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• observations show that particles are common across a variety of temperatures and planetary types;

• formation and distribution of particles are inextricably connected to composition and thermal 
structure of an atmosphere;

• in turn the particles interfere with our probes of atmospheric composition and thermal profiles;

• a better understanding of particles leads to a better understanding of an atmosphere as a whole.



• planet’s energy balance
• cooling
• gain and loss of volatiles
• surface ⇋ interiors ⇋ atmosphere
• impact biological processes

• particles: e.g., Venus, sulphur cycle; Earth & 
Mars, surface climates. 
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Particles are common in the atmospheres of exoplanets

• transmission spectroscopy (+ reflected light, 
emission photometry, phase curves)

• solar system
-- widespread
-- local and global

• clouds, hazes, and dust have something in 
common
-- particles (liquid or solid)
-- absorb and scatter light   

differently than gases

are they haze? are they clouds? 
we don’t really know
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2. Aerosol Definitions, Composition, and Provenance
A number of terms have been used to refer to aerosols in planetary and exoplanet atmospheres in the litera-
ture, including clouds, hazes, and dust. For clarity, we will assign to them specific definitions based on their 
provenance in this review, inspired by Hörst (2016). Where provenance is unclear, we will use the catch-all 
term, “aerosols.”

Dust: We define dust as particles lifted into the atmosphere from a planetary surface, such as sand and sea 
salt on Earth, fine regolith particles on Mars, and organic dune particles and ices on Titan and Pluto.

Clouds: We define clouds as collections of particles forming in the atmosphere under thermochemical equi-
librium. This definition includes both first order phase changes, such as

 ((R1))

as well as thermochemical reactions like

 ((R2))

Thermochemical equilibrium arises from the minimization of Gibbs free energy given the local tempera-
ture, pressure, and elemental abundances. Because of this, cloud formation is locally reversible, such that 
the loss of clouds through evaporation or chemical decomposition is in balance with condensation and syn-
thesis. In the solar system, clouds tend to form via condensation, a first order phase change, such as those 
of water, carbon dioxide, ammonia, methane, and nitrogen. Meanwhile, ammonium hydrosulfide (NH4SH) 
clouds, for which we have indirect evidence for in the atmospheres of the giant planets, form through 
chemical reactions between gaseous ammonia and hydrogen sulfide (e.g., Bjoraker et  al.,  2018; Carlson 
et al., 1988; de Pater et al., 2014; J. S. Lewis, 1969; M. H. Wong et al., 2015b).

Thermochemical equilibrium models have predicted a myriad of cloud compositions in exoplanet atmos-
pheres under the assumption that the atmospheric gas composition is one to only several times more en-
riched in metals than a solar composition gas. “Metals” in this case refers to all elements heavier than hydro-
gen and helium (Figure 1; see e.g., Burrows & Sharp, 1999; Lodders, 1999, 2002; Visscher et al., 2006, 2010; 
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Figure 1. Condensation temperatures of various cloud species as a function of atmospheric pressure, assuming solar 
metallicity, compared to temperature-pressure (TP) profiles of several objects. Condensation of a given species can 
occur when the planet TP profile becomes lower than its condensation temperature profile. TP profiles for Jupiter and 
Uranus are taken from Moses and Poppe (2017) while those of HR 8799b and HD 209458b are generated by a thermal 
structure model (Saumon & Marley, 2008) assuming appropriate planetary parameters. The condensation curve for 
CH4 is computed by combining the CH4 saturation vapor pressure (Lodders & Fegley, 1998) with its mixing ratio in a 
solar metallicity gas (Lodders, 2010), assuming that all carbon is in the form of CH4. The condensation curves for NH3, 
NH4SH, and H2O are taken from Lodders and Fegley (2002); that of H2S is from Visscher et al. (2006); those of KCl, 
ZnS, Na2S, MnS, and Cr are from Morley et al. (2012); those of MgSiO3, Mg2SiO4, and Fe are from Visscher et al. (2010); 
that of TiO2 is from Helling et al. (2001); and that of Al2O3 is from Wakeford et al. (2017b). The CH4/CO and NH3/CO 
transition curves are from Lodders and Fegley (2002).
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Particles are common in the atmospheres of exoplanets

• dust 
particles lofted into the atmosphere

• clouds
collections of particle formed in the atmosphere 
under thermochemical equilibrium (see dust 
formation in AGB stars)

• hazes
particles formed directly from photo- and 
radiation-chemical processes 
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Particles are common in the atmospheres of exoplanets

Parmen2e
r+16

• dust 
particles lofted into the atmosphere

• clouds
collections of particle formed in the atmosphere 
under thermochemical equilibrium (see dust 
formation in AGB stars)

• hazes
particles formed directly from photo- and 
radiation-chemical processes 

Teq = 1900 K, Parmentier+16
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A touch of exoEcism

• Venus shows a thick envelope and haze system that is mostly made up of sulfuric acid and sulfuric dioxide; 
• Earth’s atmosphere water and water ice clouds are abundant, as well as high altitude sulfuric acid hazes;
• In Mars, there are water and CO2 ice clouds, which may use the abundant red dust in its atmosphere as

nucleation sites;
• Jupiter and Saturn are covered in clouds of water, ammonia, and possibly ammonium hydrosulfide, with 

overlying hydrocarbon photochemical hazes;  visible Jupiter > Saturn, fewer hazes; Saturn in the infrared is
more structured than in visible;

• Titan: substituted PAHs;
• exoplanets: transmission spectra are frequently featureless in the near–infrared; inability of stellar photons

to reach depths in the atmosphere below the cloud top; 

exotic materials, such as salts, sulfides, rocks, metals, and hydrocarbon «soots» 
particles often clump together to form complex mixtures



Particles impact every method of exoplanet 
atmosphere characterization

secondary eclipsedayside emission 
and reflection

transmission and 
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phase curve
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Fig. 1 Phase curve of HD189733b observed at 3.6!m with the Spitzer Space Telescope by Knut-
son et al. (2012). The bottom panel is a zoomed-in version of the top panel, with the quantities of
interest annotated

From Phase Curves to Atmospheric Properties

For a steady-state atmosphere, a phase curve provides the longitudinal varia-
tion of the hemispherically averaged brightness of the planet. As such, only
large-scale atmospheric structures can be inferred (see !Chap. 70, “Mapping
Exoplanets”). From current phase curve observations, three parameters can usually
be retrieved (e.g., Cowan and Agol 2008; Demory et al. 2013; Knutson et al.
2009, 2012). For transiting planets, these parameters are the secondary eclipse
depth, the phase of the maximum of the phase curve compared to the secondary
eclipse (called the phase curve offset), and the phase curve relative amplitude,
AF D .Fp;Max ! Fp;Min/=Fp;Max (see Fig. 1).

The secondary eclipse depth gives the brightness of the dayside hemisphere (see
!Chap. 69, “Characterization of Exoplanets: Secondary Eclipses”) and serves as a
reference to calculate AF.

The phase offset gives the longitude of the brightest hemisphere of the planet.
A planet with a maximum brightness at the substellar point and a symmetrical

e

Transit

• transmission: straightforward interpretation
• phase curve: 3 observables; secondary eclipse depth, phase curve offset, phase curve relative amplitude

when ignored, spatial inhomogeneities can lead to a biased interpretation of 
transiting and secondary eclipse observations

Eclipse



ParEcles impact every method of exoplanet 
atmosphere characterizaEon

secondary eclipsedayside emission 
and reflection

transmission and 
nightside emission

phase curve

Parmen'er & Crossfield 2018 

when ignored, spatial inhomogeneities can lead to a biased interpretation of 
transiting and secondary eclipse observations

• optical → albedo; infrared → thermal emission
• cooler planets: reflected light dominates over 

emission  (negative offset)
• hotter planets: the opposite

bright clouds 
west SSPT max 

east SSP

Teq = 1900 K 

slight 
offset



transmission and 
nightside emission
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Table 1 | Physical parameters of hot Jupiters and associated spectral results
Name Teq (K) g (m s−2) Rp (RJ) Mp (MJ) P (days) logR′HK ∆ZUB − LM/Heq ∆ZJ − LM/Heq H2O amplitude (%) Features Reference

WASP-17b 1,740 3.6 1.89 0.51 3.73 − 5.531 − 0.80 ± 0.36 − 1.48 ± 0.71 94 ± 29 Na, H2O

WASP-39b 1,120 4.1 1.27 0.28 4.06 − 4.994 0.10 ± 0.41 Na, K

HD 209458b 1,450 9.4 1.36 0.69 3.52 − 4.970 0.73 ± 0.36 − 0.49 ± 0.36 32 ± 5 Aer, Na, H2O

WASP-19b 2,050 14.2 1.41 1.14 0.79 − 4.660 1.04 ± 1.79 − 1.97± 1.32 105 ± 20 H2O 14

HAT-P-1b 1,320 7.5 1.32 0.53 4.46 − 4.984 2.01 ± 0.81 0.19 ± 0.93 68 ± 19 Na, H2O 12, 13

WASP-31b 1,580 4.6 1.55 0.48 3.40 − 5.225 2.15 ± 0.77 1.25 ± 0.77 31 ± 12 Aer, K 4

WASP-12b 2,510 11.6 1.73 1.40 1.09 − 5.500 3.76 ± 1.59 1.65 ± 1.47 38 ± 34 Aer 3

HAT-P-12b 960 5.6 0.96 0.21 3.21 − 5.104 4.14 ± 0.77 1.37 ± 0.79 17 ± 23 Aer, K

HD 189733b 1,200 21.4 1.14 1.14 2.22 − 4.501 5.52 ± 0.50 − 0.56 ± 0.50 53.6 ± 9.6 Aer, Na, H2O 5, 10

WASP-6b 1,150 8.7 1.22 0.50 3.36 − 4.741 8.49 ± 1.33 Aer, K 11
The listed physical parameters are based on data compiled from our HST and Spitzer results3,4,10–14 and online databases. Sources for published spectral results are also listed. Atmospheric features 
detected of cloud or haze aerosols, sodium, potassium and water are listed (Aer, Na, K and H2O, respectively). The equilibrium temperature Teq assumes zero albedo and uniform redistribution. Also 
listed are the surface gravity, g; radius of the planet, Rp; planet mass, Mp; orbital period, P; and Ca II H and K stellar activity index logR′HK. RJ is the radius of Jupiter and MJ is the mass of Jupiter. 
∆ ZUB − LM/Heq gives the di"erence in pressure scale heights between the optical and mid-infrared transmission spectra, while ∆ ZJ − LM/Heq is the di"erence between the near- and mid-infrared  
(see Methods). The atmospheric scale height, Heq = kTeq/(µg), is estimated using the planet-speci#c equilibrium temperature and assuming a H/He atmosphere with a mean molecular mass of µ = 2.3 
atomic mass units. The H2O amplitude is measured using the WFC3 data, taking the average radii from 1.34 µ m to 1.49 µ m and subtracting it from the average value between 1.22 µ m to 1.33 µ m, then 
dividing that value by the theoretical di"erence as calculated by models16 assuming clear atmospheres and solar abundances.

Figure 1 | HST/Spitzer transmission spectral sequence of hot-Jupiter 
survey targets. Solid coloured lines show fitted atmospheric models 
with prominent spectral features indicated. The spectra have been offset, 
ordered by values of ∆ ZUB − LM (the altitude difference between the blue-
optical and mid-infrared; Table 1). Horizontal and vertical error bars 
indicate the wavelength spectral bin and 1σ measurement uncertainties, 

respectively. Planets with predominantly clear atmospheres (top) 
show prominent alkali and H2O absorption, with infrared radii values 
commensurate with or higher than the optical altitudes. Very hazy and 
cloudy planets (bottom) have strong optical scattering slopes, narrow 
alkali lines and H2O absorption that is partially or completely obscured.
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Table 1 | Physical parameters of hot Jupiters and associated spectral results
Name Teq (K) g (m s−2) Rp (RJ) Mp (MJ) P (days) logR′HK ∆ZUB − LM/Heq ∆ZJ − LM/Heq H2O amplitude (%) Features Reference

WASP-17b 1,740 3.6 1.89 0.51 3.73 − 5.531 − 0.80 ± 0.36 − 1.48 ± 0.71 94 ± 29 Na, H2O

WASP-39b 1,120 4.1 1.27 0.28 4.06 − 4.994 0.10 ± 0.41 Na, K

HD 209458b 1,450 9.4 1.36 0.69 3.52 − 4.970 0.73 ± 0.36 − 0.49 ± 0.36 32 ± 5 Aer, Na, H2O

WASP-19b 2,050 14.2 1.41 1.14 0.79 − 4.660 1.04 ± 1.79 − 1.97± 1.32 105 ± 20 H2O 14

HAT-P-1b 1,320 7.5 1.32 0.53 4.46 − 4.984 2.01 ± 0.81 0.19 ± 0.93 68 ± 19 Na, H2O 12, 13

WASP-31b 1,580 4.6 1.55 0.48 3.40 − 5.225 2.15 ± 0.77 1.25 ± 0.77 31 ± 12 Aer, K 4

WASP-12b 2,510 11.6 1.73 1.40 1.09 − 5.500 3.76 ± 1.59 1.65 ± 1.47 38 ± 34 Aer 3

HAT-P-12b 960 5.6 0.96 0.21 3.21 − 5.104 4.14 ± 0.77 1.37 ± 0.79 17 ± 23 Aer, K

HD 189733b 1,200 21.4 1.14 1.14 2.22 − 4.501 5.52 ± 0.50 − 0.56 ± 0.50 53.6 ± 9.6 Aer, Na, H2O 5, 10

WASP-6b 1,150 8.7 1.22 0.50 3.36 − 4.741 8.49 ± 1.33 Aer, K 11
The listed physical parameters are based on data compiled from our HST and Spitzer results3,4,10–14 and online databases. Sources for published spectral results are also listed. Atmospheric features 
detected of cloud or haze aerosols, sodium, potassium and water are listed (Aer, Na, K and H2O, respectively). The equilibrium temperature Teq assumes zero albedo and uniform redistribution. Also 
listed are the surface gravity, g; radius of the planet, Rp; planet mass, Mp; orbital period, P; and Ca II H and K stellar activity index logR′HK. RJ is the radius of Jupiter and MJ is the mass of Jupiter. 
∆ ZUB − LM/Heq gives the di"erence in pressure scale heights between the optical and mid-infrared transmission spectra, while ∆ ZJ − LM/Heq is the di"erence between the near- and mid-infrared  
(see Methods). The atmospheric scale height, Heq = kTeq/(µg), is estimated using the planet-speci#c equilibrium temperature and assuming a H/He atmosphere with a mean molecular mass of µ = 2.3 
atomic mass units. The H2O amplitude is measured using the WFC3 data, taking the average radii from 1.34 µ m to 1.49 µ m and subtracting it from the average value between 1.22 µ m to 1.33 µ m, then 
dividing that value by the theoretical di"erence as calculated by models16 assuming clear atmospheres and solar abundances.

Figure 1 | HST/Spitzer transmission spectral sequence of hot-Jupiter 
survey targets. Solid coloured lines show fitted atmospheric models 
with prominent spectral features indicated. The spectra have been offset, 
ordered by values of ∆ ZUB − LM (the altitude difference between the blue-
optical and mid-infrared; Table 1). Horizontal and vertical error bars 
indicate the wavelength spectral bin and 1σ measurement uncertainties, 

respectively. Planets with predominantly clear atmospheres (top) 
show prominent alkali and H2O absorption, with infrared radii values 
commensurate with or higher than the optical altitudes. Very hazy and 
cloudy planets (bottom) have strong optical scattering slopes, narrow 
alkali lines and H2O absorption that is partially or completely obscured.
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during its inward orbital migration, avoided accretion and dissolution 
of icy planetesimals as well as the subsequent accretion of an appreci-
able amount of H2O-rich gas. Such scenarios have been proposed for 
Jupiter20,21 based on Galileo probe measurements22 that indicate it to 
be a water-poor gas giant, although the measurements were affected 
by local meteorology22.

However, it is possible that these weak water absorption bands 
could be attributed to cloud opacity, which have yielded featureless 
transmission spectra for a number of transiting exoplanets23,24. For 
simplicity, we define a cloud as a grey opacity source, and a haze 
as one that yields a Rayleigh-scattering-like opacity, which could be 
due to small (sub-micrometre size) particles. Silicate or higher-tem-
perature cloud condensates are expected to dominate the hotter 
atmospheres, like those observed for brown dwarfs, while in cooler 
atmospheres sulfur-bearing compounds are expected to play an 
important part in the condensation chemistry25,26. In Fig. 2, we plot 
model atmospheric pressure–temperature profiles for the planets in 
our comparative study and compare them to the condensation curves 
for the expected cloud-forming molecules. The base, or bottom, of a 
condensate cloud is expected to form where the planetary pressure–
temperature profiles cross the condensation curve; in this case, Cr, 
MnS, MgSiO3, Mg2SiO4 and Fe are possible condensates. For exam-
ple, the spectra of WASP-31b shows clouds4, which probably form 
at pressures of about 10 mbar and can be explained by Fe or MgSiO4 
condensates. However, the curves alone cannot explain cloudy ver-
sus cloud-free planets, because hazy planets such as HAT-P-12b and 
WASP-12b do not cross condensation curves at observable pressures. 
Therefore, atmospheric circulation must also play a part, as vertical 
mixing allows for particles to be lofted and maintained at pressures 
probed in transmission at the terminators. Additionally, equatorial 
eastward superrotation arising from day–night temperature variations 
can allow clouds that form on the nightside to be transported to the 
terminator27.

We compare spectral features from our large survey to both ana-
lytic4,26 and radiative-transfer models assuming varying degrees of 
clouds and hazes17,18. In order to evaluate the spectral behaviour of 
the sample as a whole, we define and measure three broadband spectral 
indices, which can then be compared to both the observational data 
and the theoretical models (see Table 1 and Methods). We first define 
an index ∆ ZUB − LM that compares the relative strength of scattering, 
which is strongest at blue-optical (0.3–0.57 µ m) wavelengths, to that 

of molecular absorption, which is strongest at mid-infrared (3–5 µ m) 
wavelengths and dominated by H2O, CO and CH4. We also define 
∆ ZJ − LM to measure the relative strength between the near-infrared 
continuum (1.22–1.33 µ m, located between strong H2O absorption 
bandheads) and the mid-infrared molecular absorption. Lastly, we 
quantify the amplitude of the H2O absorption feature seen in the WFC3 
data, calculating the ratio of the observed feature to that of radiative 
transfer models17 assuming clear atmospheres and solar abundances.

Comparisons between these indices (Fig. 3, Extended Data Figs 1 and 2)  
show trends between cloudy and cloud-free planets. When comparing 
the ∆ ZJ − LM index to the H2O amplitude (Fig. 3), the hot-Jupiter trans-
mission spectra strongly favour models in which the H2O amplitude is 
lower owing to obscuration by hazes and clouds, rather than to lower 
abundances (5.9σ significance). Contaminating effects of persistent 
unocculted star spots5 and plages28 have been proposed in order to 
mimic the optical haze-scattering signature of hot Jupiters (particularly 
HD 189733b, which orbits an active star; see Methods). However, our 
survey sample is sufficiently varied in stellar activity, such that we find 
no correlation between stellar activity and the strength of the optical 
scattering slope (as measured by the ∆ ZUB − LM index) for planets in our 
sample (Extended Data Fig. 3). One of the main distinguishing features 
between hazy atmospheres and those that are clear and have sub-solar 
abundances resides in the near-infrared continuum, measured with the 
WFC3 spectra. The presence of haze raises the level of the near-infrared 
continuum relative to the mid-infrared continuum, leading to high  
∆ ZJ − LM index values with low near-infrared H2O amplitudes 
(Extended Data Fig. 4). In clear-atmosphere models, where the abun-
dances are lower, the continuum level drops at both near- and mid- 
infrared wavelengths, accompanied by a reduction in the amplitude of 
absorption features, resulting in ∆ ZJ − LM index values that are too low 
to explain the data (Fig. 3).

The hot-Jupiter transmission spectra ordered by the ∆ ZUB − LM spec-
tral index reveals a continuum from clear atmospheres to atmospheres 
with strong clouds and hazes (Fig. 1 and Table 1). The presence of 
clouds has also been inferred for brown dwarf atmospheres, which 
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Figure 2 | Pressure–temperature profiles and condensation curves. 
Profiles are calculated for each planet from one-dimensional non-grey 
radiative transfer models17, which assume planet-wide average conditions 
in chemical equilibrium at solar abundances, and clear atmospheres. 
Profiles take into account incident stellar fluxes as well as the planetary 
interior fluxes that are appropriate given each planet’s known mass and 
radius. Dashed and dotted lines are calculations of condensation curves 
of chemical species expected to condense in planetary and brown dwarf 
atmospheres25. The thicker portions of the pressure–temperature profiles 
indicate the pressures probed in transmission.

Figure 3 | Transmission spectral index diagram of ∆ZJ − LM versus 
H2O amplitude. Black points show the altitude difference between the 
near-infrared and the mid-infrared spectral features (∆ZJ − LM) versus the 
amplitude of the 1.4-µm H2O feature for eight of ten targets (see Table 1).  
Error bars represent the 1σ measurement uncertainties. Purple and grey 
lines show model trends for hazy and cloud atmospheres, respectively, 
with increasing Rayleigh scattering haze and grey cloud deck opacity 
corresponding to 10×, 100× and 1,000× the solar value. We also show 
clear-atmosphere models with sub-solar abundances of 0.1×, 0.01× 
and 0.001× the solar value (red line). WASP-6b and WASP-39b are not 
included because there are currently no HST WFC3 data for these two 
planets.
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feature for K2-18b, a sub-Neptune with Earth-like temperatures (Benneke et al., 2019b; Tsiaras et al., 2019). 
Moreover, Fisher and Heng (2018) found no significant trend between temperature and aerosol opacity in 
their combined analysis of giant and lower mass exoplanet near-infrared transmission spectra.

At optical wavelengths, Heng  (2016) measured the amplitude of the atomic sodium and potassium ab-
sorption peaks and also claims a possible “cloudiness” trend with Teq, with higher temperature planets 
being clearer. Sing et al. (2016) considered the relative increase in transit depths in the optical versus the 
mid-infrared as a measure of extinction by small particles, and found that aerosols are the primary fac-
tor that shape transmission spectra rather than variable water abundance. Also, several studies (Alderson 
et al., 2020; Chen et al., 2021; May et al., 2020; Pinhas et al., 2019; Welbanks et al., 2019) have measured 
optical spectral slopes steeper than that of Rayleigh scattering. This would require an opacity source that 
varies with altitude, such as highly scattering aerosols with variable particle size and/or vertical distribution 
(Lecavelier Des Etangs et al., 2008; Sing et al., 2011; Wakeford & Sing, 2015).

In addition to focusing on specific wavelength regions and spectral features, a number of studies have per-
formed uniform, homogeneous retrieval analyses on a large number of planets’ complete transmission 
spectra from optical to mid-infrared wavelengths. Retrievals are data-model parameter estimation proce-
dures commonly used to infer the state properties (abundances, temperatures, cloud properties) of an at-
mosphere given a spectrum. Both Barstow et al. (2017) and Pinhas et al. (2019) performed a retrieval on the 
10 planets presented in Sing et al. (2016). Although they both propose that non-monotonic trends with tem-
perature exist in aerosol coverage at the limb of hot Jupiters, their results are incompatible. This highlights 
the sensitivity of retrieval studies to the details of the cloud parametrization (Barstow, 2020) and the many 
degeneracies present between aerosol physical parameters such as altitude range, latitudinal coverage, par-
ticle size distribution, etc. (see §4.1).
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Figure 3. Transmission spectra of several exoplanets showing the various impacts of aerosols. Planets with masses 
>0.1 Jupiter masses are shown in circles, while lower mass planets are shown in squares. The colors of the datasets 
represent the equilibrium temperatures of the corresponding planet. Observations are taken from Bean et al. (2011), 
Désert et al. (2011), Kreidberg et al. (2014a), Sing et al. (2015, 2016), Benneke et al. (2019a), and Wakeford et al. (2018). 
The transmission spectra are offset for clarity, normalized to the mean transit depth, and shown in planetary scale 
heights calculated using parameters listed on exo.MAST (e.g., gravity and equilibrium temperature), assuming solar 
metallicity and atmospheres dominated by H/He, that is, an atmospheric mean molecular weight of 2.3 g mol−1. We 
refer the reader to https://stellarplanet.org/science/exoplanet-transmission-spectra/ for an up to date database of 
published exoplanet transmission spectra.
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and discovered the spatial heterogeneity of aerosols. Furthermore, we have shown through our discussions 
of both directly imaged exoplanets and transiting exoplanets that the level of stellar irradiation and orbital 
distance greatly affects aerosol distributions. In the next section, we overview the theoretical tools that have 
been brought to bear to explain our diverse observations.

4. Insights from Theory
The formation, evolution, and spatial and size distribution of aerosols depend on interactions between the 
atmospheric thermal structure, wind patterns, and microphysical processes (Pruppacher & Klett, 1978). For 
clouds, these processes include nucleation, the conversion of condensate vapor into solid or liquid either 
directly (homogeneous) or with the aid of a foreign surface (heterogeneous) often in the form of a “conden-
sation nuclei”; condensation, the growth of cloud particles through the uptake of vapor; coagulation, the 
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Figure 7. Observed brightness temperatures of the daysides (red) and nightsides (blue) of hot Jupiters at the 3.6 
(top) and 4.5 µm (bottom) Spitzer bands from Beatty et al. (2019), which probe atmospheric temperature and opacity 
structures, including the effect of aerosols. Brightness temperatures computed by Parmentier et al. (2021) using a GCM 
for cloudless hot Jupiters (daysides: orange, nightsides: light blue) and hot Jupiters with cloudy nightsides (daysides: 
dark red, nightside: indigo) are shown for comparison.

night side 

Phase curve shifts

nightside at near-infrared wavelengths probe the top 
of a cloud layer that persists on all transiting exoplanets

↓
nightside brightness temperature is tied to the 

condensation temperature of that cloud

transmission and 
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The need for laboratory measurements and numerical modelIing
• limited informa2on on the micro-physical proper2es, i.e. par2cle composi2on, size, shape, number density of 

scaFering par2cles;
• consequence: exoplanet atmospheric models capable of interpre2ng the upcoming observa2ons are limited by 

insufficiencies in the laboratory and theore2cal data that serve as cri2cal inputs to atmospheric physical and 
chemical tools;

• models rarely treat rigorously the scaFering and absorp2on of light by par2cles of complex morphology;
• condensate clouds or photochemical hazes: ambiguity is difficult to solve from theory alone, and requires a 

laboratory approach;  

these critical gaps are regrettable as models can provide consistent, temporally and spatially resolved information 
about atmospheric particle properties, and related effects in an entirety which, at the current stage,

is not accessible by observations

planned missions: from «taxonomy» to «understanding» 

status: coaction of different (frequently distant) fields to provide a global description of phenomena naturally occurring on 
extremely different size scales;

approach: bridging both classical and quantum optics calculations + laboratory simulations; testing in radiative transfer 
calculations 



The need for laboratory measurements and numerical modelIing

• ab-ini&o calcula<ons in exoplanet atmospheric photo- and radia<on-chemistry

• molecular dynamics, metadynamics

• laboratory haze and dust simula<on experiments in alien atmospheres

• op<cal modelling of morphologically complex par<cles



Ab-initio calculations

CH4 photochemistry generates hydrocarbons such as C2H2, C2H4, C2H6 that polymerize into more complex hydrocarbon 
species, some of which form aerosols; nitroaromatic in presence of NOx;the atomic ions’ distribution. We find that while C and N are

scarcely affected, oxygen concentration responds quite appre-
ciably to variations in the metallicity (LM and HM models).
Increasing the stellar activity, both EUV and X-ray band fluxes
increase (together with that of the Lyα). However, since their
relation is almost linear, LX

0.86_ (Sanz-Forcada et al. 2011),
while the attenuation is exponential (see Equation (4)), the
increase in the activity extends the region dominated by X-rays
far beyond that in which EUV radiation matters. The net effect
is an increase of the X-ray influence over the ionization (HA
model). We also note that some elements (e.g., oxygen) may
have additional deeper crossing points, due to the interplay of
chemical reactions.

Recombination of hydrogen ends up in the formation of H2
(the most abundant species), and at larger pressures also
nitrogen becomes molecular. Once the concentration of O+

declines, major repositories of oxygen are carbon monoxide
and water. In a limited range of pressure (P∼ 10−9–10−6 bars)
the neutral carbon concentration encompasses all carbon nuclei,
giving rise to a well-defined C+/C/CO transition (Figure 7),
characteristic of interstellar photodissociation regions (e.g.,
Sternberg & Dalgarno 1995). In interstellar conditions (i.e., no
radiation with energy higher than the Lyman continuum),
however, neutral atomic carbon is typically underabundant. In
gas subjected to high-energy photon irradiation, oxygen
ionization is much more extended than that of carbon, and
CO formation is delayed toward higher pressures, allowing the
neutralization of carbon ions. At the same pressure level as CO,
H2O begins to form. Its formation rate is partially inhibited by
the ionization content of the gas, while its destruction is mainly
powered by UV radiation. Ammonia and methane increase
their abundances deep in the atmosphere (Figure 6(b)),
although in lower concentrations than CO and H2O.

As secondary ionization starts to dominate the electronic
content, i.e., when photochemistry is mainly driven by X-rays,
heavy molecular ions begin to form. These species are less
abundant than neutral species, reside at intermediate altitudes in
the atmosphere (P∼ 10−7–10−2 bars), and are mostly depen-
dent on radiation chemistry. One of the most abundant is the
hydronium ion, H3O

+, resulting from the protonation of water.
The absence of H2O

+ suggests an active proton-transfer
chemistry, H H O H O H3 2 3 2� l �� � . H3

� depends on the
electron content, as its formation occurs through
H H H H2 2 3� l �� � , and the dihydrogen cation, H2

�, is

formed mainly by electron impact ionization of H2 (15.4 eV),
at altitudes where EUV radiation is suppressed. H3

� is a
universal protonator, initiating a chain of ion–neutral reactions
that is responsible for the formation of many molecular ions,
such as HCO+, coming from protonation of CO.
In Figure 8 we report the major indicators of the gas electron

content. As discussed in the previous section, with increasing
pressures, first hydrogen and then oxygen are the dominant
providers of electrons. At lower altitude, the abundance profile
of the hydronium ion (together with other metal molecular ions,
e.g., NH+) appears to be tightly correlated with the electron
distribution, for reasons related to the H3O

+ formation channel
(see the previous section).
The methylidyne radical (CH) and cation (CH+) and the

hydrocarbons acetylene (C2H2) and ethylene (C2H4) show
relatively large densities. Hydrogen cyanide (HCN) is also
abundant. The concentration profiles of these species are
reported in Figure 9. All of these molecules are positively
sensitive to X-ray radiation, without which their abundances
would be basically confined toward the bottom of the
atmosphere. Photochemistry boosts their abundances upward

Figure 7. The C+/C/CO transition. Figure 8. Vertical density profiles of electrons and their major contributors
under the conditions of the RF model (solid lines). Black symbols indicate the
distribution of the electron density suppressing X-rays (NX model).

Figure 9. The vertical distribution of some C–H-bearing species including
hydrogen cyanide (HCN) in the RF (solid line) and NX (dashed lines) models.
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abundant. The concentration profiles of these species are
reported in Figure 9. All of these molecules are positively
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Figure 7. The C+/C/CO transition. Figure 8. Vertical density profiles of electrons and their major contributors
under the conditions of the RF model (solid lines). Black symbols indicate the
distribution of the electron density suppressing X-rays (NX model).

Figure 9. The vertical distribution of some C–H-bearing species including
hydrogen cyanide (HCN) in the RF (solid line) and NX (dashed lines) models.
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cloud contamination zone

radia2on chemistry boost

(Locci+22)

CH4 photochemistry generates hydrocarbons such as C2H2, C2H4, C2H6 that polymerize into more complex hydrocarbon 
species, some of which form aerosols; nitroaromatic in presence of NOx;

Ab-ini(o calculaEons



CH4 photochemistry generates hydrocarbons such as C2H2, C2H4, C2H6 that polymerize into more complex hydrocarbon 
species, some of which form aerosols; nitroaromatic in presence of NOx; aromatics good UV absorbers;the atomic ions’ distribution. We find that while C and N are

scarcely affected, oxygen concentration responds quite appre-
ciably to variations in the metallicity (LM and HM models).
Increasing the stellar activity, both EUV and X-ray band fluxes
increase (together with that of the Lyα). However, since their
relation is almost linear, LX

0.86_ (Sanz-Forcada et al. 2011),
while the attenuation is exponential (see Equation (4)), the
increase in the activity extends the region dominated by X-rays
far beyond that in which EUV radiation matters. The net effect
is an increase of the X-ray influence over the ionization (HA
model). We also note that some elements (e.g., oxygen) may
have additional deeper crossing points, due to the interplay of
chemical reactions.

Recombination of hydrogen ends up in the formation of H2
(the most abundant species), and at larger pressures also
nitrogen becomes molecular. Once the concentration of O+

declines, major repositories of oxygen are carbon monoxide
and water. In a limited range of pressure (P∼ 10−9–10−6 bars)
the neutral carbon concentration encompasses all carbon nuclei,
giving rise to a well-defined C+/C/CO transition (Figure 7),
characteristic of interstellar photodissociation regions (e.g.,
Sternberg & Dalgarno 1995). In interstellar conditions (i.e., no
radiation with energy higher than the Lyman continuum),
however, neutral atomic carbon is typically underabundant. In
gas subjected to high-energy photon irradiation, oxygen
ionization is much more extended than that of carbon, and
CO formation is delayed toward higher pressures, allowing the
neutralization of carbon ions. At the same pressure level as CO,
H2O begins to form. Its formation rate is partially inhibited by
the ionization content of the gas, while its destruction is mainly
powered by UV radiation. Ammonia and methane increase
their abundances deep in the atmosphere (Figure 6(b)),
although in lower concentrations than CO and H2O.

As secondary ionization starts to dominate the electronic
content, i.e., when photochemistry is mainly driven by X-rays,
heavy molecular ions begin to form. These species are less
abundant than neutral species, reside at intermediate altitudes in
the atmosphere (P∼ 10−7–10−2 bars), and are mostly depen-
dent on radiation chemistry. One of the most abundant is the
hydronium ion, H3O

+, resulting from the protonation of water.
The absence of H2O

+ suggests an active proton-transfer
chemistry, H H O H O H3 2 3 2� l �� � . H3

� depends on the
electron content, as its formation occurs through
H H H H2 2 3� l �� � , and the dihydrogen cation, H2

�, is

formed mainly by electron impact ionization of H2 (15.4 eV),
at altitudes where EUV radiation is suppressed. H3

� is a
universal protonator, initiating a chain of ion–neutral reactions
that is responsible for the formation of many molecular ions,
such as HCO+, coming from protonation of CO.
In Figure 8 we report the major indicators of the gas electron

content. As discussed in the previous section, with increasing
pressures, first hydrogen and then oxygen are the dominant
providers of electrons. At lower altitude, the abundance profile
of the hydronium ion (together with other metal molecular ions,
e.g., NH+) appears to be tightly correlated with the electron
distribution, for reasons related to the H3O

+ formation channel
(see the previous section).
The methylidyne radical (CH) and cation (CH+) and the

hydrocarbons acetylene (C2H2) and ethylene (C2H4) show
relatively large densities. Hydrogen cyanide (HCN) is also
abundant. The concentration profiles of these species are
reported in Figure 9. All of these molecules are positively
sensitive to X-ray radiation, without which their abundances
would be basically confined toward the bottom of the
atmosphere. Photochemistry boosts their abundances upward

Figure 7. The C+/C/CO transition. Figure 8. Vertical density profiles of electrons and their major contributors
under the conditions of the RF model (solid lines). Black symbols indicate the
distribution of the electron density suppressing X-rays (NX model).

Figure 9. The vertical distribution of some C–H-bearing species including
hydrogen cyanide (HCN) in the RF (solid line) and NX (dashed lines) models.
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Table S2. Continue. 

Suggested Formula Theoretical m/z 
[M-H]- 

Measured m/z 
[M-H]- Proposed structure Quantified as Absorbing as 

C7H5NO5 182.0095 182.0098 

 

 
2-Methyl-5-nitrobenzoic acid 

(C8H7NO4) 

 
2-Methyl-5-nitrobenzoic acid 

(C8H7NO4) 

C8H9NO4 182.0459 182.0454 

 

 
2-Methyl-4-nitroresorcinol 

(C7H7NO4) 

 
2-Methyl-4-nitroresorcinol 

(C7H7NO4) 

C7H7NO5 184.0253 184.0255 

 

 
2-Nitrophloroglucinol (C6H5NO5) 

 
2-Nitrophloroglucinol (C6H5NO5) 

C10H7NO3 188.0353 188.0354 

 

 
2-Nitro-1-naphthol (C10H7NO3) 

 
2-Nitro-1-naphthol (C10H7NO3) 

C9H9NO4 194.0458 194.0459 

 

 
2,5-Dimethyl-4-nitrobenzoic acid 

(C9H9NO4) 

 
2,5-Dimethyl-4-nitrobenzoic acid 

(C9H9NO4) 

C8H9NO5 198.0407 198.0412 

 

 
2-Nitrophloroglucinol (C6H5NO5) 

 
2-Nitrophloroglucinol (C6H5NO5) 

 

(Xie+17)
(Locci+22)

Ab-initio calculations



ground state
singlet manifold
triplet manifold

density functional theory (time-dependent) to study the 
complex polarizability 

↓
optical properties

Nitrobenzene 
photophysics 

Ab-initio calculations



a noteworthy example: the pale orange dot

the vastly different conditions that have existed on planets’ long habitable histories have been largely ignored

an anoxic environment could have supported the formation of biologically mediated —via methane photolysis— organic hazes

habitability conditions of the Archean Earth: organic hazes would have absorbed ultraviolet light so well as to effectively shield 
the Archean Earth (about 2 ½ billion years back) from deadly radiation before the rise of oxygen and the ozone layer, which 
now provides that protection;  the haze was a benefit to just-evolving surface biospheres on Earth, as it could be to similar 
exoplanets (Hamey+16)

Ab-ini(o calculaEons



Molecular dynamics, metadynamics

the forma2on of fullerene molecules from 
ensembles of randomly posi2oned C2
molecules in a periodic  boundary box

3 steps:
1. nuclea2on of polycyclic structures, 
2. growth by ring condensa2on of aFached 

carbon chains,
3.    cage closure



Molecular dynamics, metadynamics

Fig. 1. Free energy landscape for the gas-phase decomposition, at a temperature of 300 K, of formamide into H2O and HCN, reconstructed using ab initio metadynamics based
on path collective variables. Values in the figure, expressed in kilocalories per mole, indicate the relative depths and heights, with respect to formamide, of the different steps of the
transformation.

E344 | www.pnas.org/cgi/doi/10.1073/pnas.1421035112 Saitta et al.

1568 G. Cassone et al.

Figure 2. Left-hand panel: Free-energy landscapes of the conversion of methane and isocyanic acid into methyl isocyanate and molecular hydrogen in gas
phase (a), in amorphous water ice (c), and in a 50:50 H2O:CO ice (e). Right-hand panel: Time development of the free-energy biases necessary to the reactants
for escaping from their own free-energy local minimum in gas phase (b), in amorphous water ice (d), and in a 50:50 H2O:CO ice (f). The bias corresponds to
the negative of the free-energy barrier separating reactant and product states, the latter being shown in the insets of the free-energy landscapes along with a
representative, approximated, transition state structure and relevant interatomic distances in Å (left-hand panel).

The resulting energy barriers in ices are, however, still too high
to allow for a straightforward conversion of methane and HNCO
into CH3NCO, even in warm interstellar regions. Some additional
mechanisms would be required, such as grain–grain collisions arising

from magnetohydrodynamic turbulence (e.g. Yan, Lazarian & Draine
2004). While high-velocity impacts may have interesting chemical
consequences (Cassone et al. 2018b), low-velocity collisions can lead
to grain heating (e.g. d’Hendecourt et al. 1982) and ice sublimation.
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potential energy surface (PES),: an energetic “landscape” in which 
different directions represents the geometrical parameters of 
molecules in the process of transforming themselves into products

Miller experiment in silico

forma2on of methyl isocyanate

Metadynamics

• iterative exploration of 
PES by applying a 
perturbation;

• overcome the serious 
problem of remaining 
stuck in only one 
probability maximum;

• drawback: very high 
computational costs.  



Molecular dynamics, metadynamics

Fig. 1. Free energy landscape for the gas-phase decomposition, at a temperature of 300 K, of formamide into H2O and HCN, reconstructed using ab initio metadynamics based
on path collective variables. Values in the figure, expressed in kilocalories per mole, indicate the relative depths and heights, with respect to formamide, of the different steps of the
transformation.
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Molecular dynamics, metadynamics
1568 G. Cassone et al.

Figure 2. Left-hand panel: Free-energy landscapes of the conversion of methane and isocyanic acid into methyl isocyanate and molecular hydrogen in gas
phase (a), in amorphous water ice (c), and in a 50:50 H2O:CO ice (e). Right-hand panel: Time development of the free-energy biases necessary to the reactants
for escaping from their own free-energy local minimum in gas phase (b), in amorphous water ice (d), and in a 50:50 H2O:CO ice (f). The bias corresponds to
the negative of the free-energy barrier separating reactant and product states, the latter being shown in the insets of the free-energy landscapes along with a
representative, approximated, transition state structure and relevant interatomic distances in Å (left-hand panel).

The resulting energy barriers in ices are, however, still too high
to allow for a straightforward conversion of methane and HNCO
into CH3NCO, even in warm interstellar regions. Some additional
mechanisms would be required, such as grain–grain collisions arising

from magnetohydrodynamic turbulence (e.g. Yan, Lazarian & Draine
2004). While high-velocity impacts may have interesting chemical
consequences (Cassone et al. 2018b), low-velocity collisions can lead
to grain heating (e.g. d’Hendecourt et al. 1982) and ice sublimation.
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CH4 + HNCO → CH3NCO

a broken road

gas-phase: superbarrier!

condensate: on the nature of the ice
(ices smooth barriers)



Laboratory simulaEons of haze and dust
• high (condensate), room (spark+radiation), cryogenic (particles) temperatures

• high: AGB stars, exotic planets (55 Cancri?);
• room (< 800 K):  particles in cooler (< 800 K), smaller (< 0.3 × Jupiter’s mass) exoplanets (especially with 

enhanced atmospheric metallicity and/or enhanced C/O ratios; super-Earths and mini-Neptunes;
• cryogenic: moons around giants (weather), super cold and thin atmospheres (Triton and Pluto).

(high)
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dry, oxygen-free glove box, where the samples were removed and 
weighed. See Methods for additional information regarding the 
experimental setup and measurements.

As shown in Fig. 3 and Table 2, the H2-dominated experiments 
(100×  at 400 and 600 K, and 1,000×  at 600 K) had lower haze pro-
duction rates (0.04, 0.25 and 0.15 mg h–1, respectively) than the other 
experiments with measurable production rates. Previous studies 
have shown that H2 decreases particle formation in gas mixtures  
that include CH4 and/or CO2 (refs 21–23), probably by termination 

of chains, which decreases the production of larger molecules; this 
mechanism may be responsible for the low production rates in 
these cases. The 100×  at 300 K experiment produced particles, but 
did not have a sufficiently high production rate for measurements 
to be taken; further work is required to determine whether this was 
a result of the addition of NH3, the lower temperature, or both. In 
all cases, the production rates were non-zero, indicating that these 
atmospheres may still be capable of producing a tenuous photo-
chemically generated haze. The H2-dominated giant planets in our 
own Solar System have optically thin stratospheric hazes that are 
produced photochemically.

The two highest production rates measured (~10 mg h–1) were 
for the 1,000×  metallicity (H2O-dominated) gas mixtures at 300 and 
400 K. This production rate is even higher than the production rate 
from our standard Titan experiment (5% CH4 in 95% N2), which 
produced ~7.4 mg h–1 using an identical setup13. The exoplanet 
experiments had a higher CH4 content than our standard Titan 
experiment; however, they had significantly less N2, and previous 
work has shown that N2 plays an important role in gas-to-particle 
conversion in N2/CH4 gas mixtures24,25. Additionally, previous work 
with plasma experiments has indicated that the addition of CO2 
should decrease particle formation26. In contrast, previous work 
has shown that H2O (present as a liquid and gas) may promote the 
formation of organics27, so further work is necessary to understand 
how the complex interplay of these different chemical pathways 
results in such a high production rate.

Table 1 | Summary of initial gas mixtures

100× 1,000× 10,000× 

600!K 72.0% H2 42% H2 66.0% CO2

6.3% H2O 20.0% CO2 12.0% N2

3.4% CH4 16.0% H2O 8.6% H2

18.3% He 5.1% N2 5.9% H2O
1.9% CO 3.4% CO
1.7% CH4 4.1% He
13.3% He

400!K 70.0% H2 56.0% H2O 67.0% CO2

8.3% H2O 11.0% CH4 15.0% H2O
4.5% CH4 10.0% CO2 13.0% N2

17.2% He 6.4% N2 5.0% He
1.9% H2

14.7% He
300!K 68.6% H2 66.0% H2O 67.3% CO2

8.4% H2O 6.6% CH4 15.6% H2O
4.5% CH4 6.5% N2 13.0% N2

1.2% NH3 4.9% CO2 4.1% He

17.3% He 16.0% He

100× 1,000× 10,000×

600 K

400 K

300 K

H2

NH3

He

CH4

H2O

CO

CO2

N2

Fig. 1 | Composition of the initial gas mixtures used for our experiments. 
Our experimental phase space spanned 100 to 10,000×  solar metallicity 
and temperatures ranging from 300 to 600!K. It was divided broadly into 
three categories: H2-dominated, H2O-dominated and CO2-dominated. The 
exact compositions of the gases used in the initial gas mixtures are shown 
in Table 1. The model values are for 1!mbar, which is consistent with the 
pressure used for the experiments.
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Fig. 2 | Schematic of the PHAZER Chamber at Johns Hopkins University. 
Due to the large variety of gases used for the experiments, this schematic 
provides a general idea of the setup. The details varied depending on the 
gases used, with attention paid to the solubility of gases in liquid water, 
condensation temperatures and gas purity.
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Fig. 3 | Production rate values. ‘F’ indicates that there was enough solid 
produced by the experiment to result in a visible film on the substrates,  
but there was not enough to collect and weigh. Our standard Titan 
production rate is indicated by the grey line. All production rate values  
are listed in Table 2.
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Laboratory simulations of haze and dust
• high (condensate), room (spark+radia2on), cryogenic (par2cles) temperatures

• high: AGB stars, exo2c planets (55 Cancri?);
• room (< 800 K):  par2cles in cooler (< 800 K), smaller (< 0.3 × Jupiter’s mass) exoplanets (especially with 

enhanced atmospheric metallicity and/or enhanced C/O ra2os; super-Earths and mini-Neptunes;
• cryogenic: moons around giants (weather), super cold and thin atmospheres (Triton and Pluto).
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dry, oxygen-free glove box, where the samples were removed and 
weighed. See Methods for additional information regarding the 
experimental setup and measurements.

As shown in Fig. 3 and Table 2, the H2-dominated experiments 
(100×  at 400 and 600 K, and 1,000×  at 600 K) had lower haze pro-
duction rates (0.04, 0.25 and 0.15 mg h–1, respectively) than the other 
experiments with measurable production rates. Previous studies 
have shown that H2 decreases particle formation in gas mixtures  
that include CH4 and/or CO2 (refs 21–23), probably by termination 

of chains, which decreases the production of larger molecules; this 
mechanism may be responsible for the low production rates in 
these cases. The 100×  at 300 K experiment produced particles, but 
did not have a sufficiently high production rate for measurements 
to be taken; further work is required to determine whether this was 
a result of the addition of NH3, the lower temperature, or both. In 
all cases, the production rates were non-zero, indicating that these 
atmospheres may still be capable of producing a tenuous photo-
chemically generated haze. The H2-dominated giant planets in our 
own Solar System have optically thin stratospheric hazes that are 
produced photochemically.

The two highest production rates measured (~10 mg h–1) were 
for the 1,000×  metallicity (H2O-dominated) gas mixtures at 300 and 
400 K. This production rate is even higher than the production rate 
from our standard Titan experiment (5% CH4 in 95% N2), which 
produced ~7.4 mg h–1 using an identical setup13. The exoplanet 
experiments had a higher CH4 content than our standard Titan 
experiment; however, they had significantly less N2, and previous 
work has shown that N2 plays an important role in gas-to-particle 
conversion in N2/CH4 gas mixtures24,25. Additionally, previous work 
with plasma experiments has indicated that the addition of CO2 
should decrease particle formation26. In contrast, previous work 
has shown that H2O (present as a liquid and gas) may promote the 
formation of organics27, so further work is necessary to understand 
how the complex interplay of these different chemical pathways 
results in such a high production rate.

Table 1 | Summary of initial gas mixtures

100× 1,000× 10,000× 

600!K 72.0% H2 42% H2 66.0% CO2

6.3% H2O 20.0% CO2 12.0% N2

3.4% CH4 16.0% H2O 8.6% H2

18.3% He 5.1% N2 5.9% H2O
1.9% CO 3.4% CO
1.7% CH4 4.1% He
13.3% He

400!K 70.0% H2 56.0% H2O 67.0% CO2

8.3% H2O 11.0% CH4 15.0% H2O
4.5% CH4 10.0% CO2 13.0% N2

17.2% He 6.4% N2 5.0% He
1.9% H2

14.7% He
300!K 68.6% H2 66.0% H2O 67.3% CO2

8.4% H2O 6.6% CH4 15.6% H2O
4.5% CH4 6.5% N2 13.0% N2

1.2% NH3 4.9% CO2 4.1% He

17.3% He 16.0% He
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Fig. 1 | Composition of the initial gas mixtures used for our experiments. 
Our experimental phase space spanned 100 to 10,000×  solar metallicity 
and temperatures ranging from 300 to 600!K. It was divided broadly into 
three categories: H2-dominated, H2O-dominated and CO2-dominated. The 
exact compositions of the gases used in the initial gas mixtures are shown 
in Table 1. The model values are for 1!mbar, which is consistent with the 
pressure used for the experiments.

Heating
coil

VACMass flow
controllers

Thermocouple

Pressure
gauge

Residual
gas

analyser

Pumps

G
as

m
ix

tu
re

Cold
bath

Pressure
gauge

W
at

er

Fig. 2 | Schematic of the PHAZER Chamber at Johns Hopkins University. 
Due to the large variety of gases used for the experiments, this schematic 
provides a general idea of the setup. The details varied depending on the 
gases used, with attention paid to the solubility of gases in liquid water, 
condensation temperatures and gas purity.
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Fig. 3 | Production rate values. ‘F’ indicates that there was enough solid 
produced by the experiment to result in a visible film on the substrates,  
but there was not enough to collect and weigh. Our standard Titan 
production rate is indicated by the grey line. All production rate values  
are listed in Table 2.
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Laboratory simulations of haze and dust
• high (furnace)

A B

liquid
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L+A
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L+C L+B



Laboratory simulations of haze and dust
• high (furnace), fast cooling

A B

liquid

C

L+A
L+C

L+C L+B

B+C

A+C

AB

metastable eutec2c 

out-of-equilibrium
ordered state of matter



Laboratory simulaEons of haze and dust
• high (condensate), cooling not so fast, much simpler equilibrium calculations

Dust Formation in Supernovae Page 27 of 48 63

Fig. 16 The nucleation scheme
for silicates leading to the
formation of the enstatite and
forsterite dimers, which act as the
seed in the condensation
formalism. The reactant species
are given on the side of the
directional arrows in the
schematic diagram (Goumans
and Bromley 2012; Zachariah
and Tsang 1993)

ture dependent reaction rates between the ith and j th species (Cherchneff and Dwek 2009).
T0 is a reference temperature chosen as 300 K for the study. Aij is the Arrhenius rate co-
efficient expressed in s−1, cm3 s−1 or cm6 s−1 depending on the order of reaction and Eij

is the activation energy in the unit of K−1. The factor ν represents the time dependence
of the pre-exponential factor of the general Arrhenius equation. Typical values of the ν-
factor range between −1 to 1. The gas phase chemistry is overall controlled by N num-
ber of stiff coupled nonlinear ordinary differential equations similar to (2), where N is the
number of species that has been included in the study. This entire set of differential equa-
tions is solved simultaneously and the time evolution of the abundances for each species
is estimated. The reaction rates are either theoretically calculated using translation theory
or estimated in the laboratory. Standard chemical databases such as NIST, KIDA, UMIST,
etc., are used as sources for the compilation of the network. The rate coefficients for the
non-thermal processes are estimated using the rate of deposition of radioactive energy by
the thermalized γ -rays in the ejecta (Cherchneff and Dwek 2009; Liu and Dalgarno 1994,
1995). The branching ratio between the energy deposited by electron through excitation,
ionisation (A → A+ + e−) and fragmentation (AB → A + B+ + e−) depends on the mean
energy per ion pair (Wd = EpXi/Nd , where Nd and Xi are the number of ion pairs produced
by the species in this process and the abundance of that species in the ejecta). The detailed
account of all the non-thermal processes related to SN ejecta can be found in Cherchneff
and Dwek (2009), Liu and Dalgarno (1995) & Clayton et al. (1999).

A stochastic, kinetically driven approach has been adopted to study the nucleation of gas
molecules to small clusters. The vaporisation experiments in the laboratory and the study of
ceramic synthesis in the flames provide insights into similar nucleation processes under non-
steady state environment. The important species that demand detailed analysis are oxygen
rich clusters of magnesium silicates, alumina and SimOn molecules, carbon chains, rings
and fullerenes, silicon carbide, metallic sulphides and oxides, and pure metallic clusters.
The upper limit of the cluster size in the nucleation network is not defined very specifically.
The geometry of the molecules is the backbone to determine the final product of nucleation
and the dust precursor in the network (Table 3 in bold font). The clusters that attain a three
dimensional structure like a cage or twisted rings, has a larger collision cross section for
coagulation (Cherchneff and Dwek 2010; Sarangi and Cherchneff 2015). Further, they are
energetically more stable, and hence likely to be resilient under the destruction processes in
the gas phase. In some cases, the favoured chemical routes for nucleation network are de-
rived from quantum chemical calculations. Figure 17 presents the structures of a few stable

if a molecule of composition AiBjCk... is formed from free atoms of A, 
B, C, ...   then its partial pressure in chemical equilibrium is 

p(AiBjCk... )   = pi
Apj

Bpk
C ... exp(-ΔG/RT)            

If a solid with the same composition is formed from gas phase atoms, 

this solid is in equilibrium with the gas phase if            

1 = ac(AiBjCk...)..= piApjBpkC ... exp(-ΔG/RT)

ΔG change in free enthalpy ac are called pseudo activities, they define 

equilibrium (= 1), growth (> 1) or decline (< 1) in the nucleation 
cluster.



SPLASCH@OAPa (prototype)
• room (sparks & plasma) 

spark

plasma

• 3kV generator
• MDHL UV lamp
• Electron-impact X-ray source
• QMS
• IR spectrometre
• UV spectrometre
• gas mixer



SPLASCH@OAPa (prototype)
• room (sparks & plasma), Mass spectroscopy

CH4

C2H2 (m/z=26)

24 minutes processing

C2H2 m/z =26

C2H4 m/z =28

C2H6 m/z =30



SPLASCH@OAPa (prototype)
• room (sparks & plasma),  gas chemical evolution

CH4 : NH3 (4:1) CH4 : NH3 (2:1) CH4 : NH3 (1:2)

CH4 + spark → CH4 + CH4 → C2H6 + H2 no!, CH4 + spark →  fragmentation + reformation → C2H4, C2H2, 
perhaps diacetylene CH2 + CH2 → H – C ≡ C ⧷ H → H – C ≡ C – C ≡ C – H, C4H2



SPLASCH@OAPa (prototype)
• room (sparks & plasma),  IR spectroscopy post processing residue (= particles)

CH4 : NH3 (1:2)

CH4 : NH3 (2:1)

CH4

C=C, C=NC≡C,N=C=N

streching CH

streching NH



SPLASCH@OAPa (prototype)
• room (sparks & plasma), from amorphous carbon to organic chemistry
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The IR Spectrum Table is a chart for use during infrared spectroscopy. The table lists IR spectroscopy frequency ranges,
appearance of the vibration and absorptions for functional groups. There are two tables grouped by frequency
range and compound class.

IR Spectrum Table by Frequency Range
Use this table when you already know the frequency of your material. Find the frequency range in the first column on the left
side of the chart and corresponding values in adjacent columns.

If you need to find the frequency of a material go to the IR table by compound.

 

Frequency
Range

Absorption
(cm-1)

Appearance Group Compound Class Comments

4000-3000
cm-1 3700-3584 medium,

sharp O-H stretching alcohol free

 3550-3200 strong,
broad O-H stretching alcohol intermolecular bonded

 3500 medium N-H stretching primary amine  

 3400     

 3400-3300 medium N-H stretching aliphatic primary
amine  

 3330-3250     

 3350-3310 medium N-H stretching secondary amine  

 3300-2500 strong,
broad O-H stretching carboxylic acid usually centered on 3000

cm-1

 3200-2700 weak,
broad O-H stretching alcohol intramolecular bonded

 3000-2800 strong,
broad N-H stretching amine salt  

3000-2500
cm-1      

3000-2500
cm-1 3333-3267 strong,

sharp C-H stretching alkyne  

 3100-3000 medium C-H stretching alkene  

 3000-2840 medium C-H stretching alkane  

 2830-2695 medium C-H stretching aldehyde doublet

 2600-2550 weak S-H stretching thiol  

2400-2000
cm-1      

2400-2000
cm-1 2349 strong O=C=O

stretching carbon dioxide  

 2275-2250 strong,
broad

N=C=O
stretching isocyanate  

 2260-2222 weak CΞN stretching nitrile  

 2260-2190 weak CΞC stretching alkyne disubstituted

 2175-2140 strong S-CΞN
stretching thiocyanate  

 2160-2120 strong N=N=N
stretching azide  

 2150  C=C=O
stretching ketene  

 2145-2120 strong N=C=N
stretching carbodiimide  

 2140-2100 weak CΞC stretching alkyne monosubstituted

 2140-1990 strong N=C=S
stretching isothiocyanate  

 2000-1900 medium C=C=C
stretching allene  
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 2000  C=C=N
stretching ketenimine  

2000-1650
cm-1      

2000-1650
cm-1 2000-1650 weak C-H bending aromatic

compound overtone

      

 1870-1540     

 1818 strong C=O stretching anhydride  

 1750     

 1815-1785 strong C=O stretching acid halide  

 1800-1770 strong C=O stretching conjugated acid
halide  

 1775 strong C=O stretching conjugated
anhydride  

 1720     

 1770-1780 strong C=O stretching vinyl / phenyl
ester  

 1760 strong C=O stretching carboxylic acid monomer

 1750-1735 strong C=O stretching esters 6-membered lactone

 1750-1735 strong C=O stretching δ-lactone γ: 1770

 1745 strong C=O stretching cyclopentanone  

 1740-1720 strong C=O stretching aldehyde  

 1730-1715 strong C=O stretching α,β-unsaturated
ester or formates

 1725-1705 strong C=O stretching aliphatic ketone or cyclohexanone or
cyclopentenone

 1720-1706 strong C=O stretching carboxylic acid dimer

 1710-1680 strong C=O stretching conjugated acid dimer

 1710-1685 strong C=O stretching conjugated
aldehyde  

 1690 strong C=O stretching primary amide free (associated: 1650)

 1690-1640 medium C=N stretching imine / oxime  

 1685-1666 strong C=O stretching conjugated
ketone  

 1680 strong C=O stretching secondary amide free (associated: 1640)

 1680 strong C=O stretching tertiary amide free (associated: 1630)

 1650 strong C=O stretching δ-lactam γ: 1750-1700 β: 1760-1730

1670-1600
cm-1      

1670-1600
cm-1 1678-1668 weak C=C stretching alkene disubstituted (trans)

 1675-1665 weak C=C stretching alkene trisubstituted

 1675-1665 weak C=C stretching alkene tetrasubstituted

 1662-1626 medium C=C stretching alkene disubstituted (cis)

 1658-1648 medium C=C stretching alkene vinylidene

 1650-1600 medium C=C stretching conjugated
alkene  

 1650-1580 medium N-H bending amine  

 1650-1566 medium C=C stretching cyclic alkene  

 1648-1638 strong C=C stretching alkene monosubstituted

 1620-1610 strong C=C stretching α,β-unsaturated
ketone  

1600-1300
cm-1      

1600-1300
cm-1 1550-1500 strong N-O stretching nitro compound  

 1372-1290     

 1465 medium C-H bending alkane methylene group

 1450 medium C-H bending alkane methyl group

 1375     

 1390-1380 medium C-H bending aldehyde  

 1385-1380 medium C-H bending alkane gem dimethyl

 1370-1365     

1400-1000
cm-1      

1400-1000
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cm-1 1440-1395 medium O-H bending carboxylic acid  

 1420-1330 medium O-H bending alcohol  

 1415-1380 strong S=O stretching sulfate  

 1200-1185     

 1410-1380 strong S=O stretching sulfonyl chloride  

 1204-1177     

 1400-1000 strong C-F stretching fluoro compound  

 1390-1310 medium O-H bending phenol  

 1372-1335 strong S=O stretching sulfonate  

 1195-1168     

 1370-1335 strong S=O stretching sulfonamide  

 1170-1155     

 1350-1342 strong S=O stretching sulfonic acid anhydrous

 1165-1150    hydrate: 1230-1120

 1350-1300 strong S=O stretching sulfone  

 1160-1120     

 1342-1266 strong C-N stretching aromatic amine  

 1310-1250 strong C-O stretching aromatic ester  

 1275-1200 strong C-O stretching alkyl aryl ether  

 1075-1020     

 1250-1020 medium C-N stretching amine  

 1225-1200 strong C-O stretching vinyl ether  

 1075-1020     

 1210-1163 strong C-O stretching ester  

 1205-1124 strong C-O stretching tertiary alcohol  

 1150-1085 strong C-O stretching aliphatic ether  

 1124-1087 strong C-O stretching secondary
alcohol  

 1085-1050 strong C-O stretching primary alcohol  

 1070-1030 strong S=O stretching sulfoxide  

 1050-1040 strong,
broad

CO-O-CO
stretching anhydride  

1000-650
cm-1      

1000-650
cm-1 995-985 strong C=C bending alkene monosubstituted

 915-905     

 980-960 strong C=C bending alkene disubstituted (trans)

 895-885 strong C=C bending alkene vinylidene

 850-550 strong C-Cl stretching halo compound  

 840-790 medium C=C bending alkene trisubstituted

 730-665 strong C=C bending alkene disubstituted (cis)

 690-515 strong C-Br stretching halo compound  

 600-500 strong C-I stretching halo compound  

900-700
cm-1      

900-700
cm-1 880 ± 20 strong C-H bending 1,2,4-

trisubstituted  

 810 ± 20     

 880 ± 20 strong C-H bending 1,3-disubstituted  

 780 ± 20     

 (700 ± 20)     

 810 ± 20 strong C-H bending 1,4-disubstituted
or  

    1,2,3,4-
tetrasubstituted  

 780 ± 20 strong C-H bending 1,2,3-
trisubstituted  

 (700 ± 20)     

 755 ± 20 strong C-H bending 1,2-disubstituted  

 750 ± 20 strong C-H bending monosubstituted  

 700 ± 20   benzene
derivative  
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Optics of complex classic particles
• unlike haze, cloud particulates do go through cycles of evaporation and condensation
• «inpure» morphology and composition

coagulation of liquid particles results in larger spheroidal droplets
solids collisions lead to their aggregation

aggregation can result in a significant enhancement of absorption relative to that computed for idealized 
spherically-shaped aerosols using the Lorenz–Mie theory

frequently used (brutal) approxima2on

step 1:  effec2ve medium theory, material 
interfaces and shapes are smeared out in 
a homogeneous mixture;

step 2: mass evalua2on, and construc2on 
of the equivalent sphere;

step 3: op2cal proper2es computed using 
Lorenz–Mie theory.



Optics of complex classic particles
• T-matrix technique (TMT): direct solutions of the macroscopic

Maxwell equations; 

the field scattered by the whole aggregate is written as the 
superposition of the fields scattered by the single spheres.

• optimal combination of accuracy, computational speed, and 
versatility;

• non-spherical particles modelled as a collection of polydisperse 
spheres (sub-units); 

• sub-units may be all different, and they don’t need to be 
homogenous (e.g., radial density);

• analytic orientational averages of the optical quantities;

TMT involves building a matrix of order 2 N × L ( L + 2), where 
N is the number of monomers that constitute the aggregate, and 
L is the truncation index of the series expansion of electromagnetic 
fields (i.e. the accuracy).

2. The radius of the homogeneous sphere with same radius
of gyration as the aggregate,

re ¼
ffiffiffi
5

3

r
rg: ð2Þ

3. The porosity

p0 ¼ 1$ Vi

V

" #
; ð3Þ

where Vi ¼ N (4=3)!r 30, r0 being the radius of the constituent
monomer and V being the volume of the sphere with radius re.

4. The fractal dimension D that is obtained as the slope
of the curve of log N versus log (rg=r0). Since we are using a

relatively small number of spheres (N % 200), we do not reach
the fractal limit for either cluster model.

3. THE SCATTERING AMPLITUDE
AND OPTICAL PROPERTIES

When dealing with scattering problems, the most important
quantity from an observational point of view is the scatter-
ing amplitude. In fact this quantity, which gives the field scat-
tered by a particle in the far zone, is directly related to all
the quantities of interest. Let us assume that the particle is
embedded in a homogeneous, nonabsorptive medium of re-
fractive index n. The polarization both of the incident and
of the scattered field is described with respect to the plane of
scattering, i.e., the plane that is defined by the direction of
incidence k̂I and of scattering k̂S . We define two pairs of mu-
tually orthogonal unit vectors ûI" and ûS"; (" ¼ 1; 2), chosen

TABLE 1

Parameters Characterizing the Clusters That We Used in Our Computations

BPCA D = 2.3 BCCA D = 1.5

N rg re p0 rg re p0

20...................................... 14.7 19.0 0.64 14.7 19.0 0.64

40...................................... 28.9 37.3 0.95 26.8 34.6 0.94

80...................................... 29.8 38.4 0.96 43.2 55.7 0.99

120.................................... 34.7 44.7 0.97 53.6 69.1 0.99

160.................................... 39.4 50.9 0.98 65.9 85.1 0.99

200.................................... 41.9 54.1 0.98 66.7 86.1 0.99

Note.—All the radii are in nm.

Fig. 2.—Steps during the cluster-cluster aggregation process, starting from the 20 sphere cluster and ending up with the 200 sphere BCCA aggregate.

IATÌı̀ET AL.288 Vol. 615

ES = T × Ei



Optics of complex classic particles
ex2nc2on cross-sec2ons for a true par2cle and its equivalent sphere

silicates

4. Conclusions

A correct interpretation of the nature of interstellar dust depends on our capability to describe
composite grains as well-defined physical entities. The literature offers many examples of
approximate methods, e.g. any effective medium theories, which completely neglect the role of
scatterer morphology and smear out grain shapes in a homogeneous mixture. The aim of this
work is to establish to what extent changes in dust morphology and shapes could affect optical
properties. Actually our conclusions can be summarized as follows:

(i) shaping in the UV for extinction,
(ii) significant increase in the extinction per unit mass.

Point (i) is better stressed in Section 3 just on the basis of the reported results. Note that our
conclusions are in substantial agreement with the results obtained by Eremin and Ivakhnenko [21]
using the volume integral equation. As regards point (ii), it is perhaps convenient to add some
considerations. The visible part of the extinction curve is mainly produced by the large component
of dust mass spectrum, while the ultraviolet rise is due to the floating of small grain contribution
upon the saturated extinction of the larger ones. There is observational evidence that the
extinction properties are changing along different line of sight [22] and inside the same interstellar
cloud [23,24]. Grain coagulation could drive processes operating on dust size distribution, via an
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Fig. 2. Extinction cross-section normalized to the mass ðcm2=gÞ for silicates (a, b) and amorphous carbon (c, d) grains. The dotted line
refers to the homogeneous sphere with radius 50 nm, the solid line refers to the cluster depicted in Fig. 1.
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Wishlist (> statement of intent)

• multiscale, coordinated theoretical and laboratory work;

• creation of a database of absorption and scattering properties of particles sampling all the relevant properties, 
i.e. composition, size, morphology;

• theoretical toolbox: from methods based on the Bethe-Salpeter equation for small molecules, through various 
flavours of the DFT for larger molecules and nano-sized clusters, to the TMT for complex macroscopic particles;

• laboratory data will serve as the “golden standard” against which to validate the more systematic theoretical 
results

• for selected cases, laboratory measurements, where possible, will be directly used to populate the database;

• radiative transfer models of exoplanetary atmospheres will be updated to make use of these newly available 
data to properly account for dust, haze, and clouds;

• incorporation in the parallel database (under construction) of chemical atmospheric profiles and spectral 
synthesis;

• testing the impact on the capability of forward models to accurately reconstruct the actual properties of exo-
atmospheres.


