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Need to Measure

• How do atmospheres 
form and evolve?


• Does atmospheric 
composition reflect 
formation conditions?


• What is the range of 
planetary climates?


• What are the driving 
atmospheric chemical 
processes?


• What is the prevalence 
of biosignatures?


Motivation-The Astrophysics of Exoplanets:  Origins and Processes 
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Core Accretion 

(planets only)-Pollack 1984

~10 ME

Origins: Formation Impacts Abundances
The Astrophysical Journal, 775:80 (13pp), 2013 September 20 Fortney et al.

in the solar neighborhood, the protoplanetary disk gas mass,
according to observed disk mass distributions in rho Ophiuchi,
the external photoevaporation rate which sets together with
viscous evolution the disk lifetimes, chosen in a way that the
disks have a lifetime distribution similar as observed, and finally
the initial position of the embryo, uniform in the logarithm of
the semimajor axis.

For the resulting envelope enrichment, we make a number
of assumptions (besides the general model assumptions, like no
mass loss or accretion by the planets after the protoplanetary gas
disk is gone; see Mordasini et al. 2012a). First, we assume that
the matter that is ablated during the passage of the planetesimal
does not later on sink to the core. The actual fate of the solids
will depend on the relative timescales of settling and mixing,
which are controlled by the solubility of heavy elements in the
H/He (Wilson & Militzer 2012) and the state of the envelope
(radiative versus convective layers). A sinking of a part of
the solids initially deposited in the envelope would reduce the
envelope metallicity. Alternatively, it is also possible that the
solids initially (during the formation phase) settle deep into
the envelope, but at a later stage get mixed homogeneously
through the envelope (Iaroslavitz & Podolak 2007). Second,
we assume that the solid core (formed by impactor material
that can directly penetrate through the entire envelope) does not
subsequently dissolve (see Guillot et al. 2004; Wilson & Militzer
2012). This process would in contrast increase the envelope
metallicity.

Finally, we caution that the calculations are currently not
self-consistent since our planetary structure code is not yet able
to handle a compositionally varying equation of state (EOS)
and opacity. While we keep track of the amount of solids
deposited in the envelope, we nevertheless add all solids to
the (computational) core mass. This setup corresponds to a
similar simplification made in Pollack et al. (1996). Thus the
formation and evolution of the planets is in fact the one of
planets with all solids in the (computational) core and a pure
H/He envelope which is modeled with the EOS of Saumon
et al. (1995), and the solar composition opacities of Bell et al.
(1997) and Freedman et al. (2008). This must be critically kept
in mind, since it has been shown (Hori & Ikoma 2011) that the
enrichment of the envelope lowers the critical core masses and
speeds up gas accretion (see also Stevenson 1982). This means
that the envelope composition feeds back onto the formation
process.

One should further note that compositional gradients can
potentially have important implications also for the evolution of
planets by inhibiting efficient, large-scale convection (Stevenson
1985; Leconte & Chabrier 2012). We finally mention that the
formation model, including the part used to simulate the impact,
are strongly simplified descriptions of the actual processes. This
means that the resulting envelope enrichments must be regarded
as first rough estimates. In particular, the link between the initial
deposition in the envelope and the atmospheric enrichment after
several Gyr of evolution needs to be explored.

3.2. Population Synthesis Models: Outputs

In Figure 5, the blue dots show the envelope enrichment using
100 km planetesimals as a function of planet mass, while the
red dots assume 1 km planetesimals. For 100 km planetesimals,
and the lowest planetary masses (less than a few Earth masses),
Zenv is typically relatively low. This is a consequence of the
following: these very low mass planets can only accrete tenuous
H/He envelopes since the gas accretion timescale nonlinearly

Figure 5. Heavy element mass in the H/He envelope (Zenv) as a function of
planet mass for the output of the population synthesis models. Blue dots use
100 km planetesimals and red dots use 1 km planetesimals. We make a simple
assumption of a uniform Zenv throughout the envelope.
(A color version of this figure is available in the online journal.)

increases for lower core mass (e.g., Ikoma et al. 2000). The
100 km planetesimals can fly through these thin atmospheres
without losing much mass, but instead deposit their entire mass
directly in the core, leading to low enrichments. While this basic
mechanism is plausible (cf. the radar-dark “shadows” on Venus
indicating that the planet is “opaque” to planetesimals smaller
than a certain critical size; Zahnle 1992), this is not necessarily
a realistic result: if there are additionally smaller planetesimals
that contribute important amounts of solids, they would get
destroyed already in the tenuous envelopes. This is indeed the
case for the 1 km planetesimals. In the simulations with these
smaller impactors, the very low mass planets are found to have
high primordial enrichments.

For the 100 km planetesimals, Zenv then grows with mass
to a local maximum of approximately 0.7 at a planet mass of
∼7 M⊕. This is due to the fact that these planets can accrete a
sufficient amount of gas so that the planetesimals get efficiently
destroyed in the envelope, but their gas envelope is still not
very massive, leading to the high values. For even more massive
planets, Zenv starts to decrease again, since now the mass of
H/He that can be accreted increases. Giant planets have low Zenv,
as expected, because gas runaway accretion strongly dilutes the
metals in the envelope. The results for the 1 km planetesimals
are qualitatively similar, with the difference that the Zenv are
usually higher, as expected. An important common feature of
the two populations is that at all masses there is a wide spread
in possible Zenv. If this can be preserved and has an imprint on
the atmospheric composition we can observe today, we expect
to find a large compositional diversity, too. This diversity would
overlay the general trend of a decreasing envelope enrichment
with planet mass characterizing Figure 5.

3.3. Envelope Metallicity

A key question that one can examine from the population
synthesis output is how Zenv changes with planet mass. Clearly
Figure 5 shows a tremendous range of planetary properties.
This is a clear example of the planetary diversity that should at
a minimum be expected.

The quantity of interest when trying to determine the suitabil-
ity of a planet for characterization by transmission spectroscopy
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Fortney+)2013)

The Astrophysical Journal Letters, 743:L16 (5pp), 2011 December 10 Öberg, Murray-Clay, & Bergin

Table 1
Evaporation Temperatures and Abundances of O and C in Different Forms

with Respect to Hydrogen

Species Tevap
a nO nC

(K) (10−4×nH) (10−4×nH)

CO 18–22 (20) 0.9–2b (1.5) 0.9–2b (1.5)
CO2 42–52 (47) 0.6b 0.3b

H2O 120–150 (135) 0.9b

Carbon grains >150 (500) 0.6–1.2c (0.6)
Silicate ∼1500 (1500) 1.4c

Notes. Adopted model values are in parentheses.
a The range of temperatures for ices corresponds to gas densities 108–1012 cm−3

suitable for disk midplanes.
b From ice and gas observations toward the CBRR 2422.8-3423 disk (Pontop-
pidan 2006).
c The range corresponds to estimates of organic content (Draine 2003). The
lower value is adopted to obtain a solar C/O ratio. Silicate abundance is 1.2 from
Whittet (2010) and 1.4 takes into account the additional refractory component.

bodies, and on the importance of core dredging, i.e., how isolated
the atmosphere is from the core. In the simplest case, the core
and atmosphere are completely isolated from each other, and the
atmosphere is built up purely from gas. We therefore begin with
only considering gas accretion, and then show how the expected
atmosphere composition is modified by adding planetesimal ac-
cretion.

Once a core is massive enough to begin runaway accretion of
a gas envelope, this accretion most likely happens faster than the
planet can migrate due to interactions with the disk. D’Angelo &
Lubow (2008) estimate that a planet migrates inward by <20%
of its semi-major axis during runaway growth. We therefore
assume that the planetary envelope is accreted between the
same set of snowlines where accretion started. As a first step,
we further assume that grains contributing to the atmosphere
come from the same location as the gas (which need not be the
case) and that gas and grain compositions are constant between
each set of snowlines. Finally, we assume that the snowlines
are static, which is justified by the long timescales at which
disk midplane temperatures change in disks older than 106 years
(when gas giants are proposed to form) compared to the 105 year
timescales of runaway gas accretion (Lissauer et al. 2009;
Dodson-Robinson et al. 2009). Specifically, the temperature
structure is set by viscous dissipation in the inner disk and
irradiation by the central star in the outer disk (D’Alessio
et al. 1998), and both accretion and stellar luminosity decay on
106 year timescales at the time of planetary envelope accretion
(e.g., Hartmann et al. 1998; Siess et al. 2000). We return to these
considerations in Section 3.

We estimate the total abundances (grain + gas) of the major
O- and C-containing species in typical disks from a combination
of ice observations of a protoplanetary disk (Pontoppidan 2006)
and grain compositions in the dense interstellar medium (ISM;
Table 1). The main O carriers are H2O, CO2 and CO ices, CO
gas and silicates, and an additional refractory oxygen component
(Whittet 2010). The main C carriers are CO, CO2, and a range
of organics and carbon grains (Draine 2003). The evaporation
temperature of the latter carbon sources are unknown, and a
high evaporation temperature is adopted to prevent this unknown
carbon component from influencing the model outcome; if any
of this carbon is present in more volatile forms, it will enhance
the gas-phase C/O ratio further. The sublimation temperature
for silicate grains is set to 1500 K. For all other molecules,

Figure 1. C/O ratio in the gas and in grains, assuming the temperature structure
of a “typical” protoplanetary disk around a solar-type star (T0 is 200 K and
q = 0.62). The H2O, CO2, and CO snowline are marked for reference.

we calculate the density-dependent sublimation temperatures
following the prescription of Hollenbach et al. (2009) using
binding energies of H2O, CO2, and CO of 5800 K, 2000 K,
and 850 K (Collings et al. 2004; Fraser et al. 2001; Aikawa
et al. 1996). A complication is the observed ease with which
H2O can trap other molecules in its ice matrix. It is however
difficult to trap more than 5%–10% of the total CO abundance
in H2O ice (Fayolle et al. 2011) and we therefore ignore
this process.

The radii of different snowlines are set by the disk temperature
profile. Consistent with the temperature profile derived from
the compositions of solar system bodies (Lewis 1974) and
with observations of protoplanetary disks (Andrews & Williams
2005, 2007) we adopt a power-law profile,

T = T0 ×
 r

1 AU

 −q

, (1)

where T0 is the temperature at 1 AU and q is the power-law
index. In a large sample of protoplanetary disks, the average T0
is 200 K and q = 0.62 (Andrews & Williams 2007). Figure 1
displays the C/O in the gas and in grains in the disk midplane
as a function of distance from the young star for this average
disk profile. Between the H2O and CO snowlines, the gas-phase
C/O ratio increases as O-rich ices condense, with the maximum
C/O ∼ 1 reached between the CO2 and CO sublimation lines
at 10–40 AU. In the case of completely isolated core and
atmosphere accretion, the atmospheric C/O ratios will reflect
the gas-phase abundances, resulting in C enrichments beyond
the H2O snowline.

The size and position of the disk region where the C/O ratio
in the gas reaches unity depend on the disk temperature profile.
A more luminous star will heat the disk further, pushing the
various snowlines outward, while the steepness of the disk
temperature profile determines the spacing of the different
snowlines. Figure 2 compares protoplanetary disk thermal
profiles from Andrews & Williams (2005), which sample stars
with a range of spectral types, with the “typical” disk profile
from Figure 1. In all cases, the gas-phase C/O ratio is enhanced
in regions associated with gas-giant formation, i.e., a few to a
few tens of AU. Formation of C-rich atmospheres from oxygen-
depleted gas accretion can therefore operate in most planet-
forming disks

The high metallicity of giant planets in our own so-
lar system as well as planet formation models suggest that
the atmosphere can be significantly polluted by evaporating
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Processes: Climate & Chemistry
Atm. Structure w/ 

Irradiation

Temperature w/ Longitude

Knutson+2008

CO (main carbon/oxygen reservoir)

H2O (key oxygen reservoir, primary radiative coolant)

CH4 
(diseq. tracer)

Metal Hydrides/Oxides (strong stellar absorber)

H- (important continuum)

H2 (bulk comp.)

H2O dissociation

H2 dissociation

Refractory Cloud Formation

A

Chemical Transitions w/ Temperature

Molecules  diagnostic of Elemental Abundances



Things we want with observations we can get
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What are we really doing?
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~Physics = A
�1 ~Obs

Nuisance physics we 
don’t want to deal with 
but have to (blah, star)

Observations we want but can’t 
yet get (new telescope?) Things we don’t 

know we want with 
observations we 

don’t know we need

Things** we want with 
observations we can get

**We often debate what 
“Things” we want…
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Typical Retrieval Components

After MacDonald et al. 2017

? ?
?
?
?



Parameter Estimation Basics
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Goal

Parameters Model model 
output

compare-to-data

(bayesian Estimator)

Data



Bayes Theorem



Two Basic Problems We care About

• Model Selection: What is the simplest model that can 
adequately explain my data?


• Parameter Estimation:  Assuming you have the 
“correct” model, what are the range of parameter 
values that are consistent with the data?



Parameter Estimation
Hypothesis being tested are parameter (  ) “values” (e.g., a slope 

and an intercept for a line) given an assumed model, M

is prior prob. that theta in  

“global likelihood”
(prob. of full model is weighted average of all parameters values 

weighted by prob.)

The “answer” is the posterior probability. Can summarize with 
“mean/median” and “confidence intervals”

Marginalization: 

Only care about one parameter, but prob. depends on 
multiple params (e.g., only want slope, but have to also 

fit for intercept)

Hypotheses here are different parameter values



What is the simplest model that can explain the data?

Bij is called “Bayes factor”. It is the ratio of the Bayesian 
Evidences from the “parameter estimation” version of Bayes

Built in Occam’s Razor
Given some set of Models,{Mi}, each with its own set of parameters,  , which model, Mi, 

is best?

Odds ratio between Model i and j prior odds (usually cancel)

(P(D|I) term drops out Usually these cancel

I=M1 + M2 +…Mn

Confusing: “Two” Uses of Bayes happening:

Testing hypothesis of 
different models

Within a particular model, testing 
hypothesis of various parameter values

(+=“or”)



Inference Tools
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Grid Search Optimal Estimation MCMC/NS
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Grid Search: First Quantification of TP/Abundance uncertainties

Madhusudhan 

& 


Seager 2009



Optimal Estimation (aka, chi-square minimization…)
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P (x|y) / L(y|x)P (x)Bayes’:

Cost Function:

Iterate:

Error Matrix:

Formalism:

Information Content:

Pros:
-Fast (few forward model calls)

-Powerful Diagnostic Matrix Formalism

-Extensively tested in Earth/Solar

 System Atmospheres (e.g., NEMESIS, 
Irwin+2008–dates back to ~60’s)


Lee+2012;13 Line+2012;13;14 Barstow+2013;14;15

Cons:
-A priori assumes Gaussian parameter 
uncertainties

-Can get stuck in local minima




Markov Chain Monte Carlo
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Pros:
-Full exploration of parameter space

-no posterior shape assumptions

-arbitrary likelihood or prior functions

-can do “hierarchal” magic

-many off-the-shelf routines

(emcee, pymultinest etc)

Cons:
-oh so slow with complicated models


Formalism:
P (x|y) / L(y|x)P (x)Bayes’:

lnP(x)=whatever you want it to be

Madhusudhan+2011, Benneke & Seager 2012;13, Line et al. 2013;14;15;16, Waldmann et al. 2015

CH4

CO

CO2

NH3

H2S

Na+K

logg

H2O



The Forward Model: AKA, The Magic of 
Parameterizing an Atmosphere


(Assumptions Matter!!!!!!!!!!!!!!!)
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“Free Retrieval”
“Chemically-Consistent Retrieval”

1/2/3D RCE “Gridtrievals”
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Temperature Pressure Profiles
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Chemistry/Abundances

-constant with altitude?

-analytic prescription?

Parmentier+2018



3D Effects: Non-uniform Temps, Clouds

Feng+2016

1st Quarter Phase 
(0.25)

Line & Parmentier 2016; MacDonald & Madhusudhan 2017

HD209, WFC3+STIS 

WASP43b

Caldas+2019

Day Night

reduced chi2<1

Observer
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Know thy Star
Transit Light-Source Effect (e.g., Rackham+2018)
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Clouds/Hazes/Aerosols/Nuisances….

Mai & Line 2019, Benneke 2015
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Hot Jupiter WASP-18b Teq~2500K

~300x Solar

C/O~1

CO=20% of

 Atmosphere!?

Sheppard+2018

“Free

Retrieval"

Arcangeli+2018

Solar Comp!

Self-Consistent 1D grid

MCMC interpolation

Degree of Self-Consistency
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Chemically 
Consistent

1D-RCE Self-
Consistent

Free Retrieval

Coulombe & the ERS Team, 2023



It’s not me, it’s you: The “Answer” also 
Depends on the Data!!!!
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Which data sets to include?
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     IR Only:     = 31.9, DOF=31 —> p-val=0.42)


IR+Optical:     = 88.1, DOF=65 —> p-val=0.03)

χ2

χ2

WASP39b, Wakeford+2017

WASP-121b, Evans+2017, Mikal-Evans+2019

G141

G141 Best Fit

IR Only

IR+Optical

VO

G141

VO H2O

G102+G141

G102+
G141

—-> Statistical fluctuation
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Fraine+2014

Chachan+2019

Diamond-Lowe+2014

HD 209458b

HAT-P-11b

Data analysis differences
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T~1200K

Only expect at T > ~2000K —>

Sotzen+2019

Model Assumptions: Did I really detect this gas?
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T~600K

MacDonald & 
Madhusudhan 

2019

pval=0.006

pval~1E-7

Only expect at T > ~1800K



+ +

“Traditional”               +                Global                +                Local

“Traditional” 
covariance only

Missing features in transmission spectra 
from poor line lists or choice of opacity 
sources in retrievals can bias posterior 
probability distributions significantly

By treating uncertainties as a 2D matrix 
and adding in local and global 

covariances as free parameters in 
retrievals, we can account for and 

downweight biasing features, and 
successfully retrieve correct 

parameter values to within 2 sigma

Tef

H2O

CO2

Wavelength [µm]
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si
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al

 (R
p/

R ★
)²

Wavelength [µm]
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Y. Rotman in prep



Luis Welbanks



Additional Applications
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HRCCS Retrievals: Crash Course

lnL / ln(1� ⇢2) lnL / ⇢lnL / ln

✓
�2
d + �2
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q
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m�2

d

◆

(Zucker 2003)(Brogi & Line 2019) (Lockwood+2012)

Blue=Mods 
for HRCCS
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Strong Signal Detection and “ultra-precise” Abundance/TP Constraints!

Line, Brogi et al. 2021

H2O CO

P. Smith+ 
in prep



Benchmark T - Dwarfs As “Validation” Laboratories
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Line+2015

Burningham+2017

Kitzmann+2019


(pre-rainout correction)

This Work
Part II, Line et al. (2017)
Grid Model, Solar Comp.
Grid Model, C/O=0.8

Grid Model, 3x Solar
Pure Equlib.
Al/Silicate Rainout

Zalesky+2019



Lots of Tools!
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https://arxiv.org/pdf/2303.12925.pdf



Work to be done!
• What to include in more complex forward models 

(more physics, chemistry, and geometry—what is 
actually needed??)


• HRCCS Retrievals have only just begun! So much 
more to learn from this (and synergies with low-res)!


• Data-Model “mis-fitting” remedies (e.g., covariance/
GP, Leave-One-Out)


• Speed** improvements in more complex forward 
models—>GPUs?


• ((What role does Machine Learning play??))
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**Don’t spend your PhD optimizing code! Prioritize the science (plus, the writing process

is the slowest part regardless!) 



Questions?
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