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What are the key bits
of Information you
want to explore
through modeling”?

Thermal Chen:klcal CgOmposTcon

Profile FreH Tio o
CO- ! 120 'Sé CrH
Na

Formation and
Evolution

Thermal Profile

Chemical Abundances
Disequilibrium Chemistry

Vertical mixing

C/0O for formation

|Isotopologue abundances

Cloud particle Size

Cloud composition

Variability

Match Model to Data for fundamental
properties

Predictions of missing wavelength
coverage

Fit unexpected features

And more.....



Clouds in Substellar Atmospheres
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cool brown dwart/ warm brown dwarf/  very cool low-mass star
warm planet hot planet

Modified from
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Clouds suppress spectral features

cloud @ 0.5 bar I
cloud @ 5 bar

cloud (@ 50 bar

)
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Forward Model vs Retrieval Model

| Chemical
| Equilibrium |
retrievals

Decreasing cons



What Is a Forward Model

(Aka Grid Model) is self consistent

model that includes all the physics
and chemistry.

Assumes radiative-convective
equilibrium, thermochemical equilibrium,
and gquench approximation

| - | -

2000 3000

(See Marley & Robinson 2015 and Heather Knuston 2018 SSW Talk Marley et al. (2021)
1D Models Slide for more detail) y :



https://nexsci.caltech.edu/workshop/2018/presentations/knutson_sagan_july18_v2.pdf

Forward Models: What do they include?
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F orward M 0 de I S: W h y u s e th e m?

- ' _ - Examples of Forward“‘ g
Easy to use to compare to observatlons ‘Models:

- Sonora
‘Great for limited data coverage = ATMO
= BT-SETTL
- PHOENIX
ldeal Comparisons to retrieval fits - - Exo-Rem
- Lacy & Burrows

Great as predictions for proposals = ANCL R

https://émac.gsfc.nasa‘.,gov/



https://emac.gsfc.nasa.gov/

What Are Atmospheric Retrievals

Theoretical inverse spectral modeling technique that makes minimal assumptions about
~ the physics involved

| Self-Consistent |
i Grid models

. Chemical Equilibrium | T
| . Free retrievals |
' retrievals | RN

-

Few knobs to turn Many knobs to turn



Retrieve metallicity

and C/0O ratio

Thermochemical equilibrium
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Retrieve individual
gas abundances

Uniform-with-altitude

®

Assume gas abundance is the
same no matter the altitude

[H/W]




How do Retrievals work?

Setup Parameters

¢ PT profile parameterization
|* Cloud'parameterization
“|® Chemical model

WISE IRAC

Ch1 -Ch2

w1l W2
20 3.0 4.0
Wavelength (um)

Gonzales et al. (2020)
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Underlying Assumptions

e Radiative transfer treatment
® (Gas opacities (i.e. Line Lists)

Spectrum + Assumed Gases + Setup + Underlying Assumptions



How the Sampler Works

Data X

l / H20 :

Wavelength

Confidence
Intervals




Getting Parameter Values

H-O=-3.557

CO =-8.10%935

Probability

CO



H20 = —3.55113

’1] O = —3.861318
° = ]1416B cloud free, Burrows —— 1416B data
RS n KCI —— max likelihood
/vg NaxS median
» —— - MgS|O3
v
1. H4 = —8.10%242
/b(
s Sl e
/‘b \ )
/'\’Q ,s' \

1000 1500 2000 . . . 1.6 1.8
T (K) Wavelength (um)

Gonzales et al. (2020)

= Gas Abundances + Thermal profile + Retrieved Model Spectrum
(cloud properties if included)



What Retrieval Codes
are there?

At least 49 published codes

Catalogue of Exoplanet

Atmospheric Retrieval Codes

(https://zenodo.or
VASYASYL: )

/records/

Table 1. Catalogue of Exoplanet Atmospheric Retrieval Codes

o Deyyee “ Y
Code / Authors Spectrum Parameter Code References
Type Exploration Link
Sampling Based
Madhusudhan & Seager Tra.nsr.mssmn Grid, MCMC — Madhusudhan & Seager (2009)
Emission
Emission Lee et al. (2012)
NEMESIS Transmission OE, NS Link Barstow et al. (2013)
Reflection Barstow et al. (2014)
SCARLET Tra.nsr.msswn MCMC, NS ~ DBenneke & Seager (2012)
Emission Benneke et al. (2019)
Reflection Wong et al. (2020)
MassSpec Transmission MCMC — de Wit & Seager (2013)
Emission Line et al. (2013)
CHIMERA Transmission OE, MCMC, NS, SC-Grid Link Swain et al. (2014)
Reflection Piskorz et al. (2018)
TauREx Tra.nsr.nlsswn MCMC, NS Link \'\”raldmann et al. (2015b)
Emission Waldmann et al. (2015a)
Lupu et al. Reflection MCMC, NS —  Lupu et al. (2016)
HELIOS-R Emission NS Link Lavie et al. (2017)
APOLLO Tra.nsr'mssmn MCMC Link Howe et al. (2017)
Emission Howe et al. (2022)
POSEIDON Tra.nsr-msswn NS Link I\."‘lacDonald & Madhusudhan (2017)
Emission Coulombe et al. (2023)
ATMO Tra,.nsr.nlssmn MCMC, NS, SC-Grid - \i\’akcford et al. (2017)
Emission Evans et al. (2017)
Brewster Emission MCMC, NS — Burningham et al. (2017)
Transmission : Kilpatrick et al. (2018)
Pyrat B MCMC Link
e Emission " Cubillos & Blecic (2021)
HyDRA Emission NS — Gandhi & Madhusudhan (2018)
Reflection
PSG Emission OE, NS Link Villanueva et al. (2018)
Transmission
AURA Transmission NS —  Pinhas et al. (2018)
exoretrievals Transmission NS — Espinoza et al. (2019)
Brogi & Line Emission NS Link Brogi & Line (2019)
PLATON Tra,.nsr.nlssmn NS Link réhang et al. (2019)
Emission Zhang et al. (2020)



https://zenodo.org/records/7675743
https://zenodo.org/records/7675743
https://zenodo.org/records/7675743

When do you Choose
forward model ora retrleval model?




What kind of data do you have? B

—e- EXOREM fit
8 - N GPI YJH data (Chilcote 2017)

2%8

eta’Pic b

6 -
4.

2_

Two Keys things
i gl to keep in mind:

Wavelength (um)

- o= EXOREM fit

Bl 1. Wavelength
Coverage

2. Resolution

2.2
(Nowak et al. 2019) Wavelength (um)




Brown Dwarfs Should be Your Friends

* y CD-35 2722b
5.0~ . ’..0...‘“.00 N
«”  VHS |1256b
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— GU Psc D
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3.5 . Jupiter 51 Enb

4.5 -

B Exoplanets

3.0- Earth ® Planetary Mass Objects
Young Brown Dwarfs

e <1500K Field Brown Dwarfs

» Mars

I I I I
0 500 1000 1500 2000 2500
Temperature (K)

2.5




Brown Dwarfs As Exoplanet Analogs

W1243
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EXOPLANET VHS 1256 b

EMISSION SPECTRUM

NIRSpec and MIRI | IFU Medium-Resolution Spectroscopy

Water Water Water Water
H,O H,0 H.O H,O

! Water
I HO

Methane
CH

Carbon
2 Monoxide

CO

Carbon
Monoxide

CcO

Methane
CH, |

Silicates

More —»p

Amount of Light Emitted

<+—— Less

| | | | l

> 3 4 s 6 7 10 15

Wavelength of Light
microns

(ERS Direct Imaging Team, Miles et al. 2023)



Case Studies
- 1. Cloud interpretations in the context of wavelength coverage and resolution

2 Chemical Abundance interpretations in the context of wavelength coverage
and PT profile parameterization |

- 3. Unphysical results that can arise
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Limited Data Coverage

- reduced + restricted + cloud-free
reduced + full + cloud-free
reduced + restricted + gray

= reduced + full + gray

. 1.6 1.8
Wavelength [um]

reduced+ restricted + non-gray
reduced + full + non-gray

o data

Cloud Models Indistinguishable

For early L’s: gravity depends
on cloud model

Constraining optical depth
depends on priors

Lueber et al. (2022)



Indistinguishable Cloud Models

= ]1416+1348A power-law deck cloud
= ]1539-0520 power-law deck cloud

GD 165B power-law deck cloud
= |0539-0059 power-law deck cloud

Approximate Photospheres

N

2000 3000 4000
T (K)

Cloudy

— |1416+1348A power-law deck cloud
= ]1539-0520 cloudless
=== |0539-0059 cloudless

Approximate Photospheres

1000

2000

T (K)

3000

Cloud-free

C/O ratio and M/H are not affected by cloud model

4000

Gonzales et al. (2020)
Gonzales et al. (2022)




Wavelength coverage: NIR Only Spectral Fit

-3 BN N N N T N T T T T T T T .-

— 2M2224 data
median

— SM 1700K
SM 1600K

Wavelength / um

Silicate feature
cannot be fit by
retrieval using

NIR data alone

Burningham et al. (2017)




Shape of the PT profile depends on wavelength coverage

welighted mean

best model

ranked models

B17 median

SM 1900K log g=5.5 12

~
Pt
o]
e
~
-
—
o)
=

~

RN
~
NIR Only ) RN

500 1000 1500 2000 2500 3000 3500 4000
T/K

Burningham et al.



MIR Wavelength coverage can distinguish cloud species

10— -

L
5/\4%’ -
f/

Silicate
feature fit by
retrieval but
not grid
models
data
: median MgSiO3 + 5i0; slabs, Fe deck
| —— SM 1700K log g = 5.0
SM 1900K log g = 5.5
| DRIFT 1700K log ¢ = 5.0

—— DRIFT 1900K log g = 5.5

1017

1.0 1.5 2.0 2.5 3.0 4.0 5.0 6.0 8.0 10.0 12.014.0
Wavelength / pum

Burningham et al. (2021)



High Resolution Spectra and Clouds

Wavelength (microns) Wavelength (microns)
2. 300 2. 325 2. 350 2. 375 2. 400 2. 425 2. 450 2. 475 1.0 1.2 1.4 1 6 1. 8 2.0 2.2 2.4

10~ 104 '

MgSiO3
Fe
: Sonora Teff=1400 K, log(g)=5.5

03- - 1 1 r 103- . r r ,
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
T(K) T(K) Xuan et al. (2022)

High resolution spectrum insensitive to clouds!
Wavelength coverage and continuum pressure level location plays a key role.




Spectral Resolution/coverage impacts abundance constraints
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e G395H Best Full SED Model R Y ( L L A

Best JWST-only Model \ ) —

JWST + Spitzer
mmmm JWST + SpeX f

JWST + SpeX + Spitzer s
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How the Profile is parameterlzed can impact results

3.5 1 T T 1 1 1]

e WISE 0359-54 (JWST)

—— 5-Knot Median Spectrum
Bl 5-Knot 1o Credible Interval

9 10 11 12

I R

9O 10 11 12

Kothari et al. (2024) Wavelength (um)



How the Profile is S A
: e F {1 F - 1 F -
parameterized can [FASEEEER: 1 i _
ImpaCt reSUItS = ..|j...|....|' E o o o 1 Ly b 1y e e
—3.25 -3.00 —2.75 —3.5 —3.0 -5.50 -5.25 -5.00 —-8.25-8.00-7.75
log(fi,0) log(fch,) log(fco) log(fco,)

$'-""""""N'A;? st £ Mass] F | Radius:

Two different PT profile 5 | 1t 1t N -
parameterizations lead to NN R B B S R R R

- - - —4.75—-4.50—-4.25 -5 -4 10 20 30 0.8 0.9 1.0
differences Iin retrieved 00(fur) 0g(Fi) MIMY R/

parameter values
4 5 ] . Gravity A 3 Lol - Tefr
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Metallicity and Rejected Models

Retrieved Gas Abundances and Derived Properties for SDSS J1256—0224 Indistinguishable Full Gas Set Models

Table 6

Parameter

Value for Ions for Continuum Opacities

[M/H] = —

C/0=1.0

C/O =0.25

[M/H] = —

Retrieved

~45870
<—5.63
<—4.79
<—6.14
<—9.75
<—9.92

—8.9501s

—9.491939
<—8.64
5.4470 30

~45TH S
<—5.57
<—491
<—5.92
<—9.71
<—9.98

—8.951515

—9.43%035
<—8.67
547017

Derived

Grid Models
struggle with
outliers!

Retrievals can fit
much better!

—3.60 4 0.01 —~3.59 4+ 0.01 —3.59 +0.01 —3.60 4 0.01
2550.467" 17503 2538.43413555 2648.53F 17738 2716.85%1%) 57
Radius (Ry,p) 0.79013 0.8070 12 0.747003 0.70°0 00
Mass (Myy,) LI 74.09739% 28.617313¢ 37.36+22.07
C/O
M/HF ST s 165438 s

BUT one needs to
examine
parameters

Notes. Molecular abundances are fractions listed as log values. For unconstrained gases, 1o confidence is used to determine upper limit. C/O = 1.0 is Solar abundance C a r ef u I I
and C/O = 0.25 is one quarter Solar abundance. y

GORZaIEE 8i'al. (2021)




Problems with Substellar Models
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Grid models struggle to fit spectra

T
—4.2

—4.1
l0g10(L/Lo)

Burningham, Faherty,
Gonzales et al. (2021)

Unphysical Radil

Mismatch in physical properties




. Two Key Take Aways

- Two Keys things to keep in mind when choosmg between
Forward models and retrievals:

- 1. Wavelength Coverage
2. Resolution

\ e /

_Retrieval results can’t be blindly trusted. You must check if
they are physical!
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