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Why heterogeneous cloud particles matter
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Abstract

Context. The possibility of observing spectral features in exoplanet atmospheres with space missions like the James Webb Space Telescope (JWST) and Atmospheric Remote-sensing Infrared Exoplanet Large-survey (ARIEL) necessitates the accurate modelling of cloud particle opacities. In exoplanet atmospheres, cloud particles can be made from multiple materials and be considerably chemically heterogeneous. Therefore, assumptions on the morphology of cloud particles are required to calculate their opacities.

Aims. The aim of this work is to analyse how different approaches to calculate the opacities of heterogeneous cloud particles affect the optical properties of cloud particles and how this may influence the interpretation of data observed by JWST and future missions.

Methods. We calculated cloud particle optical properties using seven different mixing treatments: four effective medium theories (EMTs; Bruggeman, Landau-Lifshitz-Looyenga (LLL), Maxwell-Garnett, and Linear), core-shell, and two homogeneous cloud particle approximations. We conducted a parameter study using two-component materials to study the mixing behaviour of 21 commonly considered cloud particle materials for exoplanets. To analyse the impact on observations, we studied the transmission spectra of HATS-6b, WASP-39b, WASP-76b, and WASP-107b.

Results. Materials with large refractive indices, like iron-bearing species or carbon, can change the optical properties of cloud particles when they comprise less than 1% of the total particle volume. The mixing treatment of heterogeneous cloud particles also has an observable effect on transmission spectroscopy. Assuming core-shell or homogeneous cloud particles results in less muting of molecular features and retains the cloud spectral features of the individual cloud particle materials. The predicted transit depths for core-shell and homogeneous cloud particle materials are similar for all planets used in this work. If EMTs are used, cloud spectral features are broader and the cloud spectral features of the individual cloud particle materials are not retained. Using LLL leads to fewer molecular features in transmission spectra than when using Bruggeman.
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1 Introduction
Cloud formation models for exoplanet atmospheres predict significant cloud coverage for all but the very hottest exoplanets (Roman et al. 2021; Helling et al. 2023). However, until recently, the only observable impact of clouds on observations were characteristically flat transmission spectra (Bean et al. 2010; Kreidberg et al. 2014; Espinoza et al. 2019; Spyratos et al. 2021; Libby-Roberts et al. 2022). Only with observations from the James Webb Space Telescope (JWST) is it now possible to directly measure spectral features characteristic of, for example, silicate clouds in exoplanet atmospheres (Grant et al. 2023; Dyrek et al. 2023).
There are many different cloud models for exoplanet atmospheres in the literature that use different assumptions in order to describe the ensemble of particles that make up the clouds. The formation of clouds in exoplanet atmospheres starts with the formation of cloud condensation nuclei (CCNs) onto which other cloud particle materials can grow. Species like TiO2 (Sindel et al. 2022), SiO (Lee et al. 2015), VO (Lecoq-Molinos et al. 2024), and KCl (Gao & Benneke 2018) are predicted to nucleate and grow homogeneously. Other materials, such as MgSiO3 or ZnS, form on the surface of the CCNs. This leads to heterogeneous cloud particles. In the cloud formation model of Arfaux & Lavvas (2024), hazes made from soot particles act as CCNs on which MgSiO3 and Na2S can form. To calculate the cloud particle opacities, these authors assume that the soot particles can be neglected and cloud particles are considered to be homogeneous. The cloud formation model CARMA (Turco et al. 1979; Toon et al. 1988; Jacobson et al. 1994; Ackerman et al. 1995; Bardeen et al. 2008; Gao & Benneke 2018) starts with TiO2 and KCl nucleation onto which other species can grow (e.g. Fe, Cr, Al2O3, Mg2SiO4, Cr, MnS, and Na2S; Komacek et al. 2022). Their cloud particles are therefore made from one core species (either TiO2 or KCl) and one shell species. This cloud particle morphology is called core-shell or core-mantle. The cloud formation model of Helling & Woitke (2006) (see also Helling et al. 2001; Woitke & Helling 2003, 2004; Helling et al. 2004) starts with TiO2, SiO, KCl, NaCl, and C nucleation onto which multiple other species can grow. This model considers surface reactions for the growth of cloud particle materials that are not stable as gas-phase molecules. The authors assume that all cloud particle materials are well mixed.
Radiative transfer calculations for exoplanet atmospheres require the calculation of cloud opacities. In computationally expensive retrieval frameworks, clouds are often either considered as a grey cloud deck, where the opacity is assumed to be wavelength independent (e.g. Alderson et al. 2023; Rustamkulov et al. 2023), or are wavelength-dependently parameterised (e.g. Chubb & Min 2022; Feinstein et al. 2023). However, cloud particles have spectral features in transmission spectra, in particular for wavelengths above 8 μm (Wakeford & Sing 2015). While grey clouds allow us to account for the general muting of molecular features in transmission spectra, it has been shown that non-grey clouds are needed to accurately interpret observations (Powell et al. 2019; Feinstein et al. 2023). Many studies therefore consider separate populations of homogeneous cloud particles to account for cloud particle features (e.g. Demory et al. 2013; Powell et al. 2019; Roman et al. 2021; Tan & Showman 2021; Christie et al. 2022; Grant et al. 2023; Feinstein et al. 2023; Kempton et al. 2023; Arfaux & Lavvas 2024). Other models also consider the optical properties of heterogeneous cloud particles (Lee et al. 2016; Lines et al. 2018b; Komacek et al. 2022; Min et al. 2020; Komacek et al. 2022; Dyrek et al. 2023; Lee et al. 2024). A summary of the assumptions for cloud opacity calculations commonly used at present can be found in Table 1.
The optical properties of homogeneous materials have been widely studied (see e.g. Table 2 of the online material1 or Kitzmann & Heng 2018). However, deriving the optical properties of heterogeneous cloud particles is more complicated. If the cloud particle materials are well mixed within the cloud particle, effective medium theories2 (EMTs) can be used (see Sec. 2.3). The three most commonly used EMTs are Bruggeman (Bruggeman 1935), Landau-Lifshitz-Looyenga (LLL; Landau & Lifshitz 1960; Looyenga 1965), and Maxwell-Garnett (Garnett & Larmor 1904). While comparison studies between EMTs exist, they were mostly carried out for materials common in solid-state physics (see e.g. Kolokolova & Gustafson 2001; Du et al. 2004; Franta & Ohlídal 2005).
Modelling cloud particles as spherical is a common assumption for studies of exoplanet atmospheres (e.g. Kitzmann & Heng 2018; Mai & Line 2019; Sanghavi et al. 2021; Komacek et al. 2022; Arfaux & Lavvas 2024; Grant et al. 2023; Jaiswal & Robinson 2023; Lee 2023); although efforts have been made to model the opacities of fractal or otherwise irregularly shaped cloud particles in exoplanet atmospheres (e.g. Ohno et al. 2020). However, calculating more accurate refractive indices at the highest level of theory requires complete knowledge of the material distribution within the grain (see e.g. Lodge et al. 2023). Such information can be derived using, for example, the discrete dipole approximation (Draine & Flatau 1994) or the T-matrix method (Mackowski & Mishchenko 1996). Other theories have sought to simplify the interactions of irregularly shaped particles by assuming a statistical distribution of simpler shapes such as ellipsoids (Bohren & Huffman 1983; Min et al. 2003) or ‘hollow spheres’ (Min et al. 2003, 2005; Samra et al. 2020). In addition to this, approximations to the electromagnetic field as it interacts with an irregularly shaped grain – to allow for self-interaction of the cloud particle – have also been tested (Tazaki et al. 2016; Tazaki & Tanaka 2018). Lastly, the shapes of cloud particles and their material distribution can have important consequences for the polarisation of cloud-scattered light (Draine 2024; Chubb et al. 2024).
The opacities of heterogeneous particles is studied for aerosols in Earth’s atmosphere (e.g. Mishchenko et al. 2016; Stegmann & Yang 2017). Chýlek et al. (1988) found that the predictions from Bruggeman and Maxwell-Garnett for water inclusions in acrylic produce similar, but not identical, results in experiments. However, this only holds for well-mixed particles. Liu et al. (2014) showed that EMTs only give accurate results if the characteristic size of individual inclusions is less than 0.12 times the wavelength they interact with. Several studies have looked at core-shell particles (e.g. Katrib et al. 2004; Lee et al. 2020). McGrory et al. (2022) performed experiments using silica aerosols within a mist of sulphuric acid particles. These authors showed that aerosols within their setup had a core-shell morphology with silica being the core and sulphuric acid building the shell. The existence of core-shell morphology within Earth’s aerosols is also supported by observations from Unga et al. (2018). Using remote sensing, these latter authors found that 60% of urban and 20% of desert aerosols present residuals of a core-shell morphology.
In the present paper, we present a study of the optical properties of heterogeneous cloud particles in exoplanet atmospheres. We consider four EMTs (Bruggeman, LLL, Maxwell-Garnett, and Linear), the core-shell morphology, and two homogeneous cloud particle approximations (Sec. 2). We conducted a parameter study using two-component materials (Sec. 4) to investigate the mixing behaviour of 21 commonly considered cloud particle materials for exoplanets (see e.g. Powell et al. 2018; Helling et al. 2019; Gao et al. 2021): Fe[s], FeO[s], Fe2O3[s], Fe2SiO4[s], FeS[s], TiO2[s], SiO[s], CaTiO3[s], SiO2[s], MgO[s], MgSiO3[s], Mg2SiO4[s], Al2O3[s], NaCl[s], KCl[s], C[s], Camorphous[s], ZnS[s], Na2S[s], MnO[s], MnS[s]. To study how heterogeneous cloud particles affect potential observations, we analysed the pressure-dependent cloud structure and the transmission spectra of HATS-6b, WASP-39b, WASP-76b, and WASP-107b (Sec. 5). The results are discussed in Sec. 6 and we outline our conclusions in Sec. 7.
2 Theoretical basis
Cloud particles are an important opacity source in exoplanet atmospheres with complex optical properties. Section 2.1 describes how cloud particle absorption and scattering coefficients can be calculated. In this work we assume spherical cloud particles which allows one to use Mie theory to calculate their absorption and scattering efficiency (Sec. 2.2). Cloud particles in exoplanet atmospheres can be made from a mixture of different cloud particle materials (see e.g. Helling et al. 2019; Gao & Powell 2021). The morphology of cloud particles in exoplanet atmospheres is currently unknown and depends on how the cloud particles are formed. A common assumption is that all materials are well mixed (see e.g. Lee et al. 2016; Lines et al. 2018b; Min et al. 2020; Helling et al. 2021). This assumption allows one to use EMTs to calculate the effective refractive index of heterogeneous cloud particles (Sec. 2.3). Another assumption is the core-shell morphology which occurs when condensates form a shell around a CCN core (see e.g. Gao et al. 2021; Komacek et al. 2022). The core-shell morphology and two additional non-mixed treatments are considered in this study (Sec. 2.4).
Table 1 
Assumptions made by exoplanet atmosphere studies.

2.1 Cloud particle opacities
The amount of radiation that gets absorbed or scattered by cloud particles is determined by their absorption coefficient [image: equation] and the scattering coefficient [image: equation]. Assuming spherical particles with radii a [cm], these coefficients are given by
[image: equation](1)
[image: equation](2)
where fd(a) [cm−4] is the cloud particle size distribution, amin [cm] the smallest radius of a particle for it to be considered a cloud particle, ρgas [g cm−3] is the gas density, and λ [cm] the wavelength of the radiation. The variable ϵeff is the effective refractive index which is further discussed in Sec. 2.3. The variables Qabs, Qsca, and g are the absorption efficiency, scattering efficiency, and anisotropy factor, respectively. These three variables are calculated using Mie Theory (Sec. 2.2).
2.2 Mie theory
Mie theory (Mie 1908) describes the solution to the Maxwell equations for the interaction of radiation with a sphere. The solution depends on the wavelength of the radiation λ, the radius of the sphere a, the dielectric constant ϵs of the sphere, and the dielectric constant of the surrounding medium ϵm. For cloud particles, the surrounding medium is vacuum which has ϵm = 1. Mie theory calculations only depend on the relative size of the cloud particle and the wavelength of the radiation. Thus, Mie calculations use the size parameter
[image: equation](3)
A detailed description of how the absorption and scattering coefficients are calculated for cloud particles can be found in Gail & Sedlmayr (2013).
2.3 Effective medium theory
To calculate the interaction of cloud particles and radiation, the refractive index n + ik of the cloud particles must be known. The refractive index is directly related to the dielectric constant ϵ of a material:
[image: equation](4)
The real part of the refractive index n describes the ratio of the speed of light and the phase velocity of light in the medium. The imaginary part k describes the attenuation of the electromagnetic wave travelling through the medium.
Many studies of the optical properties of homogeneous cloud particle materials in exoplanet atmospheres exist (e.g. Wakeford & Sing 2015; Kitzmann & Heng 2018; Potapov & Bouwman 2022). The data used in this work can be found in Table 2 of the online material3. Mixed materials on the other hand have complicated dielectric properties which depend on their composition and material distribution. Hence, simplifying assumptions have to be made to investigate these properties for clouds in exoplanet atmospheres. If one assumes a heterogeneous material to be well-mixed, its optical properties can be approximated by the effective dielectric constant
[image: equation](5)
EMTs solve the electric fields for a mixture of materials to derive ϵeff. While ϵ is a precise description of the properties of a homogeneous material, ϵeff is an approximation under the assumption that a well-mixed material can be described equivalently to a homogeneous material.
The Maxwell-Garnett approximation (Garnett & Larmor 1904; Markel 2016) was derived to explain colours in metal glasses and in metallic films. It assumes one dominant material with small inclusions. This simplifies the calculation of the effective refractive index by neglecting interactions between inclusions. The effective dielectric constant is then given by the following formula:
[image: equation](6)
where ϵd is the dielectric constant of the dominant material, ϵi are the dielectric constants of inclusions, and fi = Vi/Vtot is the volume fractions of the inclusions of material i, Vi [cm3] the volume of material i within a cloud particle, and Vtot [cm3] is the total volume of the cloud particle. For this work, we assume the cloud particle material with the largest volume fraction to be the dominant material and all others to be inclusions. Because this theory was derived for small inclusions, the accuracy of Maxwell-Garnett becomes questionable for volume fractions of inclusions above 10−6 (Belyaev & Tyurnev 2018). In exoplanet atmospheres, the volume fraction of the second most dominant cloud particle material is often predicted to be over 1% (Helling et al. 2023). Therefore, Maxwell-Garnett might not always be applicable.
The LLL approximation (Landau & Lifshitz 1960; Looyenga 1965) was derived for dispersive, powder-like mixtures. The derivation of the effective dielectric constant assumes small variations of the dielectric constant within small spherical inclusions of a larger sphere. The effective dielectric constant is then given by:
[image: equation](7)
This equation presents an analytical solution for the effective dielectric constant ϵeff. Due to the short computational time, this technique is of special interest for larger frameworks which include heterogeneous cloud particles, like global circulation models (GCMs; see e.g. Lee 2023).
The Bruggeman approximation (Bruggeman 1935) assumes small, homogeneous inclusions. The derivation of the effective dielectric constant is done by replacing a small spherical inclusion within a sphere with a different material. The effective dielectric constant is then derived using the following equation:
[image: equation](8)
The calculation of ϵeff using Bruggeman requires a minimisation scheme making it computationally intensive. This is in particular impractical for the implementation of cloud particles in larger frameworks. To combat this problem, Lee et al. (2016) used a Newton-Raphson minimisation, but fall back to LLL if no solution can be found within a given number of iteration steps.
The most simplistic approximation of the effective dielectric constants is derived by linearly summing dielectric constants for each material, weighted by their volume fraction (Mackwell et al. 2014; Kahnert 2015):
[image: equation](9)
This approximation is called Linear from here on. It is important to note that the Linear approximation is not derived from the electrical properties of the mixed material like the other EMTs. Thus, it is unlikely to accurately represent the optical properties of a mixed material. However, this technique can be used to, for example, finding a suitable starting condition for the minimisation of Bruggeman.
	[image: thumbnail]	Fig. 1 Representation of the cloud particle morphology assumptions behind well-mixed core-shell, BAS, and SSA cloud particles.



2.4 Non-mixed treatments of cloud particles
In the most general case, cloud particle opacities will depend on their exact composition, shape, and material distribution. EMTs simplify this complexity by assuming well-mixed grains. However, certain materials within a cloud particle might form larger homogeneous inclusions making EMTs no longer applicable. In this case, non-mixed treatments are required. A visualisation of the different theories used in this work is shown in Fig. 1.
The core-shell morphology describes a particle consisting of a homogeneous core surrounded by a homogeneous shell. This morphology is consistent with cloud particle materials forming a shell around a CCN core and is assumed by, for example, CARMA. Typically, both core and shell are assumed spherical. The absorption and scattering efficiency for a core-shell morphology can be calculated similar to Mie theory (Toon & Ackerman 1981). In the case where multiple species can condense simultaneously, each shell material is assumed to form their own population of cloud particles. Therefore, each cloud particle consists at most of two cloud particle materials.
The batch approximation of spheres (BAS) assumes that each cloud particle material forms a single sphere within the cloud particle. The volume of this sphere is equal to the volume fraction of the cloud particle material. Each cloud particle therefore consists of multiple spheres, each made from a single material. To simplify the calculation of the cloud particle opacities, interactions between the spheres and their overlaps are neglected. The absorption and scattering coefficients (see Eqs. (1) and (2)) are then adjusted accordingly:
[image: equation](10)
[image: equation](11)
where ℳ is the set of all cloud particle materials. Since overlapping is neglected, this represents an upper limit of the cloud particle opacity. Furthermore, the interaction between cloud particle materials could lead to spectral features which cannot be reproduced with BAS.
The system of spheres approximation (SSA) assumes that all cloud particle materials are separated into homogeneous, spherical cloud particles with a radius of ⟨a⟩. This assumption is equivalent to other studies which assume multiple homogeneous species with the same cloud particle radius but different number densities (e.g. Roman et al. 2021; Dyrek et al. 2023). For SSA, the cloud particle number density of each cloud particle material is proportional to the volume fraction fi. The absorption and scattering coefficients (see Eq. (1) and (2)) are than adjusted accordingly:
[image: equation](12)
[image: equation](13)
While SSA does not require any additional assumption on the optical properties of the cloud particles, it is inconsistent with cloud formation models which predict that materials like Mg2SiO4[s] form heterogeneously (see e.g. Helling & Woitke 2006; Gao & Benneke 2018).
3 Approach
After examining the theoretical basis, we continue to detail our approach. The calculation of the cloud particle opacities are explained in Sec. 3.1 with the transmission spectra calculations following in Sec. 3.3. All methods laid out here are available within the software package Claus.
3.1 Cloud opacity calculation
For all calculations in this study, we assume spherical cloud particles and calculate the absorption and scattering efficiencies using Mie theory. However, the solution of Mie theory includes an infinite sum and thus has to be solved numerically. A comparison between different Mie-solvers can be found in Appendix A. Overall, we found little differences between the implementations and thus decided to use PyMieScatt for this study (Sumlin et al. 2018). Within Claus, miepython (Wiscombe 1979; Prahl 2023), and Miex (Wolf & Voshchinnikov 2004) are also available.
The cloud particle opacities are calculated by approximating the optical properties of all cloud particle sizes with cloud particles of an average radius ⟨a⟩ [cm]. While size distributions do affect the optical properties of cloud layers, a detailed investigation of their impact on transmission spectra goes beyond the scope of this paper. To calculate the cloud particle number density, we use the cloud particle mass fraction ρv/ρgas:
[image: equation](14)
where ρv [g cm−3] is the cloud particle mass per atmospheric volume, ρgas [g cm−3] is the gas density, and ρc [g cm−3] is the cloud particle material density. The cloud particle absorption coefficient from Eq. (1) is thus given by:
[image: equation](15)
The opacity calculations from Eqs. (2), (10), (11), (12), and (13) are adjusted accordingly. The cloud particle opacities therefore depend on the following cloud particle properties:

	The average cloud particle radius ⟨a⟩ [cm].


	The cloud particle material density ρc [g cm−3].


	The cloud mass fraction ρv/ρgas.


	The refractive index of the cloud particle ϵeff or ϵi.




To study the opacities of heterogeneous cloud particles, we first analyse two-component materials (Sec. 4). A two-component material {A, B} is a composite material made from the mixture of the materials A and B. They are commonly used in solid state physics and hence multiple effective medium studies exist (see e.g. Du et al. 2004; Ghanbarian & Daigle 2016). In this study, we use materials commonly considered in exoplanet atmospheres and vary the relative abundance of A and B. First, the two-component material {Fe[s], Mg2SiO4[s]} is used to compare the effective refractive index from different EMTs (Sec. 4.1). Afterwards, we consider the mixture of Mg2SiO4[s] with 16 other commonly considered cloud particle materials4 in hot Jupiters (Sec. 4.2) and ZnS[s] with 5 commonly considered cloud particle materials5 of temperate atmospheres (Sec. 4.3). To compare the absorption and scattering coefficients of EMTs and non-mixed approaches, we use again the two-component material {Fe[s], Mg2SiO4[s]} (Sec. 4.4).
In hot Jupiter atmospheres, cloud particles can consist of more than two materials. To study the optical properties of considerably heterogeneous cloud particles, we use the results from a detailed micro-physical cloud model (Helling & Woitke 2006). First, we investigate the optical properties of clouds at various heights within the atmosphere of WASP-39b (Sec. 5.1). Afterwards, we analyse the impact of cloud particle mixing treatments on the transmission spectrum of WASP-39b and HATS-6b (Sect. 5.2). The best target for studying the composition and morphology of cloud particles is an exoplanet where cloud materials have been detected in the gas phase and whose atmosphere is predicted to contain clouds. One such planet is WASP-76b, which we are analysing in more detail (Sec. 5.3). Since the optical properties of cloud particles do not only affect the predictions of forward models but also retrievals, we take a closer look at WASP-107b using the results from the ARCiS retrieval of Dyrek et al. (2023) (Sec. 5.4).
3.2 Cloud modelling
In Sec. 5, the cloud structure of 4 planets is studied: HATS-6b, WASP-39b, WASP-76b, and WASP-107b. The cloud modelling approaches for these planets is described in this section.
The cloud structures of HATS-6b, WASP-39b, and WASP-76b are done using a hierarchical forward modelling approach. The temperature and wind structure are modelled using expeRT/MITgcm (Carone et al. 2020; Schneider et al. 2022b) which is cloud-free. The GCM simulations were done by Carone et al. (2023) for WASP-39b, Kiefer et al. (2024a) for HATS-6b, and Schneider et al. (2022a) for WASP-76b. The output of the GCM is then used to calculate the cloud structure. For this, one dimensional temperature, pressure, and vertical velocity profiles were extracted from the GCM and used as input for the kinetic cloud model developed by Helling & Woitke (2006) (see also Woitke & Helling 2003, 2004; Helling et al. 2004, 2008, 2019). This model includes micro-physical nucleation, bulk growth, and evaporation which are combined with gravitational settling, element consumption, and replenishment. A list of all nucleating species and cloud particle materials considered can be found in Table 1 of the online material6. The cloud structures were derived by Carone et al. (2023) for WASP-39b and Kiefer et al. (2024a) for HATS-6b. For WASP-76b, the cloud structures are produced here for the first time. All 1D profiles used in this work are shown in Fig. 6 (HATS-6b), Fig. 7 (WASP-39b), and Fig. 8 (WASP-76b) of the online material7.
To calculate the transmission spectra of all three planets, 1D profiles from multiple latitudes within the morning and evening terminator were considered. The opacities of the cloud particles were calculated based on these profiles and the different mixing treatments as described in Sec. 2. For the calculation of core-shell opacities, the dominant nucleation species was selected as the core species. For WASP-39b and HATS-6b, this is SiO[s]. For WASP-76b this is TiO2[s].
The cloud structure of WASP-107b is taken from the ARCiS (Min et al. 2020) retrieval results of Dyrek et al. (2023). In contrast to the other planets, the temperature-pressure profile, gas-phase abundances, and cloud particle properties (Vs/Vtot, ⟨a⟩, nd) are derived from a free retrieval based on JWST MIRI observations. This means that the model does not include a micro-physical cloud formation description. The opacities of the cloud particles were calculated based on the retrieved cloud particle properties and the different mixing treatments as described in Sec. 2. For the calculation of core-shell opacities, SiO[s] was selected as the core species.
3.3 Transmission spectrum
To calculate the transmission spectrum of cloudy exoplanet atmospheres, the cloud particle opacities are added as an additional opacity source to petitRADTRANS (Mollière et al. 2019, 2020; Alei et al. 2022). The number densities of gas-phase species are calculated within the cloud model, thereby assuming chemical equilibrium and including the depletion of gas-phase species due to cloud formation8.
The following species were considered as gas-phase opacity species within the radiative transfer (Chubb et al. 2020): H2O (Polyansky et al. 2018), CO2 (Yurchenko et al. 2020), CO (Li et al. 2015), TiO (McKemmish et al. 2019), Na (Piskunov et al. 1995), and K (Piskunov et al. 1995). Rayleigh scattering is included by considering H2 (Dalgarno & Williams 1962) and He (Chan & Dalgarno 1965). Collision-induced absorption (CIA) is considered from H2−H2 and H2−He (Borysow et al. 1988, 1989; Borysow & Frommhold 1989; Borysow et al. 2001; Richard et al. 2012; Borysow 2002).
The references for the optical properties of homogeneous materials are listed in Table 2 of the online material9. Because no opacity data is available for CaSiO3[s], its refractive index is set to vacuum for all calculations10. Heterogeneous particles are calculated using EMT (see Sec. 2.3). Planetary parameters used for the transmission spectrum calculation can be found in Table 1 of the online material11. Generally, it is expected that clouds mute molecular features in the optical and near infrared, resulting in a flat transmission spectrum (Bean et al. 2010; Kreidberg et al. 2014; Powell et al. 2019). Signatures of metal-oxide bonds of cloud particle materials can impact the spectra typically around and above 10 μm (Wakeford & Sing 2015; Grant et al. 2023; Dyrek et al. 2023).
4 Mixing behaviour of cloud particle materials
We present the effective refractive index of mixed cloud particles. Here, we focus on two-component materials in order to understand the differences between the mixing treatments and different cloud particle materials. In Sect 4.1, we compare the predicted effective refractive index and absorption efficiency from LLL, Bruggeman, Maxwell-Garnett, and Linear. In Sec. 4.2, we analyse materials commonly predicted to form clouds in hot Jupiter atmospheres and in Sec. 4.3, materials commonly predicted for temperate exoplanets. Non-mixed treatments do not assume an effective refractive index but employ different types of Mie theory calculation. In Sec. 4.4, we compare the absorption and scattering efficiencies from LLL, core-shell, BAS, and SSA.
4.1 Effective refractive index from EMTs
The effective refractive index is calculated using Bruggeman (Eq. (8)), LLL (Eq. (7)), Maxwell-Garnett (Eq. (6)), and Linear (Eq. (9)). These calculation depend only on the refractive index and the volume mixing ratio of the cloud particle material. Here, we use the example two-component material {Fe[s], Mg2SiO4[s]}. Since forsterite (Mg2SiO4[s]) is often discussed as a dominant cloud particle material (Powell et al. 2018; Gao et al. 2020; Helling et al. 2021, 2023), we chose it to be the first component of all two-component materials in this section. Iron-bearing species are of great interest for this study because of their large imaginary part k of the refractive index compared to other cloud particle materials. We therefore choose Fe[s] as the second material. The effective refractive index of {Fe[s], Mg2SiO4[s]} for a wavelength range of 0.08–39 μm and for Fe[s] volume fractions between 0 and 1 can be seen in Fig. 2. The absolute relative differences between the EMTs can be seen in Fig. 1 of the online material12.
In Fig. 2, LLL and Linear predict similar effective refractive indices for most wavelengths. In contrast to the other EMTs, both LLL and Linear show a strong increase in keff with increasing Fe[s] volume fraction. From 10 μm to 30 μm, features in the neff and keff values can be seen which are caused by peaks in the values of the refractive index of Mg2SiO4[s]. These features diminish with increasing Fe[s] volume fraction. The biggest difference between LLL and Linear is around 10 μm where LLL predicts up to 50% smaller neff and keff values. This wavelength corresponds to a vibrational resonance of Si-O bonds (see e.g. Gunde 2000; Sogawa et al. 2006). Therefore, this difference can be explained by the third root of the dielectric constant within LLL (see Eq. (7)) which reduces the impact of resonances on the effective dielectric constant.
Maxwell-Garnett shows an abrupt change in keff and neff values at 0.5 volume fraction. This corresponds to the change in the dominant cloud particle material. When Mg2SiO4[s] is the dominant cloud particle material the values for keff and neff are lower for wavelengths above 8 μm. Maxwell-Garnett showing differences to other EMTs for larger volume fractions of iron is not unexpected since the validity of Maxwell-Garnett is only guaranteed for volume fractions below 10−6 (Belyaev & Tyurnev 2018). However, our results show that for Mg2SiO4[s] volume fractions of less than 0.1, Maxwell-Garnett and Bruggeman differ by less than 10% for this particular two-component material.
Bruggeman and LLL predict different effective refractive indices for all wavelengths above 0.2 μm. This finding is in agreement with other studies which also found significant differences between Bruggeman and LLL (Du et al. 2004). Especially for Fe[s] volume fraction below 0.3 and for wavelengths above 1 μm, Bruggeman predicts significantly lower keff. The computational cost of LLL, Maxwell-Garnett and Linear is roughly the same. Linear is ~10% faster than LLL, and LLL is ~5% faster than Maxwell-Garnett. Bruggeman, however, takes roughly 1000 times longer than LLL. This is mainly due to the minimisation required to solve Bruggeman whereas LLL, Maxwell-Garnett and Linear have analytical solutions.
The effective refractive index calculation for the two component material {Fe[s], Mg2SiO4[s]} clearly highlights the limitations of Maxwell-Garnett and Linear for applications to heterogeneous cloud particles in exoplanet atmospheres. From here on, we therefore focus on the EMTs Bruggeman and LLL.
The effective refractive index directly impacts the absorption efficiency Qabs and scattering efficiency Qsca. To investigate how Mie theory and EMTs interact, we calculate Qabs for the Bruggeman, Maxwell-Garnett, and LLL EMTs. We use the two-component material {Fe[s], Mg2SiO4[s]} and assume a size parameter of x = 0.1 for the Mie calculation. The top panel of Fig. 3 shows the values of Qabs for different keff and neff values. Within this figure, the change of the effective refractive indices with volume fraction is shown for the wavelengths 1, 7, and 10 μm. The end points of each line denote homogeneous materials. The bottom panel of Fig. 3 shows the Qabs along the volume fraction lines shown in the top panel. The same evaluation for a size parameter of x = 1, the extinction efficiency, the scattering efficiency, and the two component material {TiO2[s], Mg2SiO4[s]}, is shown in Fig. 2 of the online material13.
For 1 μm, both LLL and Bruggeman predict a higher Qabs for volume fractions around 0.5 than a homogeneous particle made from either Fe[s] or Mg2SiO4[s] alone. This can be explained by a maxima of Qabs for k around ~1.4 as predicted by Mie-theory. Min et al. (2005) showed that this maximum is a consequence of the spherical particles assumption. Because keff and neff values for a volume fraction around 0.5 are closer to the maxima, these particles have a larger Qabs value. At 7 μm a similar behaviour as for 1 μm can be seen. However, LLL approaches the maxima much closer than Bruggeman, resulting in a peak in Qabs values around 0.9 Mg2SiO4[s] volume fraction. Bruggeman, on the other hand, avoids the maxima and only peaks around 0.65 Mg2SiO4[s] volume fraction. At 10 μm, the refractive index of homogeneous Mg2SiO4[s] particles is very close to the maxima, resulting in large Qabs values. The higher the volume fraction of Fe[s], the weaker this peak in opacity becomes. Here, all EMTs predict a similar behaviour with volume fraction.
	[image: thumbnail]	Fig. 2 Effective refractive index of the two-component material {Fe[s], Mg2SiO4[s]} calculated using different EMTs. Left: real part neff. Right: imaginary part keff.



	[image: thumbnail]	Fig. 3 Comparison between absorption efficiency Qabs as calculated with LLL and Bruggeman. Top: absorption efficiency Qabs for a range of n and k values at x = 0.1. Also shown are the keff and neff values for the two-component material {Fe[s], Mg2SiO4[s]} at wavelengths 1, 7, and 10 μm. The end points denote homogeneous materials. The lines between the end points represent different volume fractions of the two materials. Bottom: absorption efficiency Qabs for different volume fractions of the two-component material {Fe[s], Mg2SiO4[s]} at wavelengths 1, 7, and 10 μm.



4.2 Effective refractive index for clouds in hot Jupiter
Clouds in atmospheres of hot Jupiters can be significantly heterogeneous. The most common materials are thought to be iron-, silicon-, or magnesium-bearing species (Helling & Woitke 2006; Powell et al. 2018; Helling et al. 2023). In this section we use two-component materials to analyse the mixing behaviour of different cloud particle materials. While this does not reflect the complexity of cloud particles in a real exoplanet atmosphere, it allows for an analytical study of the wavelength and volume fraction dependence of the effective refractive index. Similar to Sec. 4.1, we choose the two-component material {Mg2SiO4[s], Fe[s]}. The goal is to determine at which volume fraction Fe[s] inclusions significantly impact the effective refractive index.
We calculate the logarithm of the absolute relative difference δn of neff compared to [image: equation] as:
[image: equation](16)
and equivalently the absolute relative difference δk(Mg2SiO4[s]) of keff compared to [image: equation]. The results for a wavelength range of 0.08–39 μm are shown in Fig. 4. Iron volume fractions of less than 1% can already increase keff more than 10 times for the wavelength range from ~0.2 to ~10 μm. The peak difference around ~0.2 μm is caused by a sudden drop in [image: equation] values for these wavelengths. This increase can be seen for both LLL and Bruggeman. LLL also shows a large increase for volume fractions below 0.1% around 4 μm which is less pronounced for Bruggeman. Overall, these results show that the effective refractive index of cloud particles are strongly affected by the EMT used to calculate it.
To analyse further two-component materials of cloud forming species in hot Jupiter, we focus on LLL. We consider a bulk material of forsterite with inclusions of various other likely cloud materials. Forsterite (Mg2SiO4[s]) is chosen as the bulk material, because it is frequently the dominant cloud particle material in the observable part of the atmosphere (Gao et al. 2020; Helling et al. 2023). Figure 5 shows the absolute relative differences compared to the refractive index of Mg2SiO4[s]. The same evaluation using Bruggeman instead of LLL can be found in Appendix Fig. 3 of the online material14. The results show that all iron-bearing species (Fe[s], FeO[s], Fe2O3[s], Fe2SiO4[s], and FeS[s]) and carbon (C[s] and Camorphous[s]) strongly impact keff in the wavelength range from approximately ~0.2–~10 μm. TiO2[s] and SiO[s] can also significantly impact keff, but mostly around 0.2 μm which is caused by a sudden drop in [image: equation] values. The other materials (CaTiO3[s], SiO2[s], MgO[s], MgSiO3[s], Al2O3[s], NaCl[s], and KCl[s]) have a lesser impact on the effective refractive index. While they still can change keff by more than 10 times, they do so only for volume fractions above 10%. The real part of the effective refractive index neff is mostly affected around 10 μm. This wavelength corresponds to optical features of Mg2SiO4.
	[image: thumbnail]	Fig. 4 Differences in the real and imaginary parts of the refractive index (Eq. (16)) of the two-component material {Mg2SiO4[s], Fe[s]} compared to the refractive index of Mg2SiO4[s].



4.3 Effective refractive index for clouds in temperate atmospheres
In temperate exoplanet atmospheres refractive cloud particle materials, like Mg2SiO4[s], might form cloud layers only below the photosphere of the planet (Morley et al. 2012). In these environments, cloud particle materials like KCl[s], ZnS[s], and MnS[s] are often discussed as the dominant cloud particle opacity species (Mbarek & Kempton 2016; Gao & Benneke 2018; Christie et al. 2022). We analyse two component materials with ZnS[s] as bulk species and KCl[s], MnS[s], Na2S[s], MnO[s], and NaCl[s] as inclusions. All results are obtained using LLL and expressed in δn(ZnS[s]) and δn(ZnS[s]). The results are shown in Fig. 6. Inclusions of KCl[s] and NaCl[s] do not affect the effective refractive index up to volume fractions of 10%. Sulphur-bearing and MnO[s] inclusions on the other hand can become important at volume fractions of less than 1%. Overall, our results show that sulphur-bearing species do not have common properties like iron-bearing species. Their impact on heterogeneous cloud optical properties depend on the specific sulphur-bearing cloud particle species.
4.4 Non-mixed versus EMT
In contrast to EMTs, non-mixed treatments assume that cloud particles consist of multiple, homogeneous parts. In this section we compare the absorption and scattering efficiency for a 1 μm cloud particle made of TiO2[s] and Fe[s]. TiO2[s] is an often considered as a CCN in hot Jupiters (Lee et al. 2015; Powell et al. 2018; Sindel et al. 2022; Kiefer et al. 2023, 2024b). Therefore for the core-shell morphology, we assume that TiO2[s] forms the core and Fe[s] forms the shell. The results for a wavelength range of 0.08–39 μm and TiO2[s] volume fractions between 0 and 1 are shown in Fig. 7.
The absorption and scattering efficiencies are different for each mixing treatment. At 7–8 μm, the absorption efficiency from LLL, Bruggeman, and core-shell have higher values than either Fe[s] or TiO2[s] in their homogeneous form. This matches the findings from Sect. 4.1, where we show that mixed cloud particle can have higher absorption efficiencies than homogeneous particles. BAS and SSA on the other hand have their maximum value for homogeneous Fe[s] or TiO2[s]. Furthermore, their absorption efficiency shows a TiO2[s] feature above 10 μm even at volume fractions below 30%. The same feature for LLL, Bruggeman, and core-shell vanishes for volume fractions below 70%. Since heterogeneous particles have inclusions, their effective optical properties are not equivalent to the optical properties of a homogeneous sphere. Therefore, spectral features originating from a spherical geometry might no longer appear in mixed cloud particles. All cloud particles within SSA and BAS on the other hand are perfect homogeneous spheres and therefore can retain the spectral features from the spherical geometry even at low volume fractions.
For core-shell, the absorption and scattering efficiencies start to be dominated by the Fe[s] even at TiO2[s] volume fractions over 80%. For all other mixing treatments, TiO2[s] still impacts the absorption and scattering efficiencies even at TiO2[s] volume fractions below 10%. To analyse if the core can contribute more significantly for other materials, we consider the two component material {TiO2[s], Mg2SiO4[s]}. The absolute differences between Qabs and Qsca compared to the absorption efficiency [image: equation] and scattering efficiency [image: equation] of homogeneous Mg2SiO4[s] are shown in Fig. 8. For Bruggeman, Core-Shell, and BAS, a TiO2[s] core volume fraction of less than 1% can already impact the absorption and scattering efficiency by more than 0.5. For SSA on the other hand, the TiO2[s] volume fraction needs to be above 1% for a change in the absorption and scattering efficiency of more than 0.5. Similar to Sect. 4, this means that even spurious materials with a contribution of 1% or less may have an affect on the opacity of the cloud particles.
5 Heterogeneous clouds on exoplanets
To explore how choices of EMTs description or particle morphology can effect the interpretation of exoplanet atmosphere observations, the cloud structure of four planets are analysed: HATS-6b (Hartman et al. 2015), WASP-39b (Faedi et al. 2011), WASP-76b (West et al. 2016), and WASP-107b (Anderson et al. 2017).
The 1D cloud profiles of WASP-39b, HATS-6b, and WASP-76b at the equator of the morning and evening terminator can be seen in Fig. 9. For WASP-76b, only the morning terminator has clouds and thus the evening terminator is not shown. All cloud profiles are shown in Fig. 6 (HATS-6b), Fig. 7 (WASP-39b), and Fig. 8 (WASP-76b) of the online material15. The cloud structure of WASP-107b can be seen in Fig. 9 as well. This cloud structure was derived through a one dimensional ARCiS retrieval rather than forward modelling and thus considers fewer cloud particle materials and assumes constant volume fractions with pressure.
	[image: thumbnail]	Fig. 5 Differences in the real and imaginary parts of the refractive index (Eq. (16)) for two-component materials compared to the refractive index of Mg2SiO4[s]. The first component is Mg2SiO4[s] and the second component is specified in each plot.



	[image: thumbnail]	Fig. 6 Differences in the real and imaginary parts of the refractive index (Eq. (16)) for two-component materials compared to the refractive index of ZnS[s]. The first component is ZnS[s] and the second component is specified in each plot.



	[image: thumbnail]	Fig. 7 Absorption efficiency Qabs (left) and scattering efficiency Qsca (right) for the two-component material {TiO2[s], Mg2SiO4[s]}.



5.1 Pressure dependent cloud optical properties of WASP-39b
To investigate the pressure dependent refractive index, absorption efficiency and scattering efficiency, the cloud structure of WASP-39b at the equator of the morning terminator was selected16.
At the top of the atmosphere around 10−5 bar, the cloud particle composition is dominated by SiO from nucleation. Going deeper into the atmosphere, the volume fraction of other species rapidly increases due to the increasing density. Cloud particles remain highly mixed throughout the atmosphere with Mg2SiO4[s], MgSiO3[s], MgO[s] and Fe2SiO4 being the dominant materials. Other materials are present at lower volume fractions. There is a rapid change in material composition around 10−2 bar where the magnesium-silicates enstatite (MgSiO3) and forsterite (Mg2SiO4) become more dominant. This change happens at the same pressure where Fe2SiO4[s] evaporates and Fe[s] becomes the dominant iron-beraing cloud particle material. Presumably the liberation of oxygen from Fe2SiO4 leads to the Mg:O 1:3 stoichiometry (enstatite) to become favoured over the Mg:O 1:2 stoichiometry (forsterite). This effect is further amplified by the evaporation of SiO2 around the same pressure layer which liberates additional oxygen. Throughout the atmosphere, the average particle size and cloud particle mass load increases steadily with increasing pressure due to bulk growth. The same is broadly true for the evening terminator, with the major difference that the evaporation of Fe2SiO4[s] happens at a lower pressure (higher altitude), closer to 10−3 bar. This is due to higher temperatures of the evening terminator in general. The effective refractive index from different EMTs throughout the morning terminator is shown in Fig. 10.
All EMTs show the highest neff and keff values for pressures higher than 10−2 bar. This coincides with the change from Fe2SiO3[s] to Fe[s] being the dominant iron-bearing species. As we show in Sec. 4.2, Fe[s] has a stronger effect on the effective refractive index than Fe2SiO3[s]. This increase is much stronger for LLL than for Bruggeman. For pressures lower than 10−2 bar (higher altitudes) a slight increase in refractive index values can be seen which is due to SiO[s] being the dominant material. While this is a consequence of the upper boundary condition of the model, the changes in refractive index are small and unlikely to be significant in transmission spectra calculations.
Between 10−4 bar to 10−2 bar, the refractive index values are generally lower. Compared to LLL, Bruggeman predicts lower values for keff, especially between 3 and 8 μm. As is shown in Sec. 5.2, this results in a “window” where cloud particles are less opaque. This is a direct consequence of the reduced impact of inclusions made from iron-bearing species within Bruggeman compared to LLL and shows the impact of the choice of EMT.
To further analyse the impact of mixing treatments on cloud optical properties, the absorption and scattering efficiencies for Bruggeman and LLL as well as the non-mixed treatments core-shell, BAS, and SSA are shown in Fig. 11. The absorption efficiencies of Bruggeman, core-shell particles, BAS and SSA are similar for all pressures and wavelengths up to 8 μm. Only LLL shows clear deviations around 1 to 8 μm where Qabs is larger compared to the others. The non-mixed treatments show silicate features around and above 10 μm. The same features can be seen in LLL and Bruggeman but are weaker in comparison. This indicates that non-mixed treatments might retain more spectral features from the individual cloud particle materials than EMTs.
	[image: thumbnail]	Fig. 8 Absolute difference in the absorption efficiency (left) and scattering efficiency (right) of the two-component material {TiO2[s], Mg2SiO4[s]} compared to the absorption efficiency [image: equation] and scattering efficiency [image: equation] of homogeneous Mg2SiO4[s].



5.2 Transmission spectrum
To investigate the impacts of EMTs and non-mixed treatments on transmission spectra, we choose a wavelength range of 0.3–15 μm which covers the JWST instruments NIRspec Prism and MIRI LRS. In this section we show the transmission spectrum of HATS-6b and WASP-39b calculated using different mixing treatments (Fig. 12). The results of WASP-39b are compared to the observations of Rustamkulov et al. (2023). An offset of −867 ppm was applied to all synthetic spectra of WASP-39b to achieve the best fit of LLL with the data. The planets WASP-76b and WASP-107b are analysed in more detail in Sects. 5.3 and 5.4, respectively. To analyse the differences between EMTs, the absolute differences of the transit depth compared to LLL are calculated:
[image: equation](17)
Both HATS-6b and WASP-39b have cloud particle radii of less than 0.1 μm between 10−5 and 10−2 bar. Their cloud mass fraction steadily increases with pressure and reaches more than 10−4 at pressures higher than 10−4 bar. Hence, the transmission spectra of both planets is affected by the cloud particle opacities. For WASP-39b and HATS-6b the differences are up to 500 ppm.
The three non-mixed treatments Core-Shell, BAS and SSA produce nearly identical spectra for both planets. The main difference in the opacity calculation between SSA and BAS is that SSA divides the cloud particle materials into larger, but fewer particles and BAS into smaller, but more particles. This is in particular interesting since changes in size can impact the spectral features of cloud particles (Wakeford & Sing 2015). The number density of cloud particles, however, only impacts the overall amount of light that gets absorbed but not the shape of spectral features. While these differences could impact the transmission spectrum, we see little differences between BAS and SSA in both exoplanets. Core-Shell differs from BAS and SSA by considering interactions between the core and the shell. As we showed in Sec. 4.4, this produces features in the absorption and scattering efficiency which could result in spectral features in the transmission spectrum. However, no such features are seen in both planets because the cloud particle composition is dominated by the growth material which forms the shell, not the nucleation that forms the core. This matches the results from Powell et al. (2019) who found contributions of TiO2[s] cores within Fe[s], Mg2SiO4[s], and Al2O3[s] shells negligible.
For both planets, non-mixed cloud particles exhibit stronger spectral features around 8–10 μm than well-mixed cloud particles. In particular a large feature from Mg2SiO4[s] can be seen in core-shell, BAS, and SSA but not in Bruggeman, or LLL. This matches the findings from Sec. 5.1 where non-mixed approximations showed larger silicate features in the absorption and scattering efficiencies.
In both exoplanets, Bruggeman, Core-Shell, SSA, and BAS predict a lower transmission depth than LLL. This can be explained by the high refractive index of iron-bearing species which strongly impacts LLL (see Sec. 4.2). Even when silicate species are the dominant cloud material, the large values for the imaginary part of the refractive index k of iron-bearing species dominates the effective refractive index calculation. Within SSA and BAS, iron-bearing species are assumed to form their own homogeneous cloud particles. As we show in Sect. 4.1, homogeneous iron-bearing species can have lower absorption efficiency than mixed particles. Similarly within Core-Shell, the iron bearing species form a homogeneous shell and thus do not increase the absorption efficiency as much.
All 5 methods produce a featureless spectrum at wavelengths below 1 μm in HATS-6b and WASP-39b. This effect is most clearly shown in the narrow sodium and potassium lines. For WASP-39b, we can compare our results to the observations of Rustamkulov et al. (2023). We find that all our spectra show less molecular features than the observations. This indicates that WASP-39b might have less clouds than predicted by the model. LLL shows larger differences to the observations than the other mixing treatments. However, WASP-39b shows that it is difficult to disentangle the effect of cloud particle mixing treatments and the amount of cloud coverage. Observations of cloud spectral features might help to gain further insights. In our results, the non-mixed treatments Core-Shell, BAS, and SSA produce sharper cloud particle features than LLL and Bruggeman. Cloud particle features are most relevant around 10 μm. This is in agreement with previous theoretical studies Wakeford & Sing (2015) and with the detections of silicate features by Grant et al. (2023) and Dyrek et al. (2023).
	[image: thumbnail]	Fig. 9 Volume fractions Vs/Vtot of each cloud particle species considered (coloured lines), average cloud particle radius ⟨a⟩ of all cloud particles, and the total cloud mass fraction ρcloud/ρgas at the equator of the morning and evening terminators. Data taken from Carone et al. (2023) (WASP-39b), Kiefer et al. (2024a) (HATS-6b), and Dyrek et al. (2023) (WASP-107b).



	[image: thumbnail]	Fig. 10 Effective refractive index at the equator of the morning terminator of WASP-39b.



	[image: thumbnail]	Fig. 11 Absorption (left) and scattering efficiency (right) of WASP-39b at the equator of the morning terminator.



	[image: thumbnail]	Fig. 12 Transmission spectra of different planets using EMTs and non-mixed treatments. The absolute difference to LLL are shown underneath each plot. In both figures, Core-Shell, BAS, and SSA are overlapping. For WASP-39b, JWST NIRspec Prism data from Rustamkulov et al. (2023) is shown.



5.3 Iron-bearing cloud particle materials in WASP-76b
WASP-76b is an ultra hot Jupiter (West et al. 2016) which is a type of exoplanet that is typically predicted to have cloud free day-sides and cloudy night-sides (Helling et al. 2023; Demangeon et al. 2024). Several high resolution observations have confirmed the presence of gas-phase iron, vanadium, magnesium, and sodium species (Ehrenreich et al. 2020; Pelletier et al. 2023; Gandhi et al. 2023; Maguire et al. 2024). The observations of Ehrenreich et al. (2020) found neutral iron in the morning limb but not in the evening limb. This detection was followed up by Savel et al. (2022) using post processed GCMs. They found that the differences between the limbs can be explained by the impact of clouds on the observations. WASP-76b is thus an interesting target to study cloud particle morphologies since it has iron in the atmosphere and is expected to have a cloudy morning terminator. This is in agreement with our modelling results. We find no clouds at the equator of the evening terminator and only few cloud particles at higher latitudes. The morning terminator has cloud coverage for all latitudes and their composition includes iron-bearing species. To derive the cloud structure, Savel et al. (2022) used an equilibrium thermal stability criteria. As a result, they do not predict iron clouds in the uppermost atmosphere because iron is already thermally stable in deeper layers. In contrast, our cloud model is kinetic which allows to consider the micro-physics of cloud formation and therefore it is possible for cloud particle materials to grow in regions outside where an equilibrium model would predict.
The full transmission spectrum of WASP-76b is produced by considering the contribution of all latitudes along both terminators. For the morning and evening terminator spectrum, only the contributions of lat = −90° and lat = 90° are considered, respectively. Since each limb only covers half the planet, the transit depth values of morning and evening only spectra were doubled to be comparable to the full transit spectrum. The transit depth of the morning limb, evening limb, and full transmission spectrum can be seen in Fig. 13. The evening terminator spectrum shows no cloud features and no significant muting of the molecular lines. Both EMTs and non-mixed treatments predict nearly an identical transmission spectra despite the presence of some high latitude clouds. The morning terminator spectrum shows clear signs of clouds. In agreement with Sect. 5.2, LLL leads to the flattest spectra. BAS leads to the least flat spectrum. The difference in transit depth between LLL and BAS is maximum ~200 ppm. Bruggeman, core-shell, and SSA are between the other methods. Similar to Sect. 5.2, SSA and core-shell have a nearly identical transmission spectrum. All techniques other than SSA and core-shell are separated by at least ~50 ppm to each other. Around 10 μm, the non-mixed treatments show clear Mg2SiO4[s] spectral features. Bruggeman shows a broad feature and LLL predicts only a flat spectrum. The full transit spectrum still exhibits differences between well-mixed and non-mixed cloud particles. However, the differences in the flatness of the spectrum is much less pronounced than in the morning limb alone. The spectral features of Mg2SiO4[s] can no longer be seen for any method for the full transit spectrum.
Our results show that the EMTs and three non-mixed treatments show clear differences in the flatness of the spectrum and the cloud particle spectral features around 10 μm. Detailed limb asymmetry observations of WASP-76b thus might allow the investigation of cloud particle morphologies at the morning terminator, removing the dilution of the effect by a mostly cloudless evening terminator.
	[image: thumbnail]	Fig. 13 Transmission spectra of WASP-76b by considering the contributions of all terminator profiles (full), only the morning terminator profiles (morning), and only the evening terminator profiles (evening). Because the evening and morning terminator only cover half of the terminator region each, there transit depths were multiplied by 2 to be comparable to the full transit spectrum.



5.4 Cloud detections in WASP-107b
Dyrek et al. (2023) detected silicon-bearing clouds in the atmosphere of WASP-107b. Within their ARCiS retrieval (Min et al. 2020), they assumed heterogeneous cloud particles made from SiO[s], SiO2[s], MgSiO3[s], and Camorphous[s]. They assumed well-mixed particles and calculated the effective refractive index using Bruggeman. Furthermore, they considered a distribution of hollow-spheres (DHS; Min et al. 2005). It is important to note that the cloud modelling used for WASP-107b is therefore different than the modelling used for HATS-6b, WASP-39b, and WASP-76b.
In this section we reproduce the results of the ARCiS retrieval using the best fit parameters from Dyrek et al. (2023). This fit includes the temperature-pressure profile, gas-phase abundances, and cloud particle properties. The cloud structure is shown in Fig. 9. For the gas-phase, we consider the following opacity species: H2O, CO, CO2, CH4 (Yurchenko et al. 2017), SO2 (Underwood et al. 2016), H2S (Azzam et al. 2016), NH3 (Coles et al. 2019), SiO (Barton et al. 2013), PH3 (Sousa-Silva et al. 2015), HCN (Barber et al. 2014), and C2H2 (Chubb et al. 2020). We compare the differences in the transit spectrum caused by EMTs (Bruggeman and LLL) and non-mixed treatments (core-shell, BAS, and SSA). For core-shell, SiO[s] was assumed as the core material. In contrast to Dyrek et al. (2023), we do not consider a DHS. The results are shown in Fig. 14. Because the cloud particle properties were retrieved using Bruggeman, the reference pressure and pressure range of the transmission spectrum calculation were chosen to minimise the differences to the observational data when using Bruggeman. However, our solution still slightly differs to the ARCiS fit from Dyrek et al. (2023). This can be explained by the fact that ARCiS is a retrieval model that searchers for the best fit parameters for its set-up. Differences in our set-up for transmission spectrum calculations compared to theirs therefore result in slightly different transmission spectra. For all other mixing treatments, the same reference pressure and pressure range as for Bruggeman was used. Afterwards, an offset was applied to the transmission spectra from each mixing treatment except Bruggeman to achieve the best fit to the data.
Between the different mixing treatment there are transit depth differences of up to 500 ppm around 9 μm. The differences are mainly caused by Camorphous[s]. As we show in Sec. 4.2, Camorphous[s] has a similarly effect on cloud particle optical properties than iron-bearing species. Similar to Sects. 5.2 and 5.3, LLL leads to the overall flattest transmission spectrum. SSA and BAS have the largest differences compared to the other mixing treatments while for all other planets both were close to core-shell. This difference can be explained by a large volume fraction of the core species (fSiO = 0.906). For the other planets, such high SiO[s] concentrations were only present at the top of the atmosphere where they impact the transmission spectrum less.
Overall, our results show that the differences in the optical properties between the mixing treatments have an observable effect. Depending on which treatment is used, different solutions to the atmospheric structure might be reached (See Sec. 6.2).
	[image: thumbnail]	Fig. 14 Transmission spectra of WASP-107b reproduced from the cloud structure retrieved by ARCiS. Cloud structure and JWST MIRI data taken from Dyrek et al. (2023).



6 Discussion
Our results show that the choice of EMT or non-mixed theory can have an observable impact on transmission spectra of cloudy atmospheres with heterogeneous cloud particles. The differences between mixing treatments is discussed in Sec. 6.1. The impact of mixing treatments on transmission spectra is analysed in Sec. 6.2. Lastly, in Sec. 6.3, the importance of carbon and iron-bearing species as cloud particle material are discussed.
6.1 Comparing mixing treatments
For non-mixed particles, our results show little difference between core-shell, BAS and SSA in most transmission spectra produced for this study. Only at high volume fractions of the core species (e.g. for WASP-107b) does SSA and BAS produce different transit spectra than core-shell. The similar results in the other cases can be explained with how the cloud particle materials are separated depending on the mixing treatment. Dominant species, like Mg2SiO4[s], have large enough volume fractions that neither the size change of BAS, the number density change of SSA, nor a small core made from a different material significantly impacts their contribution to the optical property of the cloud layer. Nondominant species on the other hand, like MgO, have low number densities in SSA, small sizes in BAS, and small contributions to the core-shell calculations. This makes their contributions to the cloud particle optical properties negligible.
If cloud particles are assumed to be well-mixed, EMTs have to be used to describe their optical properties. The most common EMTs used to study mixed materials in exoplanets are Bruggeman and LLL (see Table 1). However, our analysis of two-component materials (see Sec. 4.1) and transit spectra (see Sec. 5) show that the optical properties of cloud particles can differ significantly between Bruggeman and LLL. This difference is mainly caused by species with a high imaginary part of the refractive index, like iron-bearing species or carbon. Laboratory experiments of mixed materials have shown that either Bruggeman or LLL can be more accurate, depending on the material and wavelength (see e.g. Kolokolova & Gustafson 2001; Voshchinnikov et al. 2007; Thomas & Gautier 2009). For clouds in exoplanet atmospheres, it is unknown if Bruggeman or LLL is more accurate. A big advantage of LLL over Bruggeman is the computation time. Bruggeman requires a computationally intensive minimisation algorithm whereas LLL presents an analytical solution which is quick to execute. Many larger frameworks, like GCM, thus either use LLL (Lee 2023), or a combination of LLL and Bruggeman (Lee et al. 2016; Lines et al. 2018a). Smaller frameworks, like transmission spectrum calculations, can afford the slower computational times and can use Bruggeman (Min et al. 2020; Dyrek et al. 2023). While the choice between LLL or Bruggeman, motivated by computational time makes sense, it also has implications on the optical properties of the clouds and thus on the derived temperature structure from observations, the calculation of opacities in forward models, and on transmission spectra of the exoplanet.
6.2 How do assumptions on heterogeneous cloud particles affect predicted observables?
The optical properties of heterogeneous cloud particles depends on their shape, composition, and material distribution. However, in exoplanet atmospheres, only few cloud particle properties can currently be precisely determined from observations (e.g. Grant et al. 2023; Dyrek et al. 2023). Therefore multiple assumptions have to be made to calculate cloud particle optical properties. The validity of these assumptions is hard to prove and most often depends on the underlying physics of cloud formation.
Many observations of flat transmission spectra in the optical wavelength range have been explained by clouds (e.g. Bean et al. 2010; Kreidberg et al. 2014; Espinoza et al. 2019; Spyratos et al. 2021; Libby-Roberts et al. 2022). Our results for HATS-6b and WASP-39b show that all mixing treatments predict strongly muted spectra in the optical. Therefore, observations in optical wavelengths on their own are not suited to study cloud particle morphologies. Observing the spectral features of cloud particle materials in the infrared allows more detailed insights. Grant et al. (2023) found in their observations of WASP-17b a peak between 8 μm to 9 μm which was linked to SiO2[s] clouds. Furthermore, they argue that this spectral feature is better explained with crystalline SiO2[s] than with amorphous SiO2[s]. Dyrek et al. (2023) found a more broad cloud feature in the same wavelength range. Their retrieval model considers well-mixed cloud particles made from SiO[s], SiO2[s], MgSiO3[s], and Camorphous[s]. They predict considerably heterogeneous cloud particles. Both these findings agree well with our results. Within the transit spectrum of HATS-6b, WASP-39b, and the morning terminator of WASP-76b, all three non-mixed treatments show a clear peak in transit depth around 10 μm which is caused by homogeneous Mg2SiO4[s]. Well-mixed particles on the other hand only show a generally muted spectrum or a single broad feature. However, seeing a broad feature in the transit depth does not automatically prove that cloud particles are well-mixed. For WASP-107b (Sec. 5.4), also non-mixed treatments show a broad cloud feature. Here, it is important to note that the shape of cloud particles also impacts the spectral features of cloud particles. One of the advantages of BAS and SSA is that they can more easily account for non-spherical particles. Only the Mie theory calculations needs to be adjusted which can be done using DHS, for example. Accounting for non-spherical particles is more difficult for well-mixed particles, since LLL and Bruggeman already assume that inclusions are spherical.
In this study, we used a forward modelling approach which shows clear differences in the transit depth between the mixing treatments. Extracting information from observations, however, is more difficult. Cloud free evening terminators, like in the case of WASP-76b, can reduce the signal from clouds if limbs are not observed separately. For WASP-39b, the muting of molecular features by the cloud structure predicted by Carone et al. (2023) is larger than the muting found in the observations of Rustamkulov et al. (2023). While some mixing treatments do result in less muting than others, this alone cannot explain the differences between the forward modelling and the observations. Higher cloud mass fractions or the atmospheric extent of the clouds also impact the muting of molecular features, but it is difficult to disentangle their effects. This degeneracy can also affect retrieval models. In our analysis of WASP-107b (Sec. 5.4), some mixing treatments overpredict the cloud contributions more than others. A retrieval run using our transmission spectra calculation could result in different cloud mass fractions, cloud particle radii, or vertical extend of the clouds depending on the mixing treatment selected. For a detailed analysis of how mixing treatments affect retrievals, a more detailed study is required which is beyond the scope of this work.
6.3 Iron-bearing species and carbon require precise modelling
In Sec. 4, we show that iron-bearing species (Fe[s], FeO[s], Fe2O3[s], Fe2SiO4[s], and FeS[s]) and carbon (C[s], Camorphous[s]) can significantly change the optical properties of cloud particles even at volume fractions of less than 1%. The strong impact is caused by the large imaginary part of the refractive index k of these species and the assumption of spherical particles (see Sec. 4.1). Small amounts of iron-bearing species can lead to an effective refractive index closer to the resonance values of a spherical particle. This can lead to an increased absorption efficiency of mixed spherical particles compared to homogeneous spherical particles.
Min et al. (2006) investigated how the shape of particles impact their optical properties. For irregularly shaped particles, they showed that species with high n and k values have a much larger absorption efficiency than spherical particles of the same material. Assuming spherical and homogeneous cloud particles therefore can underestimate the absorption efficiency of clouds. A detailed study on how EMTs and non-mixed treatments affect non-spherical particles is, while important, beyond the scope of this study.
Our results show that precisely modelling the carbon and iron-bearing cloud particle materials is crucial to accurately predict the optical properties of clouds. This holds true for EMTs as well as non-mixed treatments and for spherical as well as non-spherical cloud particles. Observing exoplanets where it can be reasonably expected that iron-bearing species occur as cloud particle materials, like WASP-76b, might allow further insights into cloud particle properties in exoplanet atmospheres. In particular, the morning terminator of WASP-76b is expected to have iron-bearing clouds. Detailed observations of the muting of molecular features around 5 μm and the cloud features around 10 μm might help to differentiate cloud particle morphologies.
7 Conclusion
Cloud particles in exoplanet atmospheres might be considerably heterogeneous. We analysed how 21 common cloud particle materials and different assumptions on the mixing treatment of cloud particle materials impact cloud particle optical properties. In total, four EMTs (Bruggeman, LLL, Maxwell-Garnett, Linear) and three non-mixed treatments (core-shell, BAS, SSA) were studied. The mixing treatments were used to calculate the transmission spectrum of the planets HATS-6b, WASP-39b, WASP-76b, and WASP-107b.
Species with large refractive indices, like iron-bearing species (Fe[s], FeO[s], Fe2O3[s], Fe2SiO4[s], FeS[s]) or carbon (C[s], Camorphous [s]), can change the optical properties of cloud particles at volume fractions of below 1%. Therefore, it is crucial to accurately model such species. Other cloud materials, such as high-temperature condensates (TiO2[s], Al2O3[s], CaTiO3[s]), magnesium-silicates (MgSiO3[s], Mg2SiO4[s]), metal oxides (SiO[s], SiO2[s], MgO[s], MnO[s]), and salts (KCl[s], NaCl[s]), also impact the transmission spectrum, but typically do so at volume fractions of above 10%. For sulphur-bearing species (ZnS[s], Na2S[s], MnS[s]), the impact on the optical properties of heterogeneous cloud particles is different depending on the species.
The mixing treatment of heterogeneous cloud particles impacts cloud spectral features as well as the muting of molecular features. All mixing treatments lead to a muting of molecular features, with LLL typically leading to the strongest muting. Non-mixed treatments can retain the spectral features of individual cloud particle materials, whereas well-mixed theories typically exhibit broader features. For non-mixed particles, assuming a core-shell morphology, equally sized homogeneous cloud particles (SSA), or equally numbered homogeneous cloud particles (BAS) resulted in similar transit spectra. In particular, SSA and core-shell were, for the most part, indistinguishable. For well-mixed particles, the differences in transit depth between Bruggeman and LLL can reach up to 500 ppm for WASP-39b and HATS-6b. Maxwell-Garnett and Linear are not suitable for cloud particles in exoplanet atmospheres.
While we have shown the impact of cloud particle morphologies and composition on the transmission spectra of exoplanets, it is difficult to disentangle them observationally from cloud particle properties like the dust-to-gas ratio. Here, observations of cloud spectral features of around 10 μm, in addition to the muting of molecular features at lower wavelengths, might help to break these degeneracies. In particular, observations of planets where iron-bearing species can be expected to form clouds, such as WASP-76b, could help investigations of the morphologies of heterogeneous cloud particles.
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Appendix A  Mie Theory
Mie theory (Mie 1908) describes the solution to the Maxwell equations for a sphere with an effective refractive index of ϵeff in a medium with refractive index ϵm. For cloud particles the medium is vacuum and thus we have ϵm = 1. While Mie theory has a well defined solution, numerical implementations differ. Here we test three different implementations of calculate Mie-Theory:

	PyMieScatt (Sumlin et al. 2018)


	miepython (Wiscombe 1979; Prahl 2023)


	Miex (Wolf & Voshchinnikov 2004)




The solution of Mie theory includes an infinite sum over Riccati-Bessel functions. For a numerical solution a suitable maximum number of summation terms Nmax has to be selected. According to Wiscombe (1979) the following Nmax is a suitable choice:
[image: equation](A.1)
where x is the size parameter. This Nmax was used by both miepython and PyMieScatt. Miex calculates Nmax based on Loskutov (1971) which is given by:
[image: equation](A.2)
However, it is worth mentioning that Wiscombe (1979) notes in their work that the scaling of the Mie scattering error with Nmax dependants only slightly on the refractive index and mostly on the size parameter x. All three technique use the logarithmic derivative the Riccati-Bessel function Dn. The solution is derived following Bohren & Huffman (2008) and using (mostly) downward recursion starting from Nmax. PyMieScatt and Miex initialise the recursion with Dmax = 0. Miepython uses the Lentz method (Lentz 1973) to derive a more precise initial condition.
We calculate the relative differences in extinction efficiency Qext and scattering efficiency Qsca relative to Miex to test the difference in the three routines. The following materials are tested: Al2O3[s], Fe2SiO4[s], FeO[s], FeS[s], Mg2SiO4[s], MgO[s], SiO2[s], SiO[s], and TiO2[s]. We tested multiple particle sizes in the range of 0.001 μm up to 1 μm and found that a = 0.1 μm generally produced the largest differences. The relative difference between Miex and miepython is always below 10−6 for the extinction efficiency and 10−8 for the scattering efficiency. Between PyMieScatt and Miex, the relative difference reaches up to 31% for the extinction efficiency and 1.3% for the scattering efficiency. To investigate the impact of these differences on observations, we produced the transmission spectrum of HATS-6b (Hartman et al. 2015; Kiefer et al. 2024a) using all 3 routines. For this spectrum, we also considered the equilibrium chemistry from the kinetic cloud formation model. The relative differences in the transit depth between Miex, PyMieScatt and miepython are all below 10−33. Since observational limits are in the order of 10−5, there is no observable difference between all three routines.
Overall, we found no significant differences between Miex and miepython. The differences between Miex and PyMieScatt do not impact the transmission spectrum. However, it cannot be ruled out that these differences can impact the thermal structure of an exoplanet atmospheres.

Appendix B  CaSiO3 opacity treatment
Because no opacity data is available for CaSiO3[s], the refractive index has to be approximated. One possibility is to use vacuum values. However, this will lead to an under-prediction of the cloud particle opacities. Another approach is to approximate the refractive index of CaSiO3[s] with MgSiO3[s]. While this approximation is likely closer to the real refractive index of CaSiO3[s], it also introduces additional MgSiO3[s] spectral features that might not be representative for CaSiO3[s].
	[image: thumbnail]	Fig. B.1 Absolute relative differences in the transmission spectra of WASP-76b between the approximation of CaSiO3[s] refractive index with vacuum and MgSiO3[s] values.



From the four planets studied in Sect. 5, WASP-76b has the highest CaSiO3[s] volume fractions. We therefore calculate the transmission spectra of WASP-76b once using vacuum values and once using the refractive index values of MgSiO3[s] for the refractive index of CaSiO3[s]. The absolute relative difference between the transit depths can be seen in Fig. B.1. The two approximations lead to differences in transit depth of up to 17 ppm between 8 μm to 11 μm. This wavelength range corresponds to an increase in the imaginary part of the refractive index [image: equation] which is specific to MgSiO3[s]. Between 2 μm to 4 μm [image: equation] is close to zero. In this wavelength range only the well-mixed particles show a difference in the transmission spectra. Overall, the differences in transit depth due to the two approximations for the CaSiO3[s] opacity is much smaller than the general variations in transit depth.
A compromise between the two approaches is using the wavelength-averaged values from MgSiO3[s] instead of vacuum values. This results in refractive index values for CaSiO3[s] that are closer to the values of MgSiO3[s] without introducing additional spectral features. When taking the wavelength-average, it is important to exclude wavelengths where spectral features of MgSiO3[s] occur because the refractive index values would otherwise be overestimated. The wavelength-averaged values for MgSiO3[s] between 0.2 μm and 9 μm are navg = 1.544 and kavg = 5.5213 × 10−4. We performed the same comparison as in Fig. B.1 and found the differences in using the wavelength-averaged values of MgSiO3[s] to using vacuum values is below 0.6 ppm in all cases.
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4 For hot Jupiters we consider Fe[s], FeO[s], Fe2O3[s], Fe2SiO4[s], FeS[s], TiO2[s], SiO[s], CaTiO3[s], SiO2[s], MgO[s], MgSiO3[s], Mg2SiO4[s], A2O3M, NaCl[s], KCl[s], C[s], and Camnphous[s].


5 For temperate atmospheres, we consider NaCl[s], KCl[s], ZnS[s], Na2S[s], MnO[s], and MnS[s].
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8 The only exception to this is the transmission spectrum of WASP-107b which uses the retrieval results instead.
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10 Another approach is to approximate the opacity of CaSiO3[s] with MgSiO3[s]. A comparison between the two approaches can be found in Appendix B.
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16 The figures of HATS-6b, and WASP-76b can be seen in Figs. 4 and 5 of the online material which is available at https://zenodo.org/records/13373168
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In the text



	[image: thumbnail]	Fig. 10 Effective refractive index at the equator of the morning terminator of WASP-39b.
In the text



	[image: thumbnail]	Fig. 11 Absorption (left) and scattering efficiency (right) of WASP-39b at the equator of the morning terminator.
In the text



	[image: thumbnail]	Fig. 12 Transmission spectra of different planets using EMTs and non-mixed treatments. The absolute difference to LLL are shown underneath each plot. In both figures, Core-Shell, BAS, and SSA are overlapping. For WASP-39b, JWST NIRspec Prism data from Rustamkulov et al. (2023) is shown.
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        Absorption efficiency Qabs (left) and scattering efficiency Qsca (right) for the two-component material {TiO2[s], Mg2SiO4[s]}.
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        Effective refractive index at the equator of the morning terminator of WASP-39b.
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        Absorption (left) and scattering efficiency (right) of WASP-39b at the equator of the morning terminator.
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        Transmission spectra of different planets using EMTs and non-mixed treatments. The absolute difference to LLL are shown underneath each plot. In both figures, Core-Shell, BAS, and SSA are overlapping. For WASP-39b, JWST NIRspec Prism data from Rustamkulov et al. (2023) is shown.
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        Transmission spectra of WASP-76b by considering the contributions of all terminator profiles (full), only the morning terminator profiles (morning), and only the evening terminator profiles (evening). Because the evening and morning terminator only cover half of the terminator region each, there transit depths were multiplied by 2 to be comparable to the full transit spectrum.
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        Transmission spectra of WASP-107b reproduced from the cloud structure retrieved by ARCiS. Cloud structure and JWST MIRI data taken from Dyrek et al. (2023).
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        Absolute relative differences in the transmission spectra of WASP-76b between the approximation of CaSiO3[s] refractive index with vacuum and MgSiO3[s] values.
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