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Abstract.  Absorption by hot molecules, which dominates the opacifeol stars
and brown dwarfs, have taken on a new significance with theodésy of exoplanets.
At high temperatures molecules can undergo many billionsaofsitions: too many
to be determined by experiment. Progress in computing mt@etine list under the
auspices of the ExoMol project is described.

1. Introduction

The international Opacity Project ran from University College Londo@(Jduring
the 1980s and 1990s under the guidance of Mike Seaton. Seaton @£8%) and
outlined the parameters of the project; the results of which were publishederies
of 24 papers in the Journal of Physics B and summarized in two booksOpheity
Project Team & Seaton (1995) and The Opacity Project Team & Bernn(f894).
Updates to the opacity project continued well into the current century withetkase
of OP 2005 posthumously as Seaton (2007).

| arrive at UCL in 1985 and in the late 1980’s Seaton approached me ombar
of occasions suggest that | extend the opacity project to cooler staxisidering the
contribution of molecules. The result was a first water line list with the initialltes
reported on at the opacity conference in Caracas (Miller et al. 19@2harfull line list
was used by Allard et al. (1994) to study the influence gDHine blanketing on the
spectra of cool dwarf stars. This water line list was modest in size coahpétie the
more recent equivalents such as those of Partridge & Schwenke)(B&ber et al.
(2006) and Polyansky et al. (2017b). In some senses this early waslavproof-of-
principle with the first really complete line list being the one produced by Nealé e
(1996) for H; for which an accompanying partition function (Neale & Tennyson 1995)
was also produced. The partition function gave values between one aratders of
magnitudes larger than previous studie$ at 4000 K.

Although the original impetus for computing molecular line lists came from the
demands opacity models for cools stars and brown dwarfs, the projeetdghuge
impetus from attempts to characterize exoplanet atmospheres using SpE@trok
particular, use of the BT2 water line list (Barber et al. 2006) was instrtaehé@nthe
first detection of water on exoplanet HD189733b (Tinetti et al. 200itjal attempts to
use the smaller direct numerical diagonalization (DND) line list of Wattson & Rath
(1992), as used in the then current release of HITEMP, did not deeothe observed
shape of the low-resolution transit spectrum.
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This development shifted the focus of calculations from stars to exoplanéts
direct response to this the ExoMol project was born. While ExoMol leesbargely
an in-house activity at UCL, the publication strategy followed directly fromatBn’s
described above. An initial paper (Tennyson & Yurchenko 2012) settim¢he param-
eters for the project is being followed by a series papers which are dedohn Table 1
below.

2. Methodology

The underlying methodology used by ExoMol is summarized by the platagsitio
guantum mechanics informed by experiment. This methodology has beesieglgn
discussed elsewhere, see Lodi & Tennyson (2010) and Tenng2684R2) for example,
and the reader is referred to these papers for further information.

Figure 1 gives an overview of this approach. Brie#i, initio electronic struc-
ture calculations can give dipole moment surfaces and hence transitiole diwe
ments which are competitive in accuracy with the best experimental determimation
see Polyansky et al. (2015) for example. Conversely, the potentiay\esarfaces
computed using the same procedure are only capable of giving transiigueficies
of acceptable accuracy for systems with very few electrons. Thus fet molecules
experimental information needs to incorporated into the calculation either Iygtun
theab initio potential energy surface to experimental data or by replacing the computed
energy levels with empirically-determined ones, or both.

To aid this process Furtenbacher et al. (2007) developed the MAR¥eaAgured
active rotational-vibrational energy levels) procedure to extractstabmpirical energy
levels from a the whole variety of available measurement sources. Tliedue has
been extensively developed (Csaszar et al. 2016), and has hgl@mddp a number of
astrophysically important species such agEurtenbacher et al. 2016), TiO (McKem-
mish et al. 2017) and HCCH (Chubb et al. 2017). ExoMol line lists for tispseies
are currently under construction.

ExoMol line lists are actually produced using variational solutions of théeaunc
motion problem. These calculations become computationally challenging for poly-
atomic systems. As a result extensive updates of the programs used tdhsdee
nuclear motion problem has been performed as part of the ExoMol p{@genyson
& Yurchenko 2017b). Of particular significance is the development dbraptetely
new program Duo (Yurchenko et al. 2016b). Duo treats the fully-Emlipovibronic
spectroscopy problem for diatomic molecules: all spectra (rotational tiahed, elec-
tronic) can be computed for diatomics with mix of electronic states and includlhg fu
treatment of spin-orbit and other coupling terms (Tennyson et al. 2016b).

It is also worth noting that the ability to predict Einstein-A @itdents and hence
transition intensities with an accuracy exceeding most experiments has ledwotkis
having applications to radiative transport within our own atmosphere. Litefbs
water (Lodi & Tennyson 2012; Birk et al. 2017; Kyuberis et al. 20ai)l CQ (Zak
etal. 2016, 2017b,a) constructed using MARVEL energy levelsahnditio intensities
dominate the recommended data for these molecule in the recent releaseRFENIT
(Gordon et al. 2017).
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Figure 1.  Summary of approach used to compute line lists &¥soMol project.

3. Accuracy versus completeness

An importantissue in constructing molecular line lists is the balance of accagaiyst
completeness. Experimentally-determined line lists are often significantly mowe ac
rate, at least for line positions, than the ones provided by direct computatvever,
given that line list for polyatomic species contain many billions of lines, their detap
experimental determination is not really feasible.

Our approach has been to ensure completeness while trying to be asta@sir
possible. As an important part of this we always attempt to give an uppeetatape
for which the line list can be considered reliable. These temperaturesoalnidined
from careful analysis of partition functions using the approach originatipduced by
Neale & Tennyson (1995).

Figure 2, which is adapted from the work of Yurchenko et al. (2014ggan
important illustration of this approach. The figure shows two attempts to modebthe
served spectrum of a methane-rich brown dwarf. The original VSTARehof Bailey
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Figure 2.  Spectra of the T 4.5 dwarf 2M 0559-14. The obserpedtsum (blue
line) was taken with the SpeX instrument on the 3-m NASA IrdthTelescope
Facility (IRTF). Models were performed with VSTAR far = 1500 K using (a)
the empirical STDS line list of Wenger & Champion (1998) abjithe computed
10to10 line list of Yurchenko & Tennyson (2014). The figureagapted from the
work of Yurchenko et al. (2014).

& Kedziora-Chudczer (2012) used the best available empirical line lish&ghane, the
STDS line list of Wenger & Champion (1998). This line list is very accurateféu
from comprehensive. The more recent work used the comprehdngivess accurate
10to10 ExoMol line list (Yurchenko & Tennyson 2014). Computationgdeziments
suggested that it was necessary to retain at least 3 billion of the 10 billionitiries
10to10 list to get reliable results for the L feature. It should be noted that the study
of Yurchenko et al. (2014) also used an improved treatment of sreHsion-induced
absorption band at 2,2m. It is clear that completeness of the methane line list plays
an important part in obtaining the excellent agreement between the newet amut
the observations.

4, ExoMoal linelists

The current status of the ExoMol line lists is given in Table 1. | note that #risshas
already exceeded that of the (atomic) opacity project and there are a&nofrfrther
molecules for which line lists are actively under construction or planned.

ExoMol has always taken a fairly pragmatic approach to constructing litse ifis
other high quality line lists are available then these are recommended and notagtemp
made to replicated them. A number of these alternative line lists are available via the
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Table 1. Datasets created by the ExoMol project and includetie ExoMol
database (Tennyson et al. 2016c¢).

Paper Molecule Ny  Tmax Neec Nines DSName  Reference

[ BeH 1 2000 1 16 400 Yadin Yadin et al. (2012)

I MgH 3 2000 1 10354 Yadin Yadin et al. (2012)

I CaH 1 2000 1 15278 Yadin Yadin et al. (2012)

Il SiO 5 9000 1 254675 EJBT Barton et al. (2013)

1] HCN/HNC 22 4000 1 399 000 000 Harris Barber et al. (2014)

v CHy4 1 1500 1 9819605160 YT10tol0 Yurchenko & Tennyson (2014)
\% NaCl 2 3000 1 702271 Barton Barton et al. (2014)

\Y, KCI 4 3000 1 1326 765 Barton Barton et al. (2014)

VI PN 2 5000 1 142512 YYLT Yorke et al. (2014)

Vil PH3 1 1500 1 16 803 703395 SAITY Sousa-Silva et al. (2015)
VI H,CO 1 1500 1 10000 000 000 AYTY Al-Refaie et al. (2015)

IX AlO 4 8000 3 4945580 ATP Patrascu et al. (2015)

X NaH 2 7000 2 79898 Rivlin Rivlin et al. (2015)

Xl HNO3 1 500 1 6722136 109 AlJS Pavlyuchko et al. (2015)
Xl Cs 8 3000 1 548 312 JnK Paulose et al. (2015)

X1l CaO 1 5000 5 21279299 VBATHY Yurchenko et al. (2016a)
XV SO, 1 2000 1 1300000000 ExoAmes Underwood et al. (2016b)
XV H>0, 1 1250 1 20000000000 APTY Al-Refaie et al. (2016)
XIV  H,S 1 2000 1 1155303730 AYT2 Azzam et al. (2016)

XV SO3 1 800 1 21 000000000 UYT2 Underwood et al. (2016a)
XVl VO 1 2000 13 277 131624 VOMYT  McKemmish et al. (2016)
XIX H %180 4 3000 1 1500 000 000 HotWat78 Polyansky et al. (2017a)
XX H3 1d 3000 1 11 500 000 000 MizATeP Mizus etal. (2017)

XXI NO 6 5000 2 2281042 NOName Wong etal. (2017)

XXl SiH4 1 1200 1 62690449078 OY2T Owens et al. (2017a)
XXl PO 1 3000 1 1500 000 000 POPS Prajapat et al. (2017)
XX PS 1 3000 3 1500000000 POPS Prajapat et al. (2017)
XXIV  SiH 4 5000 3 1724841 7?Name Yurchenko et al. (2017b)

Niso Number of isotopologues considered,;
Tmax Maximum temperature for which the line list is complete;
Neaec Number of electronic states considered;
Niines Number of lines: value is for the main isotope.
2 A line list for HY3CN/HN'3C due to Harris et al. (2008) is also available.
b Yurchenko et al. (2017a) have recently extended 10to10 to 2000&n&w line list
which they present in compressed form contains 34 billion lines and is kaswn
34t010.
¢ Line lists for H1%0 (BT2) due to Barber et al. (2006) HBD (VTT) due to Voronin
et al. (2010) are also available.
d A line list for H,D* due to Sochi & Tennyson (2010) is also available.

ExoMol website, see Table 2. Others, such as the recent comprehdinsilists for
all isotopologues of C®by Huang et al. (2017), have to be obtained directly from the
original source.
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Table 2.  Other molecular line lists which can be obtainediftbe ExoMol website.

Molecule Nisc  Tmax Naec Nines DSName Reference Methodology
H,0O > 3000 1 505806 202 BT2 Barber et al. (2006) ExoMol
NH3 2¢ 1500 1 1138323351 BYTe Yurchenko et al. (2011) ExoMol
HeH* 4 10000 1 1431 Engel Engel et al. (2005) Ab initio
HD* 1 12000 1 10119 CLT Coppola et al. (2011) Ab initio
LiH 1 12000 1 18982 CLT Coppola et al. (2011) Ab initio
LiH* 1 12000 1 332 CLT Coppola et al. (2011) Ab initio
ScH 1 5000 6 1152827 LYT Lodi et al. (2015) Ab initio
MgH 1 3 30896 13GhShBe GharibNezhad et al. (2013) Empirical
CaH 1 2 6000 11LiHaRa Lietal. (2012) Empirical
NH 1 1 10414 14BrBeWe Brooke et al. (2014a) Empirical
CH 2 4 54086 14MaPIVa  Masseron et al. (2014) Empirical
CcoO 9 9000 1 752976 15LiGoRo  Lietal. (2015) Empirical
OH 1 6000 1 45000 16BrBeWe Brooke et al. (2016) Empirical
CN 1 1 195120 14BrRaWe Brooke et al. (2014b) Empirical
CP 1 1 28735 14RaBrWe Rametal. (2014) Empirical
HCI 1 1 2588 11LiGoBe Lietal. (2011) Empirical
CrH 1 2 13824 02BuRaBe Burrows et al. (2002) Empirical
FeH 1 2 93040 10WEReSe Wende etal. (2010) Empirical
TiH 1 3 181080 05BuDuBa Burrows et al. (2005) Empirical

Niso Number of isotopologues considered;
Tmax Maximum temperature for which the line list is complete;
Naec Number of electronic states considered;
Niines Number of lines: value is for the main isotope.
a8 There is a HD* line list available from Sochi & Tennyson (2010).
b The VTT line list for HDO due to Voronin et al. (2010) is alscadable.
¢ There is a room temperatuteNHs; line list due to Yurchenko (2015).

As part of the ExoMol project the database and underlying data stasdbave un-
dergone systematic development. The original data structure was to pliogidists in
using two files: a states file containing energy levels and quantum numbera tean-

sitions file listing Einstein-A caoficients (Tennyson et al. 2013). Given the very large

number of lines found for many molecules, Hill et al. (2013) extended thisoagh to
provide cross sections. Recently, Tennyson et al. (2016c) un#testtiworough revi-
sion of the database including features such an application programacg€/iPl) to
enable direct reading of the data in user programs. Additional functionadityalso
added such as the provision of state lifetimes (Tennyson et al. 2016a)égdactors
for open shell diatomic species (Semenov et al. 2017), cooling functiamhansition
dipoles. At present the use transition dipoles, which involves retaininghéisepinfor-
mation for the transitions, is largely for laboratory applications (Owens @04l7b),
but these data can provide input for future studies of polarizati@cts.

5. Conclusions

The ExoMol project, very much inspired by the (atomic) opacity projectpnagided
comprehensive line lists for key astronomical molecules. This process éemplete.
The discovery of very hot planets with temperatures thought to be 206016e and
compositions which may well be rocky, has created a whole list of possiblapecies
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for which line lists need to be provided. The data needs for these so-talkegdlanets
have recently been reviewed by Tennyson & Yurchenko (2017a).

Acknowledgments. | thank Sergey Yurchenko and the members of the ExoMol
team for their work on this project. The ExoMol project was funded byBR€ Ad-
vanced Investigator Project 267219 and is currently supported by THCSInder grant
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