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Introduction

• Several exoplanet transmission 
spectra display scattering slopes 
& weak molecular features

à Clouds?  Hazes? 

• Photochemical, hydrocarbon 
hazes are present in the solar 
system

• Some hazes are composed of 
aggregates: 

𝑁 =
𝑅
𝑟*
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Kreidberg et. al. (2014)GJ 1214b

Barstow et. al. (2017)



Methodology
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• How does particle shape 
(spherical vs. aggregate) affect 
haze opacity? Spectral features?

We ask: 

• How do these hazes respond 
when varying: 
• Production rate
• Eddy diffusivity

• Do spherical or aggregate hazes fit 
GJ 1214b observations better?



Interpretation: 
• Aggregates grow to 

larger sizes than spheres
• Aggregate hazes are 

more optically thick 
(especially at long 
wavelengths)

• Increased production 
rate increases collision 
frequency

• Increased Kzz results in 
less time for coagulation

At 2.8 mbar, about half of the total atmospheric depth

Results: Haze Opacity



Results: Synthetic Spectra

Aggregate hazes 
produce flatter 
spectra than 
spherical hazes

Small changes in 
poorly constrained 
parameters can 
produce significant 
effects on spectra. 



Application to GJ 1214b

Interpretation: 
• The flat spectra produced by aggregate hazes are a better fit to Spitzer and HST 

observations than the sloped spectra of spherical hazes. 



• This was the first study to consider the microphysics of aggregate hazes at 
exoplanets

• Aggregate haze particles grow to larger sizes, are more optically thick, and 
produce flatter spectra than spherical hazes. 

• The flat spectra produced by aggregate hazes fit GJ 1214b spectral 
observations better than spherical hazes.

• Synthetic spectra are sensitive to small changes in poorly constrained 
parameters (production rate, eddy diffusivity)

Summary



Compare effective collisional energies to critical energies for 
aggregate restructuring computed in Dominik & Tielens (1997).
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Back-up Slides: Haze Survival



Back-up Slides: Monomer Radius
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Back-up Slides: P & Kzz

Zahnle 2016

Zahnle 2016:
DECREASE Kzz, INCREASE CH4

Lavvas 2017: 
Decrease Kzz, decrease or constant CH4

Planet/Production: Kzz 0.1 x Kzz 0.01 x Kzz
HD 209458b / CH4: 1.1e-22 7.5e-25 4.7e-25
HD 189733b / CH4: 8.1e-14 7.1e-17 1.9e-18

SO: 
• Kzz and Production Rate are 

not independent

• Their dependence is 
complex



Back Up Slides: Tholin



Back Up Slides: Effect of Monomer Radius



Spherical hazes: charge affects 
particle growth

Aggregate hazes: The coagulation 
rate is sufficiently fast that charge 
effects become negligible. 

Back-up Slides: Charge



Backup: Step-wise Application to GJ 1214b

Interpretation: 
• Aggregates grow to larger 

sizes than spheres
• Aggregate hazes are more

optically thick (especially at 
long wavelengths)

• Depth of 𝜏 = 1 responds 
significantly to an increased 
production rate 



• 1-D Community Aerosol and Radiation Model for Atmospheres 
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Increase 𝒏𝒑 via 
coagulation of 
smaller particles  

Decrease 𝒏𝒑 via 
coagulation into 
larger particles

Haze production 
(only at 1 microbar)

Particle flux: 𝚽 = −𝐰𝐬𝐞𝐝𝐧 − 𝐊𝐳𝐳𝐧
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Vertical transport

Backup: Model

𝜏bcdBe,N 𝜆, 𝑧 = A
BCD
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• Optical Properties (Grainger et. al., 2004; Rannou et. al., 1997) 



Backup: Methodology

First to consider the microphysics of 
aggregates at exoplanets.

Two T-P profiles at 0.05 and 0.20 AU: 
1x solar metallicity
1D Radiative-Convective Model 

(e.g., McKay 1989)

GJ 1214b: 100x solar metallicity

Adapted from Wolf & Toon (2010)
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