2 SiO 4 [s])
ad previously been suggested as potential compositions of the dust
rains by Rappaport et al. ( 2012 ), Brogi et al. ( 2012 ) and Perez-
ecker & Chiang ( 2013 ). Ho we ver, v an Lieshout et al. ( 2016 ) found

ron-free magnesium-silicates were too cold to sublimate efficiently
ue to their low optical, but high IR opacities, and hence survived
oo long in the dust cloud to be consistent with the observed transit
uration. 
All previous dusty-tail models are limited because they as-

ume the dusty-tail to be optically thin throughout. In addition
o this, many of the previous models use a simplified formula-
ion for the comple x refractiv e inde x in the calculation of dust
ptical properties. Considering the dust cloud to be optically thin
hroughout is an assumption that requires detailed investigation.
he trajectory of a dust grain is highly dictated by the radiation
ressure force, which is obviously highly sensitive to the opti-
al depth to stellar light once it reaches moderate values. Thus,
ven moderate optical depths can cause significant changes in
he morphology of the dusty tail. In addition to this, the tem-
erature of a dust grain, and hence the sublimation rate of the
ust, is highly sensitive to moderate or higher optical depths.
herefore, the more optically thick the environment, the cooler the
ust grains will be, causing them to survive longer in the dusty
ail. 
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1 α has been experimentally measured to be approximately the same as the 
gro wth/sticking coef ficient (Gail & Sedlmayr 2013 ). 
2 Follo wing v an Lieshout, Min & Dominik ( 2014 ) and for simplicity, we 
assume μ to be the molecular weight of the dust sublimating. In reality, μ
is the average molecular weight of the molecules recondensing from the gas 
phase in the sublimation–condensation equilibrium. 
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In this work, we construct a new model of the dusty tails. We
ouple the dust particle dynamics to the self-consistently determined 
ptical depth. Introducing the optical depth evolution allows for 
obust compositional constraints to be derived from the observations. 
ur methods are presented in Section 2 . In Section 3 we apply our
odel to KIC 1255 b and in Section 4 to K2 22 b. In Section 5 , we

iscuss our results in the context of the observations. Finally, in 
ection 6 , we summarize our findings. 

 M O D E L  A N D  M E T H O D S  

e aim to develop a model with all the necessary physics to compare
irectly to the observations, but that is still computationally feasible. 
o achieve this, we adopt a hybrid method, where similar to van
ieshout et al. ( 2016 ), the dust grains are modelled as Lagrangian

super -particles’, b ut the optical depth is computed by ray tracing on a
rid of dust densities. Our super-particle is a collection of dust grains
hat share the same but evolving properties. The number of actual 
ust grains ( N d ) inside a super-particle depends on the planetary
ass-loss rate, the grain’s initial size and composition, and how 

ften/many super-particles we introduce into the simulation. Thus, 
e introduce the super-particle mass m sp = m d N d , where m d is the
ass of an individual dust grain. 

.1 Dust motion 

he stellar radiation pressure force and the stellar gravity dominate 
he trajectory of the dust grains. For full consistency, we include 
lanetary gravity and the Poynting–Robertson drag (Robertson 1937 ) 
cting on the dust grains, but we ignore collisions between the 
ndividual dust grains. Following the results from Booth, Owen & 

chulik ( 2023 ), we assume the planet to have a mass of 0.03 M ⊕
lthough we note the choice does not affect our results. Using 
he F ortne y, Marle y & Barnes ( 2007 ) mass–radius relationship, we
stimate the planetary radius to be 0.33 R ⊕, assuming mass fractions
f 2/3 silicate rock and 1/3 iron. The equation of motion for the dust
rain is solved in the co-rotating frame of reference, centred at the
entre of mass of the star–planet system. The planetary and stellar
rbits are assumed to be circular. The equation of motion of a dust
rain is given by 

r̈ = − GM � 

| r − r � | 3 
( r − r � ) − GM planet 

| r − r planet | 3 
( r − r planet ) 

− ω × ( ω × r ) − 2( ω × ṙ ) 

+ β
GM � 

| r − r � | 2 
[(

1 − ṙ radial 

c 

)
( r − r � ) 
| r − r � | −

(
ṙ + ( ω × r ) 

c 

)]

(1) 

here r is the position vector of the dust grain, r �, planet are the
osition vectors of the star and planet, respectively; M �, planet are the 
ass of the star and planet respectively; ω is the rotation vector of

he frame-of-reference, β is the ratio between the norms of the direct 
adiation pressure force and the star’s gravitational force, G is the 
ravitational constant and c is the speed of light. The final term on
he RHS of equation ( 1 ) represents the radiation forces acting on the
ust grains (Robertson 1937 ; Burns, Lamy & Soter 1979 ). 
We assume our dust grains are spherical, and as such, β is given

y 

= 

1 

4 πcG 

L � 

M 

e −τ� κ( T � , s) (2) 

� 
here L � is stellar luminosity, τ � is the optical depth of the dust cloud
o stellar irradiation at the grain’s position, and κ is the radiation-
ressure Planck-mean opacity at the stellar temperature T � , for a
article of radius s . 

.2 Dust sublimation 

e take a similar approach to van Lieshout et al. ( 2016 ) for
etermining the sublimation rate of a spherical dust grain in a
as-free environment. In thermodynamical equilibrium, when the 
artial pressure of a molecule equals its equilibrium vapour pressure, 
he condensation rate must equal the sublimation rate; thus, the 
ublimation rate can be expressed in terms of the condensation 
ate using the principle of detailed balance (c.f. Booth, Owen &
chulik 2023 ). In our models, the dust grains have large numbers
f atoms ( ∼10 9 atoms for a 0.1 μm particle); thus, we assume their
ublimation rate is solely dependent on the dust’s internal properties 
e.g. its temperature, Gail & Sedlmayr 2013 ). Consequently, the 
ublimation rate for a dust grain in thermodynamical equilibrium 

ith the gas surrounding it is equal to its sublimation rate in a gas-
ree environment (Langmuir 1913 ). Therefore, the change of the 
adius of a dust grain ( s ) can be written as (Kimura et al. 2002 ;
ail & Sedlmayr 2013 ; van Lieshout, Min & Dominik 2014 ), 

D s 

D t 
= −αp v ( T d ) 

ρd 

(
μm u 

2 πk B T d 

)1 / 2 

(3) 

here α is the e v aporation coef ficient which parametrizes the kinetic
nhibition of the sublimation. 1 , p v is the equilibrium vapour pressure,

is the molecular weight of the sublimating molecules in atomic 
ass units 2 , m u is the atomic mass unit, k B is Boltzmann’s constant,

nd T d is the dust grain’s temperature. The equilibrium vapour 
ressure is given by the Clausius-Claperyon relation (Kimura et al. 
002 ), 

 v ( T ) = exp ( −A /T + B) [cgs] (4) 

here A and B are material-specific parameters. Quantities α, A and
 are assumed to be temperature independent. 
The balance between the received and emitted energy by a 

ust grain is used to determine the dust’s temperature, which we
pproximate as: 

abs ( T � , s) 
L � 

4 πr 2 d 

e −τ� = 4 κabs ( T d , s) σSB T 
4 

d (5) 

here κabs ( T � , s ) is the Planck-mean absorption opacity at the
tellar temperature T � , κabs ( T d , s ) is the absorption opacity at the
ust temperature T d , r d is the dust grain-star distance and σ SB is
tefan–Boltzmann’s constant. This equation assumes that while we 
re including the attenuation of stellar light due to the dust cloud’s
ptical depth, we are assuming the dust cloud is optically thin to
ts own cooling radiation. This assumption is justified, as for our
est-fitting models, the dusty outflow is optically thin to its re-
mitted thermal emission. As discussed in our results, the dust’s 
emperature (and hence sublimation rate) depends critically on the 
pacity ratio κabs ( T � , s )/ κabs ( T d , s ), which at higher ratios gives higher
MNRAS 528, 1249–1263 (2024) 
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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. 
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emperatures and hence faster sublimation. It is this opacity ratio
hat ultimately allows us to constrain the dust’s composition and
ize through its impact on the temperature and, subsequently, the
ublimation rate. 

.3 Optical depth evolution 

o calculate the optical depth of the dust cloud, we imple-
ent the clouds-in-cells (CIC) method (Birdsall & Fuss 1969 ).
onsider a staggered-mesh grid, where scalar variables (e.g. ex-

inction) are defined at the grid-cell centres (red diamonds in
ig. 1 ) and direction-dependent variables (e.g. optical depth) at

he centres of the grid-cell interfaces (black circles in Fig. 1 ).
he extinction to be attributed to the grid-cell centres is ob-

ained by sharing a dust super-particle’s extinction over the grid
oints surrounding it. A 2D representation of our 3D method
s shown in Fig. 1 . Considering a dust grain at a position P ( x ,
 ), we can regard the grain as a small cloud and spread it
 v er an area of 
 x 
 y , the shaded area surrounding the black
tar. The extinction in the horizontal-lines-shaded area is as-
igned 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 +
, j + 1) and that in the diagonal-lines-shaded area to point
 i , j + 1). 

We adapt and apply the method described abo v e to a uniform
hree-dimensional spherical polar grid centred at the star, i.e. the
olume of each grid cell is approximately the same. Here, r is the
adial distance from the star’s centre, θ is the polar angle, and φ is the
zimuthal angle. The contribution to the extinction of a super-particle
t a position ( r d , θd , φd ) is given by 

sp ( r d , θd , φd ) = 

m sp κext ( T � , s) 


V 

, (6) 
NRAS 528, 1249–1263 (2024) 
here κext is the extinction opacity of the dust grains in a super-
article, and 
 V is the ‘volume’ 3 of the superparticle, taken to be the
olume element of the cell in which it resides. For better numerical
ccuracy, volumes are calculated with the spherical volume element
n the following form (cf. Stone & Norman 1992 ): 

V = 
 ( R 

3 / 3) 
 ( − cos θ ) 
φ. (7) 

he extinction of the grid cell centred at ( r ( i ), θ ( j ), φ( k )) can now be
ritten as 

( i, j, k) = 

∑ 

sp 

V 

f 

ijk χsp ( r d , θd , φd ) (8) 

here V 

f 

ijk is the fraction of the superparticle’s volume that resides in
ell ( i , j , k ) (see Fig. 1 ). The sum is performed o v er all super-particles
hat hav e an y volume that o v erlaps with that cell. Once the extinction
rid is computed via equation ( 8 ), we obtain the optical depth by
umerically integrating the extinction over the radial distance from
he star to the grid-cell interface centres in the radial direction i ,
sing: 

( i, j, k) = 

i−1 ∑ 

i ′ = 0 

χ ( i ′ , j, k) 
r, for i ≥ 1 (9) 

here τ ( i , j , k ) is the optical depth at the grid-cell interface centred
t ( r ( i ), θ ( j ), φ( k )) and 
 r is grid-cell size in the radial direction i .
he grid boundaries are set as 
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r( i = 0) = R min , r( i = N R ) = R max ; 

θ ( j = 0) = θmin + 


θ

2 
, θ ( j = N θ − 1) = θmax − 
θ

2 
; 

φ( j = 0) = φmin + 


φ

2 
, φ( j = N φ − 1) = φmax − 
φ

2 
; 

here N R, θ , φ are the number of grid cells in the radial i , polar j ,
nd azimuthal k directions, respectively, ( R , θ , φ) min are the lower
oundaries in each direction and similarly ( R , θ , φ) max are the upper
oundaries. We note that r( i ′ ) = r( i) + 


r 
2 . In this case, at i = 0, τ =

 for all j and k . After testing, we set N R = 75, N θ = 25, and N φ =
50, and the grid limits to be 

 min = 0 . 95 a, R max = 1 . 10 a; 
min = 1 . 55 rad , θmax = 1 . 60 rad ; 

min = - 0 . 40 rad , φmax = 0 . 10 rad ; 

here a is the semimajor axis of the planet’s orbit. These values
llow for approximately cubic grid cells with constant grid-cell sizes 
n each direction, where 
r = 0 . 002 a and 
θ = 
φ = 0 . 002 rad.
he grid limits were chosen according to where the optical depth is
ynamically important. A lower limit of 0.001 for the optical depth 
s placed. Outside the chosen grid limits, the optical depth of the dust
loud is set to 0.001. To obtain the optical depth at the position of
 super-particle, we perform a tri-cubic spline interpolation (Press 
t al. 2002 ) o v er the optical depth grid. 

.4 Dust opacities 

ust opacities are calculated for the materials listed in Table 1 as
ollows. First, using the MIESCAT module of RADMC3DPY 

4 , which 
pplies Mie theory, we calculate the dust absorption ( κλ

abs ) and 
cattering opacities ( κλ

sca ), as well as the scattering g-factor ( g λsca ),
s functions of wavelength ( λ = 10 −5 –10 cm) and grain size ( s =
.1–10 μm) 5 Where the optical constants are not available for the 
ntire wavelength range indicated abo v e, the y are e xtrapolated by
eeping them constant at shorter wavelengths and with a log–log 
unction at longer wavelengths, as would be expected from simple 
iffraction theory (e.g. Bohren & Huffman 1983 ). The extrapolation 
f optical constants to shorter wavelengths may somewhat affect 
he opacities at the stellar temperatures, especially for corundum 

 Al 2 O 3 [s]), for which the optical constants are only available down 
o 0.5 μm, but they do not change our conclusions. At the lower end
f rele v ant temperatures, the calculated values are unaffected by the
xtrapolation since the available data covers the rele v ant range of
avelengths. 
For each grain size s , the opacities are averaged over a Gaussian

ize distribution centred at s , and of width 
 ln( s ) = 0.02 to a v oid
ringing’. We adopt the dust bulk densities shown in Table 1 . 

To obtain the Planck-mean opacities as functions of temperature 
nd grain size, we inte grate κλ

abs , κ
λ
sca and g λsca o v er frequenc y. In our

roblem, we have four rele v ant opacities: 

(i) The absorption opacity to stellar light, κabs ( T � , s ), used in
quation ( 5 ); 
 https:// www.ita.uni-heidelberg.de/ ∼dullemond/ software/ radmc-3d/ 
anual rmcpy/
 For some materials, in some wavelength ranges, optical constants are 
ifferent for different crystal axes. In such cases, we follow van Lieshout 
t al. ( 2016 ) and combine the optical constants for different axes using the 
ruggeman ( 1935 ) mixing rule. 

w  

a  

c

τ

w  

w  
(ii) The absorption opacity at the grain’s temperature, κabs ( T d , s ),
sed in equation ( 5 ); 
(iii) The extinction opacity to the star light, κext ( T � , s ) = κabs ( T � ,

 ) + κ sca ( T � , s ), used in equation ( 6 ); 
(iv) The radiation pressure opacity, κ( T � , s ) = κabs ( T � , s ) +

sca, eff ( T � , s ), used in equation ( 2 ), where κ sca, eff ( T � , s ) is given by
1 − g sca ( T � , s) ) κsca ( T � , s). 

.5 Numerical methods 

o determine the trajectory of a super-particle, we solve its equa-
ions of motion (equation ( 1 )) and sublimation (equation ( 3 )) simul-
aneously. To solve equations ( 1 ) and 3 , we use the Dormand–Prince
DP) method (Dormand & Prince 1980 ) with an absolute and relative
olerance of 10 −8 . We apply Brent’s method (Brent 1973 ) to solve
quation ( 5 ) numerically for the temperature of a dust grain with
n absolute tolerance of 10 −4 and a relative tolerance of 10 −8 . Each
uper-particle has an optimal time-step for the DP solver. In order
o make the model as efficient as possible, we use the optimal time-
tep for each individual super-particle and synchronize the time-step 
etween particles when obtaining the optical depth of the dust cloud
nd calculating the transit depth (see Section 2.6 ). This approach
nly updates the optical depth at every synchronized time-step; 
o we ver, we confirmed this does not affect our results by varying
he synchronized time-step. 

The model’s free parameters are the distribution of the grain’s 
nitial positions and velocities, the initial dust grain sizes, the 
lanetary mass-loss rate and the dust composition. To ensure the 
ust grains are not gravitationally bound to the planet, we start them
ff at a distance of 1.1 Hill radii from the planet’s centre. We assume
he dust grains have left the planetary atmosphere at the thermal
elocity of the gas particles (Booth, Owen & Schulik 2023 ) in the
adial direction. The super-particles are either randomly distributed to 
eave from the entire planetary surface (spherical outflow) or just the
lanet’s day-side, both at the level of the Hill radius (see Section 4 ).
The simulations are initialized by obtaining the optical depth grid 

f the initial dust cloud. The planetary mass-loss rate is set to be
onstant throughout our simulations. We launch 250 super-particles 
very 100th of a planetary orbit, enough to guarantee convergence 
n the light curve (see Fig. 2 ). We trace the optical depth every
00 th of an orbit. We consider a dust grain completely sublimated 
hen it is smaller than 0.1 μm, at which point it does not significantly

ontribute to the extinction or scattering of the dust cloud. We run the
imulations until the transit profile is converged, i.e. it has reached a
teady state and does not significantly change from one transit to the
ext; this typically requires five orbits (or until it becomes apparent
here is no steady state for a given material; see Section 3.2 ). 

.6 Transit profile calculation 

he final stage is to compute a synthetic light curve from our
imulations. We adopt a two-stage method, including extinction and 
orward scattering. For the extinction calculation, we implement the 
IC method once again (see Section 2.3 ). We grid the star into cells
ith area A cell and spread each super-particle o v er an area A cell . If
 super-particle o v erlaps with a given grid cell, the optical depth
ontribution from the super-particle in that cell is given by 

sp = 

f κext ( T � , s) m sp 

A cell 
, (10) 

here f is the fraction of the super-particle’s area which o v erlaps
ith the grid cell. To obtain the total optical depth τ in a grid cell,
MNRAS 528, 1249–1263 (2024) 

https://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/manual_rmcpy/
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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 
[ g cm 

−3 ] ref. A [10 4 K] B α ref. 

Al 2 O 3 [s] (Corundum) 1 4.00 K95 7 . 74 39 . 3 0.1 S04, L08 
MgSiO 3 [s] (Enstatite) 1 , 2 3.20 J94, D95, J98 6 . 89 37 . 8 0.1 M88 (a) 
Mg [0 . 5 , 0 . 7 , 0 . 95] Fe [0 . 5 , 0 . 3 , 0 . 05] SiO 3 [s] (Pyroxene) 1 3.20, 3.01, 2.74 J94, D95 6 . 89 37 . 8 0.1 M88 (a), (b) 
Mg 2 SiO 4 [s] (Forsterite) 1 3.27 F01 6.53 34.1 0.1 N94 
Mg 1 . 72 Fe 0 . 21 SiO 4 [s] (San Carlos Olivine) 2 3.30 F01, Z11 6.53 34.1 0.1 N94 (a), (c), (d) 
Mg 1 . 56 Fe 0 . 40 Si 0 . 91 O 4 [s] (Sri Lanka Olivine) 2 3.30 Z11 6.53 34.1 0.1 N94 (a), (c),(d) 
Mg [1 . 0 , 0 . 8] Fe [1 . 0 , 1 . 2] SiO 4 [s] (Olivine) 1 3.71, 3.80 J94, D95 6.53 34.1 0.1 N94 (a), (d) 
Fe 2 SiO 4 [s] (Fayalite) 2 4.39 F01 6.04 37.7 0.1 N94 (a) 

Notes. 1 Amorphous. 2 Crystalline. (a) Follo wing v an Lieshout, Min & Dominik ( 2014 ), α = 0.1 is adopted for materials with no e v aporation 
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 & Fe gle y ( 2004 ); L08, Lihrmann ( 2008 ); J94, Jaeger et al. ( 1994 ); D95, Dorschner et al. ( 1995 ); 
J98, Jaeger et al. ( 1998 ); M88, Mysen & Kushiro ( 1988 ); F01, Fabian et al. ( 2001 ); N94, Nagahara, Kushiro & Mysen ( 1994 ); Z11, Zeidler et al. 
( 2011 ). 

Figure 2. Top: Simulated transit of KIC 1255 b for different numbers of 
super-particles launched every 100 th of an orbit. The dust is assumed to be 
composed of olivine ( Mg 0 . 8 Fe 1 . 2 SiO 4 [s]). The dust cloud is assumed to be 
optically thin throughout ( τ = 0.1) and the outflow is assumed to be radially 
outwards from the entire planetary surface (spherical outflow). Bottom: The 
relati ve percentage dif ference 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 th of an orbit. 
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e sum all the individual τ sp ’s corresponding to that cell. The flux
rom that cell is then attenuated by a factor of e −τ . Finally, the total
tellar flux is obtained by adding all the individual fluxes from each
rid cell. 
Forward scattering of light by dust grains can increase the

bserved stellar flux. The increase in flux is proportional to the
cattering opacity of the dust grain, κ sca ( T � , s ) (Section 2.4 ), and
he scattering phase function at the scattering angle. We use the
en ye y–Greenstein analytical scattering phase function for dust
rain mixtures (Hen ye y & Greenstein 1941 ), which is solely de-
endent on g sca and the scattering angle, and use the single scattering
pproximation (van Lieshout et al. 2016 ). We ignored limb-darkening
ffects for both the extinction and forward scattering computations.
he extinction and forward scattering components are combined into
ynthetic transit profiles. 

 K I C  1 2 5 5  B:  DUST  C O M P O S I T I O N ,  G R A I N  

IZES  A N D  MASS-LOSS  R AT E  C O N S T R A I N T S  

ne of our key goals is to determine the dust composition and
ize. The size of the dust grains has been constrained through
easurements of the transit depth dependence on wavelength, i.e.

olour dependence. Croll et al. ( 2014 ) and Schlawin et al. ( 2016 )
bserved the transit depths of KIC 1255 b not to be colour dependent
nd set a lower limit of the dust grain size of ∼0.2-0.5 μm. Previous
odelling efforts (e.g. Brogi et al. 2012 ; Budaj 2013 ) predict

he dust grain sizes to be 0.1 - 1.0 μm based on the shape of the
orward-scattering bump. Ho we ver, these models did not consider the
ublimation rate of the dust grains and simply assumed an exponential
ecay of the size distribution. Furthermore, van Lieshout et al. ( 2016 )
uriously found corundum ( Al 2 O 3 [s]) to be the best fit with the
bservations for KIC 1255 b, using a model that didn’t include the
ust tail’s optical depth self-consistently on the dust dynamics. 
Therefore, using our new, self-consistent approach, we constrain

he tail’s dust composition, grain sizes and planetary mass-loss rate.
e run a grid of models and compare the synthetic light curves
ith observations. The dust’s optical properties, which are highly
ependent on the dust grain sizes and compositions, control the
orphology of the white light curve, specifically the pre-transit

rightening and the long egress. On the other hand, the planetary
ass-loss rate mainly influences the transit depth (see Section 3.3 ).
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Figure 3. Synthetic light curves of KIC 1255 b for dust composed of corundum (Al 2 O 3 [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 M ⊕Gyr −1 and different 
initial dust grain sizes. Right: Synthetic light curves for models at a constant initial dust grain size of 4.5 μm and different planetary mass-loss rates. 
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e define the best-fit models to be the ones where the pre-transit
rightening and the long egress shapes are best represented with a 
ransit depth comparable to that of the average observed light curves. 
herefore, the reported mass-loss rate is an attempt to estimate the 
vera g e dusty mass-loss rates (see Section 3.3 ). 

Since the planet itself is not detected, we do not know exactly
hen, in its orbit, the planet is at mid-transit in the observations. Thus,
ne needs to align the models with the observations by defining when
n orbital phase of 0 occurs. We do this by aligning our synthetic
ight curves with the observations by the pre-transit brightening (if 
ecessary). Additionally, we also align our out-of-eclipse flux to that 
f the observations. 
In our simulations, we compute the transit depth every 5 min. To

btain the synthetic light curves to compare to the observations, we 
mooth the data o v er the Kepler long cadence (30 min). 

We first apply our model to KIC 1255 b. KIC 1255 b orbits a
-type star with T � ≈ 4550 K , R � ≈ 0 . 66 R �, and M � ≈ 0 . 67 M �

Thompson et al. 2018 ). We run the model for the dust compositions
isted in Table 1 . We study the parameter space of initial dust grain
izes ranging from 0.5 to 8.0 μm, and (dusty) planetary mass-loss
ates from 1.0 to 15.0 M ⊕Gyr - 1 . The models we discuss throughout
ection 3 assume the outflow is spherical. We also explored models 
ith a day-side outflow geometry, but we found the spherical outflow 

o consistently be a better fit for KIC 1255 b (Appendix A ). This is
ecause the day-side outflow models produce a more symmetric 
ransit, which is less consistent with KIC 1255 b’s light curve. We
iscuss the issue of outflow geometry further in Section 4 . 

.1 Corundum 

e find corundum dust grains with initial sizes below 2.0 μm subli-
ate too fast to produce the observed light curve of KIC 1255 b. This

s expected as small corundum grains achieve very high temperatures 
fig. 4 in Booth, Owen & Schulik 2023 ), due to their low IR opacity.

e find corundum could give origin to the observed light curve 
f KIC 1255 b with initial dust grain sizes of ∼3.5–5.5 μm and an
verage mass-loss rate of 8.0 M ⊕Gyr −1 (Fig. 3 ). This result arises
ecause as the particles get larger, the ratio between their optical and
R opacity falls resulting in lower temperatures and longer lifetimes; 
o we ver, larger particles have a lower opacity and we must increase
he mass-loss rate to match the observed transit depth. 

The initial dust grain sizes we estimate for dust composed of corun- 
um are abo v e the lower limit estimated from colour dependence
easurements. The average dust mass-loss rate we estimate is within 

he findings of van Lieshout et al. ( 2016 ) but considerably higher than
he theoretical models of Perez-Becker & Chiang ( 2013 ) and Booth,
wen & Schulik ( 2023 ). The estimate of the dust mass-loss rate

n other studies (e.g. Kawahara et al. 2013 ) is generally obtained
olely from the transit depth, ignoring any forward scattering effects. 
orward scattering reduces the transit depth and therefore, higher 
ass-loss rates are needed to fit the observations (Appendix B ). 
As discussed by van Lieshout et al. ( 2016 ), aluminium has a low

osmic abundance and is likely a minor component of rocky planets
e.g. Schaefer & Fe gle y 2009 ; Jura & Young 2014 ). In addition to
his, corundum is measured to have a relatively low abundance in the
ulk silicate earth (BSE) composition (see table 1.7 in O’Neill &
alme 1998 ). Therefore, the existence of a corundum dust tail
ombined with such high mass-loss rates would be surprising. While 
orundum can fit the data, we consider it an unlikely candidate for
he composition of the dust in the tail. 

.2 Olivine and pyroxene 

e have studied compounds we know are pre-dominant in the Earth’s 
antle (e.g. O’Neill & Palme 1998 ): olivine, (Mg, Fe) 2 SiO 4 [s], and

yroxene, (Mg, Fe)SiO 3 [s]. 
First, we consider the end-members of these two types of minerals.

he iron end-member of olivine (fayalite), Fe 2 SiO 4 [s], is too volatile
n the entire parameter space studied, i.e. it sublimates too fast to
xplain an observable dusty tail. On the other hand, the magnesium
nd-members of olivine (forsterite), Mg 2 SiO 4 [s], and pyroxene 
enstatite), MgSiO 3 [s], have low optical to IR opacity ratio and do not
chieve high enough temperatures to sublimate. The dust survives for 
ultiple orbits, accumulating o v er time, and the transit profile never
MNRAS 528, 1249–1263 (2024) 
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M

Figure 4. Synthetic light curves of KIC 1255 b for dust composed of forsterite (Mg 2 SiO 4 [s]). Left: Synthetic light curves for models at a constant planetary 
mass-loss rate of 1.0 M ⊕Gyr −1 and different initial dust grain sizes after five orbits. 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 μm and a planetary mass-loss rate of 
1.0 M ⊕Gyr −1 . Note how the light curve does not converge, particularly for the pre-transit brightening region. 

Figure 5. Synthetic light curves of KIC 1255 b for dust composed of iron-rich olivine (Mg 0.8 Fe 1.2 SiO 4 [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 3.0 M ⊕Gyr −1 

and different initial dust grain sizes. Right: Synthetic light curves for models at a constant initial dust grain size of 1.25 μm and different planetary mass-loss 
rates. 
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onverges (see the right panel of Fig. 4 ). Additionally, the synthetic
ight curves produced show no agreement with the observations
t any time-point (see the left panel of Fig. 4 ). The pre-transit
rightening occurs earlier than expected for most of the parameter
pace. Furthermore, there is a significant post-transit brightening,
hich does not match the observations. Therefore, we rule out dust
rains predominately composed of fayalite, forsterite, or enstatite. 
We test other types of pyroxene (see Table 1 ). For
g 0.95 Fe 0.05 SiO 3 [s], the scenario is similar to that of forsterite and

nstatite, i.e. the dust is too cold due to its low optical to IR opacity
NRAS 528, 1249–1263 (2024) 
atio. Mg 0.7 Fe 0.3 SiO 3 [s] and Mg 0.5 Fe 0.5 SiO 3 [s] behave similarly to
ayalite—these compounds are too volatile and do not survive long
nough to create the dusty-tail observ ed. Giv en the contrasting
ehaviours of the different types of pyroxene tested here, we believe
ow–iron pyroxene with an iron content between 0.05 and 0.3 should
e explored in future work. 
The dust compositions tested which best fit with the observations

f KIC 1255 b are magnesium–iron olivines, i.e. compounds of the
orm ( Mg , Fe ) 2 SiO 4 [s] with an iron content of at least 10 per cent.
ig. 5 shows that for Mg 0.8 Fe 1.2 SiO 4 [s], the pre-transit brightening
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Figure 6. Left: Synthetic light curves for models at a constant planetary mass-loss rate of 1.5 M ⊕Gyr −1 (top) and 6.0 M ⊕Gyr −1 (bottom) at 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. Shallow transits correspond 
to observed light curves with transit depths between 0.2 and 0.5 per cent, deep transits correspond to observed light curves with transit depths larger than 0.8 
per cent (see Brogi et al. 2012 ). Right: The maximum transit depth for the synthetic light curves of Mg 0.8 Fe 1.2 SiO 4 versus the dust mass-loss rate, at different 
initial dust grain sizes. The black solid curve represents a linear fit to the data. 
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6 It is likely KIC 1255 b is too faint to perform this experiment with a small 
number of transits; ho we ver, K2-22 b may be bright enough. 
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nd the long-egress match the observation for dust grain sizes 
etween 1.25 and 1.75 μm and an average planetary mass-loss rate 
f 3.0 M ⊕Gyr −1 . Similar results are obtained for Sri Lanka olivine,
an Carlos olivine and MgFeSiO 4 [s]. 
These results are in agreement with the BSE abundances (e.g 

argel & Lewis 1993 ) and white dwarf measurements for evapo- 
ating exoplanets (e.g Bonsor et al. 2020 ). Curry et al. ( 2023 ) show
hat the observed dust is coming from a localized region where the
lanet has been e v aporated do wn to. This supports the idea that the
ust originates from the mantle of the planet, where magnesium–iron 
ilicates like olivine and pyroxene are expected to be abundant. In
ddition to this, Bromley & Chiang ( 2023 ) argued iron-rich silicates
re required to be able to produce an observable mass loss rate for
atastrophically e v aporating exoplanets. 

.3 Estimating the average mass-loss rate 

ince the transits are variable, and the precision on an individual 
ransit is poor, we must compare our model to phase-folded, average 
ight curves. Therefore, we must e v aluate whether the mass-loss rate
eported by our model, when compared to averaged light curves, 
s representative of the average mass-loss rate. We did this by 
omputing the relationship between the mass-loss rates and the transit 
epth in our models. As shown in the right panel in Fig. 6 , we find
he transit depth has an approximately linear relation with the dust

ass-loss rate. A linear relationship implies that average light curves 
an be used to estimate average mass-loss rates. Additionally, we 
ompared our synthetic light curves for Mg 0.8 Fe 1.2 SiO 4 to two sets
f observed light curves of KIC 1255 b as divided by Brogi et al.
 2012 ): a set where the transit depths are shallow (0.2 per cent,- 0.5
er cent) and a set where the transit depths are deep ( > 0.8 per cent).
e find the best-fit for the shallow and deep transits require smaller

nd larger mass-loss rates, respectively, but the same range of dust
rain sizes as for the average mass-loss rate case (left panel, Fig. 6 ).
herefore, our reported best-fit mass-loss rates to the average light 
urves are a reasonable approximation to the average mass-loss rate. 

.4 Synthetic JWST spectra: corundum versus 
agnesium–iron silicates 

hile we have argued corundum is an unlikely composition, we 
uggest that this can be directly confirmed with additional ob- 
ervations. Corundum and magnesium–iron silicates have distinct 
bsorption features in the near-infrared and mid-infrared regions. 
n particular, silicates show a very broad absorption feature at 
bout 10 μm. Observing the dusty tails in these wavelengths can
elp us understand what the dust is composed of and validate
ur models. We produce synthetic JWST absorption spectra of 
IC 1255 b for the Mg 0.8 Fe 1.2 SiO 4 [s] best-fit model with an ini-

ial dust grain size of 1.25 μm and an average mass-loss rate
f 3.0 M ⊕Gyr −1 (pink dot-dashed curve in Fig. 5 left), and the
orundum best-fit model with an initial dust grain size of 4.5 μm
nd an average mass-loss rate of 8.0 M ⊕Gyr −1 (green dot-dashed 
urve in Fig. 3 left). We use the wavelength range and resolution
f the MIRI-MRS mode and the NIRSpec-PRISM mode. The 
pectra are shown in Fig. 7 . The synthetic spectra show that we
ould be able to distinguish if the dust is composed of corundum
r magnesium–iron silicates with JWST observations if a bright 
arget is identified. 6 This inference is in line with the results
f Bodman et al. ( 2018 ) and Okuya et al. ( 2020 ), who also
ound JWST observations could help constrain the dust composi- 
ion. 
MNRAS 528, 1249–1263 (2024) 



1258 B. Campos Estrada et al. 

M

Figure 7. Top: NIRSpec-PRISM synthetic absorption spectra of KIC 1255 b 
for the best-fitting model of corundum (4.5 μm and 8.0 M ⊕Gyr −1 – green dot- 
dashed curve in Fig. 3 left) and iron-rich olivine (1.25 μm and 3.0 M ⊕Gyr −1 

– pink dot-dashed curve in Fig. 5 left). The resolution used was 100. Bottom: 
Same as the top panel but for the MIRI-MRS mode. The resolution used was 
3000. Note the distinct absorption feature of the olivine at about 10 μm. 
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 T H E  L E A D I N G  DUST  TA IL  O F  K 2 - 2 2 B  A N D  

H E  OU TFLOW  G E O M E T RY  

n addition to modelling KIC 1255 b, we also model K2-22 b. As
entioned earlier, K2-22 b shows a light curve with increases in

he observed flux both before and after the transit (Sanchis-Ojeda
t al. 2015 ). This agrees with a scenario where there is a tail of dust
lso leading the planet. K2-22 b orbits an M-type star with T � ≈
830 K , R � ≈ 0 . 58 R � and M � ≈ 0 . 60 M �, with an orbital period of
pproximately 9.2h (Sanchis-Ojeda et al. 2015 ). 

Sanchis-Ojeda et al. ( 2015 ) state a ‘substantial’ ( β � 0.05)
adiation pressure force necessarily blows the dust into orbits trailing
he planet. Ho we v er, the y find if β is sufficiently small ( � 0.02) some
ust can fall into faster orbits than that of the planet, creating a tail
f dust leading the planet. 
The best-fit models we find for the K2-22 b average light curve

Sanchis-Ojeda et al. 2015 ), assuming the dust is composed of
g 0.8 Fe 1.2 SiO 4 [s], are for initial dust grain sizes ∼1.0 - 1.5 μm

nd a mass-loss rate ∼2.5–3.0 M ⊕Gyr −1 . These results compare
a v ourably to Schlawin et al. ( 2021 ), who observationally constrained
he dust grain sizes of K2-22 b to be larger than 0.5–1.0 μm. Based
n this measurement, they constrained the average mass-loss rate of
2-22 b to be ∼ 1.6 M ⊕Gyr −1 . 
NRAS 528, 1249–1263 (2024) 
Here, we investigate if the origin of the leading tail is a conse-
uence of the launch geometry of the dusty outflow. We test two
utflow geometries: a spherical outflow, where the super-particles
eave from the Hill sphere radially outwards over the full 4 π , and a
ay-side outflow, where the super-particles leave the Hill sphere only
rom the day-side of the planet, radially outwards. As discussed in
ur methods, we al w ays launch our super-particles from just outside
he planet’s Hill sphere. Physically, the outflow is al w ays launched
rom the day-side surface of the planet; ho we ver, multidimensional
imulations of photoe v aporating planets with H/He-rich atmospheres
e.g. Stone & Proga 2009 ; Owen & Adams 2014 ; Tripathi et al. 2015 )
ndicate the outflow can wrap around to the nightside, yielding a
uasi-spherical outflow through the Hill sphere. Thus, we speculate
 high-mass planet could have an outflow similar to those seen in
hese photoe v aporation simulations, while a low-mass planet might
ave an outflow geometry that is day-side dominated at the Hill
phere (Fig. 8 , right). 

We find the spherical outflow is a better fit for the pre-transit
rightening of K2-22 b. Ho we ver, we find the day-side outflow to
e a better fit for the egress and post-transit brightening (Fig. 8 ,
eft). 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
anges of the parameter space, even though they don’t fit the light
urv e perfectly. Thus, ev en in the spherical outflow scenario, this
mplies that changing the stellar parameters and the planet’s orbital
eriod is enough to give rise to a leading tail of dust. This result
s a consequence of the strength of the radiation pressure force.
he radiation pressure is weaker for K2-22 compared to KIC 1255
ecause K2-22 is cooler than KIC 1255 by about 700K. Therefore,
ust grains can occupy orbits closer to the star. While we cannot
roduce a model light curve that matches all the features of K2-
2b, we speculate that K2-22 b’s outflow geometry probably lies
omewhere between a spherical and a day-side outflow. Coupling
his launching geometry with a lower radiation pressure force to
tellar gravitational force ratio than KIC 1255 b, w ould lik ely yield
2-22 b’s light curve. 
We find a day-side outflow at the level of the Hill sphere is not a

ood fit with the observations of KIC 1255 b (Appendix A ). Thus,
he fact that KIC 1255 b is consistent with a spherical outflow and
2-22b with an outflow geometry that sits between our spherical and
ay-side models might imply KIC 1255 b is more massive than K2-
2b. In this scenario KIC 1255 b is massive enough for a significant
raction of the escaping dust grains to wrap around the planet as they
scape, as seen in hydrodynamic simulations (e.g. Stone & Proga
009 ; Owen & Adams 2014 ; Tripathi et al. 2015 ), while for K2-22 b
hey are ef fecti vely unbound when they leave the planet’s surface. 

 O P T I C A L  DEPTH  A N D  TRANSI T  DEPTH  

I ME  VARI ABI LI TY  

s speculated by Rappaport et al. ( 2012 ), Perez-Becker & Chiang
 2013 ) and van Lieshout et al. ( 2016 ), we find the dust cloud to be
ptically thick in the vicinity of the planet (see Fig. 9 ). This affects the
ransit light curve of the planet and its tail in our models significantly,
s shown in Fig. 10 . The transit depth for the models where the optical
epth is traced is consistently larger than the transit depth in the
odels in which we assume a fixed lo w v alue for the optical depth.
his is because the dust is cooler in the optically thicker environment,
nd the grains do not sublimate as fast. Although the optical depth
lso affects the radiation pressure force (i.e. β parameter, see equation
 2 )), its effect on the sublimation is stronger as the sublimation rate is
xponentially dependent on the dust temperature (although radiation
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Figure 8. Left: Synthetic light curves of K2-22 b for dust composed of iron-rich olivine (Mg 0.8 Fe 1.2 SiO 4 [s]). The blue dashed curve is for a day-side outflow 

with an initial dust grain size of 1.5 μm and a mass-loss rate of 3.0 M ⊕Gyr −1 . The pink dot-dashed curve is for a spherical outflow with an initial dust grain size 
of 1.0 μm and a mass-loss rate of 2.5 M ⊕Gyr −1 . The observed K2 light curve is the black solid curve (Sanchis-Ojeda et al. 2015 ). Right: Cartoon of the dust 
outflow trajectory. The yellow represents the planet’s day-side. The dust forms on the planet’s day-side. If the planet is massive enough, the dust will follow a 
trajectory similar to that shown on the planet on the left – this is what the spherical outflow in our model depicts. If the planet is not massive enough, the dust 
will follow a trajectory similar to that shown on the planet on the right – this is what the day-side outflow in our model assumes. 

Figure 9. Optical depth density map at the radial edge of the optical depth grid ( R = 1 . 10 a) for the best-fitting Mg 0.8 Fe 1.2 SiO 4 [s] model (1.25 μm, 3.0 M ⊕Gyr −1 , 
dot-dashed pink curve in the left panel of Fig. 5 ). The red circle indicates the position of the planet. Note how the optical depth is moderate in the vicinity of the 
planet, implying attenuation of stellar light is important for controlling the dust’s dynamics. 
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ressure is also exponentially sensitive to optical depth, our models 
nly reach moderate optical depths). 
Although we have included the optical depth evolution of the dusty

ail, we do not find a transit depth time variability in our simulations.
ne of the limitations of our model is the fact that the planetary
ass-loss rate is a free parameter and, therefore, independent of 

he optical depth of the dust cloud. In reality, the planetary mass-
oss rate of the planet is dependent on the optical depth of the
ust cloud. The rock vapour pressure is exponentially dependent 
n the surface temperature of the planet. So, a fractional change 
n the dust cloud’s optical depth could cause large differences in 
he planetary mass-loss rate (e.g. Perez-Becker & Chiang 2013 ). 
urthermore, we have disregarded the dynamical impact of the stellar 
ind on the dust grains as for micron-sized particles, the stellar wind
ressure is generally negligible compared to the radiation pressure 
e.g. Strubbe & Chiang 2006 ). Ho we ver, the stellar wind may become
ele v ant for extremely large stellar wind rates. These rates can happen
uring, for example, coronal mass ejections, which can be a source of
he observed variability (cf. Kawahara et al. 2013 ; Croll, Rappaport &
evine 2015 ; Schlawin et al. 2018 ). 
The observations of KIC 1255 b show that its transit depth vari-

bility presents no pattern (e.g Lieshout & Rappaport 2018 ). Both
erez-Becker & Chiang ( 2013 ) and Booth, Owen & Schulik ( 2023 )
ave argued the variability might be driven by a cycle involving
tellar insolation and mass loss. In addition to this, Booth, Owen &
chulik ( 2023 ) found that non-steady outflows can arise for fast
ust growth rates and moderate optical depths. Ho we ver, a chaotic
ehaviour, like the one the observations show, was not reproduced. 
ecently, Bromley & Chiang ( 2023 ) found a chaotic behaviour for the

ransit depth when they consider the planetary surface temperature 
o increase with increasing optical depth when the atmosphere is 
ptically thin, and when it decreases with increasing optical depth 
hen the atmosphere is optically thick. Such behaviour is only 
ossible if, when the atmosphere is optically thin, the dust has
MNRAS 528, 1249–1263 (2024) 
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Figure 10. Comparison of two synthetic light curves for a model where the 
optical depth of the dust cloud is kept thin at 0.1 (dash-dotted curve) and a 
model where the optical depth is traced (solid curve). 

l  

i  

a  

I  

w  

n  

s  

r  

r  

c  

t  

b  

a  

B  

C  

t  

v
 

s  

a  

t  

i  

r  

s  

d  

t  

f
 

(  

t  

a  

c  

d  

p  

a  

b

6

C  

t  

a  

r  

d  

m  

a
 

m  

m  

l  

a  

t  

(  

e  

r  

o  

t  

a
 

K  

p  

a  

f
 

i  

(  

f  

t  

(  

c  

M  

r  

t  

d  

(

A

W  

i  

h  

A  

W  

m  

t  

t  

F  

a  

2  

U  

t  

S  

p  

M  

o  

t  

H  

(  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/2/1249/7515287 by guest on 01 February 2024
ower opacities in the visible wavelengths than in the infrared. This
s because, in order to condense, the dust grains need to radiate
way their energy more efficiently than they absorb visible light.
n addition to this, for the planetary surface temperature to increase
ith increasing optical depth in an optically thin atmosphere, the dust
eeds to induce a greenhouse effect, which will raise the planetary
urface temperature via infrared back-warming. Iron-poor silicate-
ich dust presents the ideal visible-to-infrared opacity ratio to give
ise to the conditions described abo v e. When enough dust grains have
ondensed, and the atmosphere has therefore become optically thick
o starlight, more iron can condense onto the grains. The dust will
egin to absorb more efficiently in the visible than in the infrared,
nd the planetary surface temperature will decrease, inducing what
romley & Chiang ( 2023 ) denominate a nuclear winter. Bromley &
hiang ( 2023 ) state this cycle between the greenhouse effect and

he nuclear winter is the most likely cause of the transit depth time
ariability. 

Booth, Owen & Schulik ( 2023 ) discuss heterogeneous conden-
ation might give rise to the transit depth time variability. They
rgue stable iron-free or iron-poor silicates will condensate first in
he wind (e.g. Mg 2 SiO 4 [s]) at low temperatures. This will allow
ron to condense into these grains, causing the dust temperature to
ise. Ho we ver, iron e v aporates more promptly than magnesium from
ilicates (e.g. Costa, Jacobson & Fe gle y 2017 ) which will increase the
ust temperature, causing the iron content to decrease. This means
he dust grains might reach a composition that is controlled by the
eedback 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
he greenhouse effect-nuclear winter c ycle (Bromle y & Chiang 2023 )
nd heterogeneous condensation (Booth, Owen & Schulik 2023 ). A
omplete model which couples the dust formation to the outflow
ynamics and tail morphology is needed to accurately study which
rocesses are giving rise to the transit depth time variability. In
ddition to this, compositionally heterogeneous dust grains should
e considered. 
NRAS 528, 1249–1263 (2024) 
 SUMMARY  

atastrophically e v aporating rock y planets pro vide a unique oppor-
unity to study the composition of rocky worlds. We have developed
 self-consistent model of the dusty tails of catastrophically e v apo-
ating rocky planets. For the first time, we have introduced the optical
epth evolution of the dust cloud in a model of this kind. We apply the
odel to two catastrophically e v aporating exoplanets: KIC 1255 B

nd K2-22 b. 
For both planets, we find the dust is likely composed of
agnesium–iron silicates. The synthetic light curves of KIC 1255 b
atch the observed light curve for average (dusty) planetary mass-

oss rates of ∼3 M ⊕Gyr −1 and initial dust grain sizes between ∼1.25
nd ∼1.75 μm. Although corundum also produces models that fit
he Kepler observations, this is for very large initial dust grain sizes
 ∼4 μm) and large planetary mass-loss rates ( ∼8 M ⊕Gyr −1 ). The
xistence of a corundum dust tail combined with such high mass-loss
ates would be surprising as aluminimum is likely a minor component
f rocky planets (e.g. Schaefer & Fe gle y 2009 ). JWST observations in
he wavelength range of 1–28 μm could explicitly rule out corundum
s the composition of the dust. 

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

We find the dust cloud is marginally optically thick to stellar light
n the vicinity of the planet, as first speculated by Rappaport et al.
 2012 ). This has a significant impact on the light curve, and therefore,
uture models of dusty tails should account for the optical depth of
he tail, as was done in this work. Furthermore, Bromley & Chiang
 2023 ) recently showed the observed transit depth time variability
ould have an origin in a greenhouse effect–nuclear winter cycle.
agnesium–iron silicates have the ideal visible-to-infrared opacity

atio to give rise to this cycle in the high mass-loss regime. In order
o fully validate this hypothesis, we need to combine the model here
eveloped with a model of the outflow dynamics and dust formation
e.g. Booth, Owen & Schulik 2023 ). 
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art by Villum Fonden (VKR023406), were used to carry out part of
he data analysis. For the purpose of open access, the authors have
pplied a Creative Commons Attribution (CC-BY) licence to any 
uthor Accepted Manuscript version arising. 
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he synthetic light curves data presented in the paper are available 
t the Electronic Research Data Archive (ERDA) of the University 
f Copenhagen at https://erda.k u.dk /archives/0bc047ed0bc096717e 
73d2d462f3913/published-archive.html . 
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PPENDIX  A :  K I C  1 2 5 5  B,  DAY-SID E  OUTFLOW

he simulations for KIC 1255 b that assume a day-side outflow fail
o reproduce the observed long-egress. This happens consistently in
he parameter space explored. Fig. A1 shows the synthetic spectra
or different dust mass-loss rates and initial dust grain sizes when
ssuming a day-side outflow for KIC 1255 b. 
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igure A1. Synthetic light curves of KIC 1255 b for dust composed of iron-rich ol
urves for models at a constant planetary mass-loss rate of 2.0 M ⊕Gyr −1 and diffe
ix quarters by Brogi et al. ( 2012 ) is shown as the black solid curve. Right : Synth
lanetary mass-loss rate of 1.0 M ⊕Gyr −1 . 
PPENDI X  B:  T H E  E X T I N C T I O N  A N D  

O RWA R D  SCATTERI NG  COMPETI TI ON  

hile the extinction increases the transit depth, forward scattering
lls up the light curve. When including forward scattering in the
odelling of dusty-tails, we require larger mass-loss rates to fit the

bservations (see also fig. 3, van Lieshout et al. 2016 ). Fig. B1 shows
he contribution from scattering and extinction for the best-fitting

odels of corundum and iron-rich olivine. 
ivine (Mg 0.8 Fe 1.2 SiO 4 [s]) and a day-side dusty outflow. Left: Synthetic light 
rent initial dust grain sizes. The observed Kepler light curve averaged over 

etic light curves over five orbits at an initial dust grain size of 0.5 μm and a 
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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 
curv es) and e xtinction (dot-dashed blue curv es) 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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