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ABSTRACT

Theory and observations show planets can be surrounded by dust sourced from debris disks. Such8

dust can be accreted by a planet, affecting cloud formation by supplying condensation nuclei and/or9

additional condensable material. In this work, we examine the impact of Mg2SiO4 infall on Hot10

Jupiter atmospheres and their transmission spectra. We combine the 1D radiative-convective-chemical11

equilibrium model PICASO with the aerosol microphysics model CARMA. For WASP-17b analogs, we12

find dust accretion rates ≳ 1011 g/s to significantly alter both size and vertical distribution of dust. We13

also synthesize transmission spectra with PICASO, which show molecular absorption features reduced14

by ∼20−30% of their original size for high infall (1011 g/s), whereas nominal infall (108 g/s) results in15

spectra nearly indistinguishable from the no infall case. We predict Hot Jupiters with distant debris16

disk to show muted transmission spectral features, although no system is currently known to host both17

a Hot Jupiter and a debrisk disk. Observations of such systems may help us discern a particular Hot18

Jupiter formation scenario.19

1. INTRODUCTION20

Dust is always present in planetary systems, from21

the earliest stages of planet formation to mature plan-22

ets around main sequence stars. In the millimeter23

continuum, observations of young protoplanetary disks24

(∼Myr) show that concentration of mm-size dust grains25

in the shape of rings or crescents is common (S. M. An-26

drews et al. 2018). Near-infrared scattered light observa-27

tions also show µm-size dust grains probing the vertical28

extent of disks (G. Duchêne et al. 2024).29

More evolved (∼10 Myr) transition disks undergo dis-30

sipation of gas and dust, but not complete depletion. For31

instance, mm-observations of PDS 70 show a large inner32

cavity of dust where young planets orbit, contrasted by33

a prominent dust ring outside their orbit (M. Keppler34

et al. 2018) and dust in their circumplanetary disks (M.35

Benisty et al. 2021).36

Even after the planet-forming disk has dissipated, dust37

persists in the debris disk phase (∼0.1−1 Gyr). In our38

Solar system, micron-size dust particles scatter sunlight39

to produce the zodiacal light in the Earth’s night sky40

(M. C. Wyatt 2008). Observational surveys of nearby41

stars suggest about 20% have a thousand times more42

dust in mass (O. Absil et al. 2013; S. Ertel et al. 2014,43

2020).44

In debris disks, planetesimals undergo collisional cas-45

cade to continuously supply micron-size grains until the46

larger body reservoir runs out (J. S. Dohnanyi 1969;47

M. C. Wyatt 2008). Thus produced micron-size dust48

particles drift inward due to the Poynting-Robertson49

(PR) drag. For micron size particles, the radial drift50

timescale by the PR drag is ∼Myr at 40 AU, signifi-51

cantly less than the age of a typical debris disk system52

(see A. Moro-Martın 2013, for a review).53

In the inner solar system, the zodiacal dust accretion54

rate is about Ṁ ∼ 107 g/s. Based on exozodiacal dust55

surveys, we expect Ṁ ≳ 1010 g/s for about 20% of56

nearby stars. Orbital simulations show the details of57

accretion – infall rate, deposition depth, gas-solid split58

– change depending on planet mass, semimajor axis and59

strength of vertical mixing (P. Arras et al. 2022).60

Several Hot Jupiter systems show spectral signatures61

(e.g. muted features) consistent with high altitude62

clouds (D. Grant et al. 2023; C. Helling et al. 2023; J.63

Inglis et al. 2024). One possible pathway is to bring in-64

situ cloud upward by enhanced vertical mixing (D. Pow-65

ell et al. 2018). Another possible explanation is infalling66

dust that we focus on in this study. The idea of such67

dust being accreted in different planet and dust parti-68

cle conditions is investigated by P. Arras et al. (2022).69

Earlier work by P. Lavvas & T. Koskinen (2017) con-70
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sidered high-altitude haze from ablated meteoroid, and71

its impact on transmission spectra of Hot Jupiter HD72

189733 b. Similarly, recent studies by J. Mang et al.73

(2022) and J. Mang et al. (2024) examined the effect of74

external meteoritic dust and photochemical haze serving75

as cloud condensation nuclei on temperate giant plan-76

ets. In this work, we extend these ideas to test whether77

influx of external dust can form high altitude clouds and78

consequently affect their transmission spectra.79

2. METHODS80

2.1. PICASO81

PICASO is a one dimensional exoplanetary atmo-82

sphere code that calculates the pressure-temperature83

(PT) structure given input parameters for the star and84

the planet (C. P. McKay et al. 1989; J. J. Fortney et al.85

2005; N. E. Batalha et al. 2019; S. Mukherjee et al.86

2023). With a given initial guess for the PT profile,87

PICASO iterates through solutions until the radiative-88

convective-chemical equilibrium is reached. We verified89

the converged PT profiles to be physically consistent90

(smooth lapse rate, radiative-convective boundary above91

the initial guess, etc).92

PICASO takes as input stellar effective temperature93

Teff,∗, stellar surface gravity log10 g∗, metallicity [M/H],94

and stellar radius R∗. Then interpolates from the pre-95

computed stellar spectrum grid to synthesize a spectrum96

that corresponds to the stellar parameters specified. For97

all the runs presented here, we use the high-resolution98

PHOENIX models (F. Allard et al. 2012). We also tried99

the Castelli-Kurucz grid (F. Castelli & R. L. Kurucz100

2003) and found the two stellar grids result in slightly101

different PT profiles.102

For the planet, we specify planet surface gravity g and103

planet effective temperature Teff . For initial guessing of104

the PT profile, we utilize the parametric model by T.105

Guillot (2010), specifying the equilibrium temperature106

Teq in addition to Teff . These temperatures are related in107

such a way that: T 4
eff = T 4

eq+T 4
int (see J. J. Fortney 2018,108

for a review), where Teq ≫ Tint for highly irradiated109

planets like Hot Jupiters.110

PICASO can take in the correlated-K (CK) table val-111

ues for gas opacities. We use the high-resolution CK112

coefficients computed by R. Lupu et al. (2021).113

In principle, for a tidally locked planet there are sev-114

eral longitudes (e.g. morning and evening limbs, sub-115

stellar and antistellar points) that can have different116

PT profiles. Dust accretion is efficient for low incli-117

nations, ≲10◦, but it remains unclear precisely where118

the infalling dust would concentrate in the atmosphere119

(P. Arras et al. 2022). For this initial study, we do not120

consider this effect and treat the planet atmosphere as121

homogeneous over different longitudes and latitudes in122

1D.123

2.2. CARMA124

CARMA is a one-dimensional aerosol code that solves125

the discretized continuity equation, originally developed126

for Earth’s atmosphere (R. P. Turco et al. 1979; O. B.127

Toon et al. 1979), and later adapted to exoplanet at-128

mospheres (P. Gao et al. 2018; D. Powell et al. 2018).129

Given a PT profile, it can simulate how the dust cloud130

will form, taking into account particle transport pro-131

cesses – settling due to gravity and vertical mixing by132

eddy diffusion – as well as dust microphysics – nucle-133

ation, condensation, evaporation and coagulation. We134

run CARMA simulations to obtain a steady state size135

distribution and vertical number density profile.136

To isolate the effect of nucleation and condensation,137

we use a reduced cloud condensate set, TiO2 as a ho-138

mogeneous nucleation species, and Mg2SiO4 as a het-139

erogeneous species on top, and omit particle coagula-140

tion and fragmentation for this initial study. For Hot141

Jupiter clouds, coagulation is expected to be less im-142

portant since the particles are already large whereas it143

becomes more important in hazes.144

The infalling dust is prescribed as a mass flux at the145

upper boundary (10−6 bar). Based on the calculations146

by P. Arras et al. (2022), we split the dust influx into147

both gas and solid phases in 40/60, respectively. This148

allows for gas phase Mg2SiO4 to heterogeneously nucle-149

ate on either TiO2 cores or solid phase Mg2SiO4 from150

infall. We resolve the dust size distribution from 10−4
151

to 3.3×103 micron with 75 bins, and the vertical distri-152

bution from 102 to 10−6 bar with 90 pressure levels.153

2.3. Setup154

We consider a nominal Hot Jupiter that is similar to155

WASP-17b. We take the stellar parameters for WASP-156

17 reported in the literature (taken from Exo.MAST),157

but vary planetary ones to explore the parameter space.158

Specifically, we choose two different distances away from159

the star, 0.149 AU and 0.051 AU, to produce equilibrium160

temperatures of Teq = 1000 K and Teq = 1700 K, respec-161

tively (the latter of which is physically consistent with162

WASP-17b). We also investigate two metallicity values,163

1× Solar and 10× Solar. The CK tables used in this164

study exclude TiO, VO. The gas phase TiO VO would165

create an inversion layer in upper atmosphere, but only166

for ultra Hot Jupiters (Teq ≳ 2400 K), a temperature167

range not reached by our atmospheres at high altitudes.168

We verify that the computed atmosphere profiles don’t169

show evidence of an inversion.170

https://exo.mast.stsci.edu/exomast_planet.html?planet=WASP17b
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Letter Teq [K] semimajor axis [AU] [M/H]

a 1700 0.051 1.00

b 1700 0.051 0.00

c 1000 0.149 1.00

Table 1. Naming convention of PICASO models. Columns:
(1) model letter, (2) planet equilibrium temperature, (3)
planet semimajor axis, and (4) planet log10 metallicity with
respect to Solar.

No. Ṁ [Ṁ ref ] a [µm] Kzz [K
ref
zz ] Notes

0 0 - 1 Control case

1 1 1 1 Nominal run

2 103 1 1 More flux

3 1 0.1 1 Smaller size

4 1 1 0.1 Nominal, less Kzz

5 1 1 Kzz@1 bar Nominal, less Kzz

6 0 - 0.1 Control, less Kzz

7 0 - Kzz@1 bar Control, less Kzz

8 103 1 0.1 More flux, less Kzz

9 103 1 Kzz@1 bar More flux, less Kzz

Table 2. Naming convention of CARMA runs. Columns:
(1) simulation number, (2) dust infall rate, (3) infalling par-
ticle size, (4) vertical mixing coefficient, and (5) short de-
scription of each run setup. The reference accretion rate is
Ṁ ref = 108 g/s, and the reference vertical mixing coefficient
profile Kref

zz is taken from V. Parmentier et al. (2013).

Naming convention for our simulations is as follows:171

[letter][number], where the lists of letters and num-172

bers are given in Tables 1 and 2.173174175

We first run PICASO for a particular setup and, us-176

ing the computed PT profile, simulate the cloud distri-177

bution with CARMA. After the simulation has reached178

the quasi-steady state, we generate synthetic transmis-179

sion spectra with the cloud distribution time-averaged180

over the last 108 seconds, a range that includes a few181

oscillation periods (e.g. see Fig. 2).182

3. RESULTS183

We mainly present results for model c as it shows the184

most dramatic differences between the no-infall and in-185

fall cases. Models a and b show similar trends, but the186

differences are less drastic. Fig. 1 shows PT profile for187

models a,b and c. Model c is convective for 101 − 102188

bar, and the rest of the atmosphere is radiative, almost189

tending to isothermal at 10−6 bar.190

The CARMA simulations progress in three stages: 1)191

initial ramp up, 2) settling down, and 3) quasi-steady192

state with periodic oscillations. Fig. 2 shows a time193

series of CARMA simulation run on this PT profile194

with no infall (model c0). The initial ramp up lasts195

for 2−3× 107 s, immediately followed by settling down.196

After that, the simulation reaches a quasi-steady state,197

exhibiting periodic behaviors in particle and vapor col-198

umn densities until it is terminated at around 4.2× 108199

s. Although closer examination is required, we interpret200

these as a rain-cloud cycle (P. Gao & D. Powell, in prep).201

Time evolution for the high infall run (model c2) is202

shown in Fig. 3. The general trend is similar to the203

no infall case, with an initial ramp up followed by set-204

tling down and quasi-steady cycles. Interestingly, the205

rise and fall of each peak appears more symmetric com-206

pared to the no infall case. Also, TiO2 particle den-207

sities show larger oscillations relative to the maximum208

abundance. This may correspond to particles growing209

faster due to infall, leading to enhanced sedimentation210

and subsequent evaporation.211

In addition to the TiO2 core in blue and Mg2SiO4212

outer shell in orange, the high infall case has another213

curve in red which corresponds to pure Mg2SiO4 par-214

ticles. Pure Mg2SiO4 particles exist now due to in-215

falling solid acting as condensation sites. The density216

of pure Mg2SiO4 particles reaches its maximum value217

very quickly, <107 s, and remains stable until the end218

of simulation. Similar behavior is seen in vapor mass219

column density, indicating dominant contribution from220

the continuous infall, which has both gas and solid com-221

ponents.222

Fig. 4 shows snapshots of dust distributions at the223

end of each simulation. Looking at the no infall case, we224

see a cloud deck forming between 101 and 102 bar, and225

the number density decreases upward like a powerlaw.226

At ∼10−3 bar, (dotted line), differential size distribu-227

tion shows Mg2SiO4 growing on top of TiO2 core, with228

characteristic size up to ∼ 10 micron.229

In the case of nominal infall (108 g/s), the vertical dust230

distribution is nearly identical to the no infall case. The231

peak near 1 micron in the size distribution comes from232

the input value at 1 micron. But the peak value lies be-233

low the in-situ Mg2SiO4 cloud. Interestingly, Mg2SiO4234

grows on top of smaller TiO2 cores compared to the no-235

infall case, where the tail of the size distribution now236

extends down to ∼10−3 microns whereas the tail goes237

down to ∼10−1 microns in the no-infall case.238

In the high infall case (1011 g/s), a distinct high-239

altitude cloud layer appears. The vertical distribution240

shows a secondary cloud population at higher altitudes,241

∼ 10−3 bar. The peak in the size distribution from infall242

extends above the in-situ cloud. TiO2 cores are concen-243

trated at smaller sizes (≲10−3 micron). The size distri-244

bution also shows relative depletion of particles between245

10−3 and 10−2 microns compared to the two other runs.246

This may be owing to the fact that now TiO2 cores must247
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Figure 1. Vertical structure for different models computed
with PICASO. PT profile (red solid), Mg2SiO4 condensation
curve (orange dashed) and TiO2 condensation curve (blue
dotted) are shown.

compete with infalling Mg2SiO4 seeds as condensation248

nuclei.249

Fig. 5 show mock transmission spectra representative250

of the quasi-steady state for the three different cases.251

The nominal infall rate case is pretty much indistin-252

guishable from the no infall case, whereas the high infall253

rate case stands out a lot. The spectral features are254

muted, as much as 20−30% of original size of the fea-255

ture (e.g. CO2 at 4.5 micron). It also shows the silicate256

bump around 10 micron.257

Shorter wavelengths ≲ 1 micron is less reliable, pos-258

sibly due to numerical artifacts or Mie resonance from259

the monodisperse infall size.260

The stark contrast between models c1 and c2 suggest261

a threshold in infall rate that can significantly affect262

the dust distribution and transmission spectra. This263

behavior is also seen in the models a[0-2] and b[0-2].264

4. DISCUSSION265

For the first time, we examined the effect of phys-266

ically motivated infalling dust on cloud distribution in267

exoplanet atmospheres and their spectra. Our infall sce-268

narios use values consistent with theoretical and obser-269

vational estimates. Building on previous studies that270

examined the impact of dust from meteoroid ablation271

(P. Lavvas & T. Koskinen 2017; J. Mang et al. 2022,272

2024) and zodiacal dust infall calculations (P. Arras273

et al. 2022), we explicitly model how infalling dust mod-274

ifies cloud distribution and their observational features275

in Hot Jupiters.276

Our models show that nominal infall rates (Ṁ = 108277

g/s) have little effect. With high enough flux (Ṁ = 1011278

g/s), however, we show it is possible to significantly alter279

Figure 2. Time series of CARMA simulation for no infall
(model c0). Each quantity is normalized such that maximum
is 1. Blue is TiO2 core, orange is Mg2SiO4 outer shell on top
of TiO2 core.

both the dust distribution (Fig. 4) and the transmission280

spectrum (Fig. 5) of a Hot Jupiter. Our results suggest281

Hot Jupiters in dust rich systems will have muted spec-282

tral features in their transmission spectra.283

To date, no known systems host both transiting Hot284

Jupiters and debris disks (in the near-infrared). This285

idea can be tested with observations. Our results can286

serve as a guide for observational studies to follow up287

and test this hypothesis by searching for these systems.288

Observations of such systems would favor a particu-289

lar pathway for Hot Jupiter formation. Two main hy-290

potheses are known: migration within disk during for-291

mation, and high-eccentricity migration after disk dis-292

sipation (see J. J. Fortney et al. 2021, for a review).293

The infalling dust hypothesis seems less compatible with294

high-eccentricity migration, as excitation and circuliza-295

tion of the planet’s orbit may disrupt the debris disk296

sourcing micron size dust via chaotic dynamical interac-297

tions. Therefore, formation of Hot Jupiters with far out298

debris disk would be aligned with the more quiescent299

disk migration scenario.300
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Figure 3. Similar to Fig. 2 but for high infall (model c2).
Red curve denotes pure Mg2SiO4.

Our framework is general, and may also apply to301

young planets far away from the star (e.g. PDS 70 b,c),302

which may be shrouded by an envelop or disk of mate-303

rial that provide a source of external dust. Preliminary304

results suggest that for reasonable values of accretion305

rates the emission spectra for such planets can also be306

altered significantly. Specifically, for dust accretion rates307

Ṁ ≳ 10−10 MJ/yr (≈ 6 × 1012 g/s), we find opacity of308

the infall dust clouds can heat up the upper atmosphere309

(P ≲ 1 bar) by 500−1000 K, and redden the emission310

spectra to appear more like a blackbody continuum.311
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Figure 5. Transmission spectra for three different dust infall rates.
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