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ExoMol produces opacities
for all molecules likely to

be important for exoplanetary
atmospheres



Opacities



Intensities



Spectrum



Methane high resolution spectrum
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For exoplanetary transit:
Opacity = R(planet)/R(star)



Do Maai] &l al. (200 |_':
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NASA's Hubble Howe and Burrows, 2012 ApJ 756 176



Our Opacity = cross-sections



Opacity is m -Lambert Law
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Here is Methane absorption using different profiles
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Our Opacity = line list



This is our 2016-line list for water
compared to experiment, each line
represented by a stick
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ExoMol = line lists



Astrophysics with ExoMol






| will show examples of ExoMol line
land of their (possible or actual)
applications



| will go through molecules not
necessarily in any special order

| will start from C,



C,
is seen in many places

for example Carbon stars
(obviously)






Here IS an example of ngh Res Spectra of Carbon stars
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ABSTRACT

We present a 0.8-5 pem spectral library of 210 cool stars observed at a resolving power of R = A/Ax ~ 2000
with the medium-resolution infrared spectrograph, SpeX. at the 3.0 m NASA Infrared Telescope Facility (IRTF)
on Mauna Kea, Hawaii. The stars have well-established MK spectral classifications and are mostly restricted to
near-solar metallicities. The sample not only contains the F. G, K, and M spectral types with luminosity classes
between I and V, but also includes some AGB, carbon, and S stars. In contrast to some other spectral libraries,
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Rayner et al Ap] SS, 185, 289 (2009)

Carbon Star HD 76221
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Here is a particular example of HD 76221
with nice C, band-heads
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Rayner et al Ap] SS, 185, 289 (2009)

Carbon Star HD 76221

cm?/molecule
1

wavelength, um

ExoMol’s C, is shown on the lower
display and compares very well



C, can be also cold

In comets
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(Ignore the CN for now,
which is also available at
ExoMol)



.\

Hydrogen cyanide



L
HCN

has been seen in our
Solar system






HCN on Titan

Voyager 1
Titan

North Limb
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ExoMol’s has produced HCN
(by Emma Barton)



Here is our HCN compared to Voyager 1's spectrum

Voyager 1
Titan

North Limb

=
B
C
Q
.-
=
@
=
©
®
o

Which contains half a billion lines

and represents it rather well



HCN
has been seen on stars

for example T Tauri






Organic molecules: Inner Disks of T Tauri Stars

Carr & Najita, ApJ, 733, 102 (2011)



ExoMol’'s HCN



Here is a zoom-in with ExoMol’s HCN

13.0 132 134 13.6 13.8 14.0 142 144 14.6 14.8

wavelength, um

HCN: Inner Disks of T Tauri Stars
Carr & Najita, ApJ, 733, 102 (2011)



HCN on Exoplanets?

Maybe



5o onSuper-Earth 85 Canicrie”



Lets look at the transit of
the Super-Earth 55 Cancri e
with Hubble’s WFC3



Look at these two “features”

i TauREx best fit m— Ab-initio model C/
B H > and He only 7/] WFC3 data (this wo

([ ]
SR Is it HCN?
7 | | What do you think?

1.2 . 14 1.5 1.6

Atmospheric absorption (ppm)

H and He only | | WFC3 data (this work)
| === Ab-initio model C/O = 1.1 Spitzer data (Demory et al. 2015)

Atmospheric absorption (ppm)

3
Wavelength (um)

A. Tsiaras ApJ (2016)




This is what we think (modelling with tau-Rex)

55 Cancri e WFC3 HST A. Tsiaras ApJ (2016)



HCN: Why not? (modelling with tau-Rex)

TauREx best fit = Ab-initio model C/O = 1.1
H; and He only WFC3 data (this work)

Atmospheric absorption (ppm)

B

“..the best absorber that
can fit the data is HCN”

Atmospheric absorption (ppm)

Us ... Ap] (2016) _
T i St e IR

Wavelength (um)

55 Cancri e WFC3 HST A. Tsiaras ApJ (2016)



Super-Earth 55 Cancrie

Just look at this

world: don’t you
agree it is unpleasant
- enough for prussic

. ~oacides




Also support by chemical model by O. Venot
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Molar fraction C/O = 1 . 1

10

The model included not
only HCN: also

H,O, CO, NO, H,S, CO,,
CH, NH;

Pressure (mbar)
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* A. Tsiaras ApJ (2016)



However ts is only indication of HCN

initin madal C/OV — 11

We need more data at
longer wavelength!
and dedicated space

telescopes

Atmospheric absorption (ppm)
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Hydrogen peroxide
HZOZ






Hydrogen peroxide
HZOZ

has been seen in Solar
system as well









Hydrogen peroxide
HZOZ

On Mars, where it is
used to monitor the
seasonal changes of the
atmosphere



H,O,: Martial seasonal changes

Well, just a few lines of
H,O, at least

Encrenaz Planetary and Space Science 68 (2012) 3-17



ExoMol’s H,0, by Ahmed Al-Refeie
is hot!

It is new and designed
to model hot (800 K)
environments



ExoMol: hot H,O,, containing these monitoring features at 8 um

8.053 pm|— 100K
— 296K

750 K

— 1500K

Wavelength (um)

It contains 20 billion lines



Going hotter

Vanadium oxide (VO)

and TiO
=,/




VO/TiO
are found a lot in
M-type stars spectra






Here is an example of M dwarfs high resolution spectra

Because these bandheds are from TiO

HD199799, M1
HD163990, M6Svar
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ExoMol’s VO by Laura McKemmish

Bandheads of VO (green lines ) don't coincide with
bandheads of the stellar spectra

4

Falcon-Barroso et al. (2011)



Here it is overlaid with synthetic TiO spectrum
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VO/TiO
Can be detected on Exoplanets?

Apparently yes, learning from this
conference

WASP-121b?



Aluminum Oxide

Not very often featured by the
exoplanetary models

Is it because of T?



Aluminum Oxide

in red supergiant



VY Canis Majoris

Sun



Here is an example of AlO in red supergiant VY Canis Majoris

No. 1. 2009

KECK/HIRES SPECTRUM OF V838 MON
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AlO

ExoMol’s line list (Andrei Patrascu)
is pretty good even for high
Temperatures



AlO was seen in red supergiant VY Canis Majoris

VY Canis Majoris Kaminski et al. (2013) |
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AlO

It has very nice bandheads, easy
to detect at around 0.5 pym
sensitive to isotopic variation



Isotope substitution: 27 to 28
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ExoMol: Patrascu et al MNRAS 449, 3613 (2015)



CrH and FeH



CrH and FeH
seen on L-type dwarfs a lot






CrH and FeH
used to classify the L-type dwarfs
by Kirkpatrick et al. (1999)



Here is an example of L-type dwarfs spectra with CrH and FeH
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Maire Gorman (ExoMol PhD)

has produced
a new CrH line list

The line list is
to replace Burrow’s line list
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Here is example of L-dwarf spectra with

S

Flux Density W m™ um;

| |
! /,W MMVW fwm o
14 M\/NWWWWW i f\ «w
1x10 I
11l — 2MASS J14392836+1929149
“VV ~ 2MASS J00361617+1821104
1x107™ 1 H i
| | | |

Rayner et al Ap] SS, 185, 289 (2009)



Here is example of L-dwarf spectra with CrH from ExoMol
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CrH is transition metal and very difficult to get right

Refined

dhns

A-X band

Ab initio

2000 4000 6000 8000 10000 12000 14000 16000 18000

wavenumbers, cm™




Going hotter:

SiO

It has been spotted
In Sun spots spectra



2001/03/29 09:36°C
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SiO

and red Giants






Here are SiO bands in oxygen-rich giants and supergiants

Giants

ExoMol is very accurate

which frankly is not very difficult for
a simple diatomic like SiO
1.0x10™

2400

5.0x10™

Intensity [cm/molecule]

2500 2600

2700

Wallace & Hinkle (2002)



Another example of SiO in K-type supergiant HD 225212

'ml 1 This very simple LTE model

[l \ u‘
‘J " I ‘.. i .‘_Jl with ExoMol’s SiO shows a very good

agreement again

4040 4042 4044 4046 4048 4050 4052
wavelength [nm]
Fig. 14. Same as Fig.3 for HD 61913 (S).

Lebzelter A&A 539, A109 (2012)
A library of high resolution spectra in the near-infrared



CaO — new line list

It is a possible constituent of rocky type
exoplanets, CaO has not been detected
astrophysically.



CaO — new line list



Here different bands are shown with the strongest at 1 um

wavelength, um
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CaO has a huge dipole and a nice feature at 1 um

y/

Here cross-sections for
different species are shown
ignoring any abundances
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Can these oxides be important for
absorption/radiative cooling of
Lava planets?






New line list for NaH

which is also to be detected, but
expected for M-type objects



\Elg

For example it was suggested for GJ 551



Here is the observed data of GJ 551 (Mike Bessell)
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And Exomol spectrum of NaH is very flat is
broad



Here is the observed data of GJ 551 (Mike Bessell)
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Some polyatomics

PH, (Phosphine)
ExoMol line list was computed
by Clara Souosa Silva
containing more than 10 billion lines






Phosphine
was found spectroscopically
in the Solar system









Here is the Cassini spectrum of Saturn and Titan, where many
molecules have been detected incl PH,

K. H. BAINES ET AL.

Cassini/VIMS
///Nnospheric Absorptions in Saturn and Titan

Y
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£ satum | EXOMOI[ canps |
/A

22
S

L
30
Wawlm%th (um)

Baines et al , Earth, Moon, and Planets 96, 119 (2005)



More excitingly: Clara figured out
that due to spontaneously
flammable and extremely toxic PH,

..... and since it can be
produced by organic sources,

it be suggested as a
chemically sound biosignature
for fire breathing dragons

C. Sousa-Silva et al (ExoMol) MNRAS 446, 2337 (2015)






It also has a nice strong feature at 4.5 um

1 2 3 4 5 6 7 8 9 10
wavelentgh, um



Another exciting Clara’s idea is inversion
splitting of PH,

Just like Ammonia it has a pyramid structure






The splitting at
the bottom of
about 1 Hz

We just need to
convince
experimental
people to do the
observations

... but with large barrier to the planarity.

Here is the double-well potential

16000
14000
12000
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[&]
>
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4000

2000




So far - no one is interested in Phosphine gas






Methane (CH,)
ExoMol line list: 10 billion lines 10to10

CH, is the most important molecule
for the project






Methane
ExoMol line list 20-biller 35 billion lines

which took 4.5 million CPUh
DiRAC HPC (COSMOS and Darwin)
and about 6 months of the human time



CH, has been detected in many objects.





















CH, is detectable even at low resolution



Here is the Brown dwarf spectrum at R=120

F. (normalized)
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SDSS JO

Originally observed on 2004 Jul 24

Average

Burgasser et al. (2006) ApJ, 637, 1067

NI VN W

00013.54+255418.6 (J00001354+2554180)

resolution = 120

Methane at 1.66um

| ' |
1 1.5
wavenumber, um



In fact the feature at 1.61 um is very important
and it was difficult to model before ExoMol



Here is the T 4.5 dwarf spectrum and our solution to that

1 T T T T T T T T T
T | 1 2MASS 0559-14
t’ T 4.5 Observed (SpeX@IRTF) |

08 W‘ VSTAR STDS CH, (empirical 2p12)
| w
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+ |

0.2 —

F (107* W m—= um~™!)

L 1 1 L L 1 I L 1
1.4 1.6 1.8 2 i

' ‘ Cushing Rayner, Vacca (2005)
R=2000 (3 Cm_l) Wavelength (um)
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Hunt for extraterrestrial life given a boost:
Methane detector can 'sniff out' a wider
range of molecules to find alien organisms

90% of the methane in Earth's atmosphere is created by living organisms

As a result, methane on other planets is regarded as an indicator of life

Methane is detected by the way a planet's atmosphere absorbs starlight

Previous models of methane were incomplete, making method inaccurate
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This could increase chances of finding methane on another planet
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Anyways, it has been now
used by many groups



Tau-Rex



NEMESIS



Met Office



NASA Ames



However it is not perfect ®
and we are now working on
Methane 2.0



The main problem is that it is
incomplete and inaccurate at
<0.9 um



It may appear weak on this graph but it is known to be important
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The methane line list is also
too big (35 billion lines) for
line-by-line modeling






We are working on it
with help by
David Amundsen and Isabelle Baraffe



Ammonia (NH5)






Ammonia (NH;)

Known to be on Jupiter
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Ammonia

Exiting detections on (cold)
Brown dwarfs






Here is an example of Dwarf Gl 570D by Adam Burgasser et al. (2003)

\

Together with model from the paper by Saumon ApJ (2006)

and ExoMol model on top, which agrees well for this region




Ammonia
ExoMol line list called BYTe
(1 billion transitions)



Ammonia
on exoplanets?



Why not? 11 um feature is the most prominent
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Other molecules



Ex®Mol 1aBLE

Molecular line lists for exoplanet & other atmospheres

ExoMol0: Tennyson and Yurchenko MNRAS (2012)




ExoMol website will have a new look soon ...



other hydrides

other oxides

metal oxides

MgH

larger

molecules

il

metal hydrides

*JLogin

other
diatomics

& Sign up



ExoMol database with new features

1.Line lists
2.Cross-sections
3.Partition functions
4.Broadening parameters
5.K-tables

6.Lifetimes

/7.Cooling functions



Constructed by these wonderful people



ExoMol: will known by their molecules







