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Opacity Needs for Atmospheric
Modeling Applications (1)

e Line by line: molecules and atoms

e Line shapes - widths - especially
for predicted data that may
extend to very high J values

e CIA [Collision Induced]

e Simple Scattering by gases - and
electrons

* H- at the highest temperatures

e Solids not considered by me at
present but are added into models
as a continuum
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Opacity Needs for Atmospheric
Modeling Applications (2)
e Special Cases: Alkali atoms

e Methods to handle very large data sets such as CHas:
HNO3: H202 :etc.

e Discussion of more sophisticated technigues such as
statistical sampling, separating weak and strong lines,
etc.

e Future needs



Hitran - large number of species - vetted data with line width information for air/
self broadening although that will be expanded in the future

Astrophysical sources - analysis of cool stars & the sun: planets in our solar
system

Laboratory measurements - challenging at high temperatures and pressures but
some examples will be shown

Theoretical Predictions - complex for large systems with many atoms
Alkali Atoms - Nicole Allard : CIA - Didier Saumon and collaborators

For Diatomics more options exist that allow for on-site calculations: such as
programs supplied by LeRoy, for example

Check out the various web sites for program sources and bibliographies: Check
Hitran website for extensive information



Based on very old program from Hitran group: Fascode !

Input data the usual: line list with positions, strengths, widths -
partition functions - mass of each species, etc.

main points of discussion: choice for generation of the Voigt profile
and the grid spacing - constant, variable with wavenumber?

For Voigt profile: need a certain level of accuracy over a range of
physical inputs

For the grid spacing do we need to resolve each line [?] but how well ?

Timing for huge data sets



Currently using routine due to Letchworth-Benner [JQSRT 2007]

Note that this routine looses accuracy when Z is near the real
axis [small aj

Several available Voigt routines suffer from this same problem

More accurate at small “a” : Modified Humlicek or routine in
libcerf [Zaghloul]

Exocross routine claims that the Humlicek routine can be
vectorized to greatly increase the speed: may not work on a
typical workstation

Routines due to Weideman ?



e Since 1/e doppler width: v/c\/2KT/m grows with wavenumber an
efficient grid spacing would also grow linearly with wavenumber.

* This would allow the proper resolution at low pressures, for example,
where the line widths would be controlled by the doppler width.

 Currently | am using a constant spacing grid and any change in the
future would have to be carefully considered as our models require
the individual opacities from each species to be weighted by their
relative abundance based on a chemical model.

e They are then added up along with the CIA absorption and any other
opacities into a single layer that can be used along with all the other
layers in creating a model of the atmosphere.



e The pressure broadening widths and line shapes, especially in the
far wings of lines are important contributions to the uncertainties in
these calculations and also affect how these spectra are used in
applications such as cross correlation studies

The band edges of important absorbers can determine where there
are “windows” in the spectrum [absorption coefficients] - this is
where much of the flux will emerge in these objects and will
influence the design [spectral range covered/resolution] of
instruments on large telescopes and projects such as JWST

For many of the objects of interest in the field of brown dwarfs and
extra solar planets the main broadening agents will be H2 and He.
For the hottest objects broadening by H atoms must be considered



e Many line
chemistry

lists produced by various groups using quantum
methods extend up to very high J values far beyond
the available data on line widths

 These high J lines which become stronger at higher
temperatures are important in determining the exact structure of
the “window” regions for each individual species and a lack of
knowledge of the line widths is a real impediment to a
calculation - it may also determine how far out one decides to
extend the line wings as a function of temperature and pressure

e Possiblet
between t
widths wil

nat at high J values if there are no resonances
ne broadener and the molecule of interest that the

reach a minimum ?



Since exception the line extent has been controlled by a simple
formula to try to capture most of the opacity. Other groups use
similar techniques but at the highest pressures [which are deep in
the atmospheres] the extension needed is unclear

However, this leaves a lot to be desired and does not take into
account the possible sub-Lorentzian nature of the far wings

Example of the CO2 bands on Venus

My current software setup needs extensive work - study to find a
consistent solution to this problem

Cross correlation studies need accurate line widths - examples later
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ABSTRACT

We present new calculations of Rosseland and Planck gaseous mean opacities relevant to the atmospheres of giant
planets and ultracool dwarfs. Such calculations are used in modeling the atmospheres, interiors, formation, and
evolution of these objects. Our calculations are an expansion of those presented in Freedman et al. to include lower
pressures, finer temperature resolution, and also the higher metallicities most relevant for giant planet atmospheres.
Calculations span 1 pbar to 300 bar, and 75—-4000 K, in a nearly square grid. Opacities at metallicities from solar to
50 times solar abundances are calculated. We also provide an analytic fit to the Rosseland mean opacities over the
grid in pressure, temperature, and metallicity. In addition to computing mean opacities at these local temperatures,
we also calculate them with weighting functions up to 7000 K, to simulate the mean opacities for incident stellar
intensities, rather than locally thermally emitted intensities. The chemical equilibrium calculations account for the
settling of condensates in a gravitational field and are applicable to cloud-free giant planet and ultracool dwarf
atmospheres, but not circumstellar disks. We provide our extensive opacity tables for public use.

Key words: brown dwarfs — opacity — planets and satellites: atmospheres — radiative transfer — stars: atmospheres

Online-only material: color figures, machine-readable tables

1. INTRODUCTION

A quantitative understanding of radiation transport in the cool
molecule-dominated regions in planetary and ultracool dwarf
atmospheres is essential to many aspects of understanding the
temperature structure, thermal evolution, and formation of these

Py Iy

well-approximate the metal-rich atmospheres of giant planets,
up to levels of the solar system’s ice giant planets, Uranus and
Neptune (Guillot & Gautier 2009). Finally, for use in models of
irradiated planetary atmospheres, we calculate mean opacities
where the temperature in the weighting function is not the lo-

cal temperature, but rather stellar blackbody temperatures from
20000 t~ TOND0N0 X A cirmiilatae mvenn 11 Aot FHiav?? Ar o1 h]1a??



 Work on high temperature and high pressure cells

 Several groups are actively pursuing laboratory data in this
area - see abstracts of Hitran 2018 for more examples

e The Hitran 2018 Conference has more information on new
work planned in this area



Journal of Quantitative Spectroscopy & Radiative Transfer 180 (2016) 184-191

Contents lists available at ScienceDirect - -
Journal of Quantitative Spectroscopy & pecirseopy &
Radiative Transfer ransfer
journal homepage: www.elsevier.com/locate/jqsrt
Gas cell based on optical contacting for fundamental ®CM1
spectroscopy studies with initial reference absorption
spectrum of H,O vapor at 1723 K and 0.0235 bar
Scott T. Melin *, Scott T. Sanders
Engine Research Center, University of Wisconsin-Madison, 1500 Engineering Drive, Madison, WI 53706, USA
ARTICLE INFO ABSTRACT
Article history: A gas cell, using optically contacted sapphire windows to form a hot vapor seal, has been
Received 15 January 2016 created for high temperature fundamental spectroscopy studies. It is designed to operate

Received in revised form
12 April 2016
Accepted 13 April 2016

at temperatures from 280-2273 K and pressures from vacuum to 1.3 bar. Using the cell in
conjunction with an external cavity diode laser spectrometer, a reference H,O vapor

Available online 16 April 2016 absorption s1pectrum. at P=0.0235 + 0.0036 bar a111d T=1723+6 K. was measured with
0.0001 cm™ " resolution over the 7326-7598 cm ™ range. Comparison of the measured
Keywords: spectrum to simulations reveals errors in both the HITEMP and BT2 databases. This work

High-temperature spectroscopy

, establishes heated static cell capabilities at temperatures well above the typical limit of
Infrared water vapor absorption

Cas cell approximately 1300 K set by quartz material properties. This paper addresses the design
Optical contacting of the cell as well as the cell's limitations. . .
D afaranca charfra © 2016 Elsevier Ltd. All rights reserved.
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e (Cross correlation studies: H20 & TiO for example - see
paper by McKemmish, et al. Problem of needing very
accurate line positions - what about line shifts - usually
not the biggest problem as the observations for these
studies are done in the upper part of the atmosphere of
exoplanets where the pressure is generally low. The
current line list for TiO due to Schwenke did not seem to
have accurate enough wavenumbers to satisfy the needs
of a cross correlation study. Recalculate with better line
positions. H20 is also a candidate as many studies have
been done to try to quantify the presence of water vapor.



For cross correlation studies it is necessary to derive
accurate physical parameters of the object being observed
including a value of Vsin(i) [the inclination of the rotational
axis to the line of sight]

If there are significant errors in the line pressure
broadening widths this will lead to values for Vsin(i) that
are not physically meaningful - values of hundreds of Km/
Sec or more

This greatly complicates any attempt to use cross
correlation methods



An L Band Spectrum of the Coldest Brown Dwarf
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Figure 7. Normalized spectrum of WISE 0855 compared to cross sections of
CH4 from 3.5 to 4.14 pum. The methane cross sections are shown at higher
resolution (R ~ 1500, light red) and lower resolution (R ~ 300, solid red).
Vertical dashed red lines centered on methane absorption bands are shown to
guide the eye. All major absorption features seen in WISE 0855’s L band
spectrum correspond in wavelength with molecular bands of CH,. We

conclude the L band spectrum shows strong evidence of methane absorption.
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Peering into the physics of brown
dwarfs: spectroscopy with JWST/
NIRSpec

Catarina Alves de Oliveira, European Space Agency
JWST/NIRSpec Instrument & Calibration Scientist

Collaborators:
R. Parker (LJMU), P. Tremblin (CEA)
and the NIRSpec team

European Space Agency



Y dwarfs - NIRSpec simulations

= Can NIRSpec observations of Y dwarfs distinguish between different
model predictions? JWST/NIRSpec, PRISM, ~15 minutes
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Y dwarfs - NIRSpec simulations {cesa

= Can we observe Y dwarfs at different temperatures?
JWST/NIRSpec, PRISM, ~1hour

Atmospheric models from T Morloy 2014 2 lonaed 320K 4
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Y dwarfs - NIRSpec simulations {=esa

= Can we extend the study of cool
Y dwarf known?

Atmospheric models from
Morley+2014

Y dwarf (e.g., WISEO855):
Teff: 250K

logg: 4

distance: 2.3 pc

Simulations:
NIRSpec, 1 hour on source

atmospheres to the lowest temperature
JWST/NIRSpec, PRISM, ~1 hour

|— Morley+2014,2.3pc,|ogg=4,250K|
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UCL VO:old Schwenke:Plez:2000K 1 Bar
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UCL VO:old Schwenke:Plez:2000K 1 Bar
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|. Gordon NH3:H, & He widths:same input:2015 2017 profiles:650K @ 100 mBar
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Compare 2017 UCL [3 isos] with Schwenke E-70.UCL has newer H,/He widths:all @ 1 Bar
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Burrows alkali vrs N. Allard [Saumon/Freedman]:1000K 1 Bar
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Figure 6. Predicted dayside-averaged emission spectra of a hot rocky super-
Earth of 2 R, in secondary eclipse that has a mineral atmosphere in equilibrium
with an underlying BSE magma ocean. The secondary eclipse depth (see
Equation (17)) is shown as a function of wavelength in the range of (a)
0.1-100 pm and (b) 0.3—1 pm. The inset in panel (a) is an enlarged view of the
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As observations improve and line data sets expand more attention
will have to be paid to problems that were either ignored or could
not be easily addressed. In the future large, ground based
telescopes could provide much higher resolution data in the IR
regions that are accessible from the ground and this may require a
constant re-examination of the techniques being used in
generating opacities for both modeling and for comparison with
high quality observations.



