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Abstract

ExoCross is a Fortran 2008 code for generating spectra (emissiooypiisn)
and thermodynamic properties (partition function, spediBat etc) from molec-
ular line lists.
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1. Compilation

ExoCross has no dependencies with any libraries and only requiresgiter
that supports Fortran 2003 standard. The makefile flags émabe modified are:

FORT: The Fortran compiler

FFLAGS: flags passed into tHeORT compiler

The default flags are for the Intel Compilers with aggressigémization. A
singlemake should compile an executable named-oss . exe.

2. Running ExoCross

ExoCross runs from the command line and uses as input a plain text filput
ExoCross is run with a command of the type
./xcross.exe < input.inp > output.txt
Often the code may refuse to run unless stack limitationseareved. This can
be accomplished on Linux by the command:

ulimit -s unlimited



The EoCross program is OpenMP parallelized and therefore the numbéireats
needs to be defined beforehand, e.g.

export OMP_NUMTHREADS=4

3. Input file structure

ExoCross uses the Fortran 90 input parsing module input.f90 supjblyefin-
thony J. Stone [1]. The input file is organized into self-eaméd input lines or
input sections. Below is a generic example of aEross input file for generat-
ing cross sections using a Gaussian line profiledfer 296 K from an ExoMol
list for NaH (see file&laH_gauss_298K_0.5. inp).

Temperature 296.0
Range 0.0 25000.0

Npoints 25001

Absorption

Gaussian

HWHM 0.5 (cm-1)

Output NaH_abs_gauss_0.5

States 23Na-1H__Rivlin.states
Transitions 23Na-1H__Rivlin.trans

Here a grid of 25001 wavenumber points ranging from 0 to 25D@67'was
used. The Gaussian profile has a half-width at half-maxintdviiiM) of 0.5 cnt?,
As a result of this run a two-column cross section output isted into the file
NaH_abs_gauss_0.5.xsec, in the following form

0.00000000E+00  5.85966901E-57
1.00000000E+00  3.75837740E-55
2.00000000E+00 1.43265206E-53
3.00000000E+00  6.19824797E-52
4.00000000E+00  2.51197771E-48
5.00000000E+00  5.64430375E-41
6.00000000E+00 1.21683891E-32
7.00000000E+00  3.25558472E-26
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8.00000000E+00  5.45322731E-22

In this exampleTemperature 296.0 specifies the temperature in K, while
the transition files trans are specified with the keywofransitions.

The inputis not case sensitive, samperature, Temperature, TEMPERATURE
or any other combinations of uppercase and lowercasedetiark in exactly the
same way. A comma or a space can all be used as delimiters,gsoome can
write

Range 0, 25000
or
Range 0 25000

to specify the wavenumber range (€ Sometimes keywords have several
aliases, which are all equivalent. Lines delimited by p#reses (i.e., round
brackets) are ignored and can be used for comments. If imphe there is a line
with one of the keyword&ND, STOP or FINISH all lines after it are ignored. Empty
lines cannot be used inside sections, while anywhere etyehiive no ect and
ignored by the program. A complete list of keywords is giveisection 7.

The grid size is defined by

Vrange

Ay = ———.
Npoints +1

Number of grid pointsN,ins (Usually an odd number) is defined by the key-
wordsNpoints Or Number-of-points:

Number-of-points 100001

Below is a similar example, where a Doppler line profile iscugesimulate an
emission cross section spectrum of the,@iblecule (se€H4_Doppler_T1500K_0-1000. inp).

Temperature 1500.0
Range 0.0 1000.0
Npoints 10001

emission
doppler
mass 16.0313



abundance 0.97
output dop_emiss_1500
States 12C-1H4__YT10tolO.states

Transitions
12C-1H4__YT10t010__00000-00100.trans
12C-1H4__YT10t010__00100-00200.trans
12C-1H4__YT10t010__00200-00300.trans
12C-1H4__YT10t010__00300-00400.trans
12C-1H4__YT10t010__00400-00500.trans
12C-1H4__YT10t010__00500-00600. trans
12C-1H4__YT10t010__00600-00700.trans
12C-1H4__YT10t010__00700-00800.trans
12C-1H4__YT10t010__00800-00900. trans
12C-1H4__YT10t010__00900-01000.trans

end

Here the keywordbundance is to specify the molecular abundance, which is
the factor used in intensities or cross-sections.

4. Cross sections

4.1. Type of spectra: absorption, emission and ‘lifetimes’

Only one of these three types is needed, it can appear owsidsections
anywhere in the program. To specify the type of spectra,rpbiso or emission,
the keywords\bsorption Or Emission are used anywhere in the output file (but
outside any section), see examples above.

The lifetimes are computed using the keyward etime and treated by &
oCross as a special type of spectra. The lifetime (seconds) of a gtatgiven by
7; = 1/ i Aji. As an output, EoCross will re-printthe . states file output.life
with the lifetimes appearing as the 5th column, see Tenngtal. [2]. Here
output is the filename specified by the keywasdtput. For example, to com-
pute lifetimes for SiO using the EBJT line list [3], the regd input is very short
(seeCaH_lifetime.inp):

Lifetime
output 40Ca-1H__Yadin

States 40Ca-1H__Yadin.states
Transitions 40Ca-1H__Yadin.trans



The output has the following structuré0Ca-1H__Yadin.life):

48 2490.086522 8 1.5 b5.8179E-03 - 2 1 e
49 2481.998617 4 0.5 5.4309E-03 + 2 0 e
50 1268.411091 8 1.5 1.0865E-02 - 1 1 e
51 1260.127494 4 0.5 1.0143E-02 + 1 0 e
52 8.478269 8 1.5 1.7248E+03 - 0 1 e
53 0.000000 4 0.5 -1.0000E+00 + O O e
54 15256.114138 20 4.5 1.0091E-02 - 18 &5 f
55 15256.131981 24 5.5 1.0249E-02 - 18 5 e

where the 5th column is with the lifetimes (seconds) anhdd000E+00 is for the
states with infinitely long or undefined lifetimes. It sholdd noted, if the line
list contains states witk’ higher than the lower energy threshold, the lifetimes
make no sense and should be ignored. To this end one can ad@tverd
Enermax specifying the energy thresholél., (cm™), which will exclude states
with E > Emax The corresponding lifetimes will be also settb. 0000E+00.

4.2. States and Transitions

In order to specify the states file the keywdthtes is used (with aliases
StatesFile andStates_file), which is followed by the name of thestates
file:

States 12C-1H4__YT10to1l0.states

The transition files are specified by the keywOtdnsitions (Or TransitionFiles)
either followed by the name of thecrans file, or as part &ransitions block,
in the case of multiple entries. For example, a singleans can be specified by

Transitions 12C-1H4__YT10to010__09400-09500.trans
while to specify a set oftrans file, use

Transitions
12C-1H4__YT10t010__09100-09200.trans
12C-1H4__YT10t010__09200-09300.trans
12C-1H4__YT10t010__09300-09400.trans
12C-1H4__YT10t010__09400-09500.trans

end

However both forms of input cannot be mixed:



Transitions
12C-1H4__YT10t010__09100-09200.trans
12C-1H4__YT10t010__09200-09300.trans
12C-1H4__YT10t010__09300-09400.trans
12C-1H4__YT10t010__09400-09500.trans

end

This is an invalid block of transitions and will throw an etr@here is also a limit
of 1000 transition files that can be input in one run (definedtiyles_max, see
spectrum.f90).

4.3. Absorption cross sections using a Doppler line profile

In order to trigger the cross section calculation, the gpoading line profile
types need to be specified, for exam@imssian, Doppler, Voigt etc. Here is
an example to compute Doppler-type cross sections usingldniise list.

Temperature 1500.0 (K)
Range 0. 16000.0 (cm-1)
Npoints 16001

absorption (type)
Doppler (1ine profile)

mass 15.0 (Dalton)
output ScH_1500K_Doppler

States 45Sc-1H__LYT.states
Transitions 45Sc-1H__LYT.trans

The Doppler line profile depends on the mass of the molecudéghwhas to be
specified using the keywoithss in Dalton, as in this example. Even an approxi-
mate value will sffice for this purpose.

4.4. Absorption cross sections using a Gaussian line profile
A generic Gaussian line profile can be also specified as fel{@d._gauss_2000K . inp):

Temperature 2000.0 (K)
Range 0. 35000.0 (cm-1)

absorption (type)
Gaussian (line profile)



hwhm 0.1 (half-width at half-maximum cm-1)
offset 25 (cm-1)
output VO_1500K

States 51V-160__VOMYT.states
Transitions 51V-160__VOMYT__30000-35000.trans

Here the half-width at half-maximum (HWHM) is given by theykerd HWHM.
Example inputs are also provided as part of the supplementaterial.

4.5. Line profiles
The currently implemented line profiles are

Gaussian (Gauss) which preserves the area under the line profile;

GausO0 is a Gaussian profile computed using the standard samplprgagh (does
not preserve the line profile area);

Doppler (Doppl) Which preserves the line profile area;

Doppl0 is the Doppler profile using the sampling approach (does restgove the
line profile area);

Lorentzian (Lorentz) is the Lorentzian line profile;

Voigt is the Voigt profile computed using Humlicek’s algorith#],[which is a
sampling approach and does not preserve the area of the line;

Voigt-Quad is the Voigt-profile with the area preserved; the the numbguadra-
ture points must be also specified using the keyweyichd.

Voi-Fast is the Voigt profile computed using the method given in Sec8#® on
the ExoCross paper. On average, 12-13x faster than Hek'diélgorithm; does
not preserve the area of the line profile;

Voi-Fnorm same as/oi-Fast but the area under the line profile is preserved
using a simple normalization scheme;

Bin is used to compute histograms;
Box is the box-type line profile;

Max gives the maximal intensity within a given frequency bin.



Here is an input example for cross-sections using the Vaigfilp with the
conserving area as generated by the quadrature integragtrmd Quad-quad)
for NaH (NaH_Voigt-quad_298K. inp).

Range 0.0 25000.0
Npoints 25001

Absorption
pressure 1.0
Temperature 298.0
mass 23.

species
H2 gamma 0.0155 n 0.41 t0 298.0 ratio 0.82
He gamma 0.1070 n 0.77 t0 298.0 ratio 0.18

end

Voigt-quad
Nquad 40

Output NaH_Voigt-quad_298K_P1

States 23Na-1H__Rivlin.states
Transitions 23Na-1H__Rivlin.trans

HereNquad is the number of quadrature points used for Voigt-Quad. kFestan-
dard Voigt (Humliek) using the sampling algorithm thenkerd Voigt would
be used.

4.6. Temperature and pressure

In order to specify temperature and pressure values, thedt@gTemperature
(Temp) andPressure are used, respectively. The units are K for the temperature.
For pressure any units can be used, as long as the presauges/abnsistent with
the units of the broadening parameRy specified in theSpecies section (see
NaH example above).

4.7. Stick spectra

A stick spectrumgtick) is a list of frequencies and line intensities, accom-
panied by the full description (quantum numbers) of the ugpel lower states.
When plotted, each line is represented by a ‘stick’ with theensity given by
its height. An additional fileoutput in the two-column format containing the
frequency wavenumbers and line intensities is also crdatquotting purposes.



Below is an example to produce a 298 K stick spectrum for thelecule.
The stick intensities are written into a filetick with the name defined by the
output keyword using a compact, two-column format (intensiigequencies).
Apart form that, the stick intensities are also printed oo ithe standard output
using a complete description of the upper and lower statash Etick line con-
tains the frequency wavenumber, intensity, upper and Ideren values, upper
and lowerJ values and all accompanying quantum numbers (upper and)owe
as they appear in thestates file. An example of a stick input file is gibe by
(CaH_stick_1le-25_298K. inp):

Temperature 296
Range 0.0 5000.0

absorption
stick
threshold 1e-25

output 40Ca-1H__Yadin_296K

States 40Ca-1H__Yadin.states
Transitions 40Ca-1H__Yadin.trans

The corresponding standard output will contain the stiok list in the fol-
lowing structure (see the paper for explanation):

8.08790500E+00 1.12642733E-25 1.5 2490.0865 <- 0.5 2481.9986 - 2
8.28359700E+00 4.06251016E-23 1.5 1268.4111 <- 0.5 1260.1275 - 1
8.47826900E+00 1.75317450E-20 1.5 8.4783 <- 0.5 0.0000 - O
1.61109390E+01 2.55982579E-25 1.5 2506.1370 <- 0.5 2490.0261 + 2
1.61512000E+01 6.89163546E-25 2.5 2506.2377 <- 1.5 2490.0865 + 2
1.65000920E+01 9.22007610E-23 1.5 1284.8485 <- 0.5 1268.3484 + 1
1.65418420E+01 2.48211326E-22 2.5 1284.9529 <- 1.5 1268.4111 + 1
1.68871990E+01 3.97369277E-20 1.5 25.3005 <- 0.5 8.4133 + O
1.69304360E+01 1.06968718E-19 2.5 25.4087 <- 1.5 8.4783 + 0
2.41654150E+01 1.00711872E-24 2.5 2530.3024 <- 1.5 2506.1370 - 2
2.42056120E+01 1.91402994E-24 3.5 2530.4433 <- 2.5 2506.2377 - 2

while theoutput file NaH_298K_1e-25.stick will be in the two columns format
containing the frequencies and intensities only. If the lomoadening is defined
usingSpecies, the total line width will also appear in the standard outgpaithe
column 8.
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4.8. Partition function

The partition function is required for most of thexdross calculations. It
can be provided using the following three options:

1. Using the keywordBF or Qstat;
2. From the partition function fileffile.

3. Computed using the energies and total degeneracies fimmtates file,
if none of the above is given in the input file (default).

For example:

Temperature 298
Range 0 8000.0

PF 1200

Partition function can also be generated on a grid of tentpers, see Sec-
tion 6.3.

4.9. The frequency (wavenumber or wavelength) range

To specify the frequency range, the keywoRdage or Wavenumber are used.
By default the frequency is given in wavenumbers {&mThis can be changed
to the microns using them keyword (not all profiles are currently supported with
um). The keywordcm-1 can be also given after the range values, although with no
effect. Here are examples for the range given in wavenumbers:

Range 0.0 2000.000 (cm-1)
or microns:

Range 1.0 1000.0 um
Here (cm-1) in parenthesis is a description text ignored byoEross. Caution
must be taken when using micronsn) or in combination with the grid defined

by the resolving powermR| as setting the start range very close (or equal) to zero
can cause division by zero errors.
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4.10. Broadening parameters usiSgectes

The broadeners in¥oCross are specified using the sectiSpecies (alias
Broadener) according with the standard scheme with the Lorentziaa vindth

YL given by
m
P
©)
ZV [ ] (u)p"

whereP!) andT{’ are the reference values of the temperature (K) and pressure
respectlvelyy(') is HWHM (cm™) at T = T, (usually 298 K, which is the default
value) for theith broadenenm; is the corresponding temperature exponent@msl
the mixing ratio of the broadener (0. .. 1). The unit®gfand the pressure defined
by Pressure should be the same.

Here is the list of keywords used in tBgecies section:

gamma is to defineyy;
n is to define the exponent;

delta is to define the pressure line shift in chicurrently only used to prepare
the HITRAN-output);

TO is to define the referenck (K), usually 298;

PO is to define the reference pressure, usually 1, the unitsha&edame as for
Pressure;

Ratio is the mixing ratio of the species (unitless) for examplegbkar mixing
ratio of H, and He is 0.9 and 0.1;

File is the name of the file with broadening parameters.

The name of the species should appear as the first field (swimg line.
Example {0_1000K_Voigt_P10bar.inp):

Temperature 1000.0 (K)
Range 0. 10000.0 (cm-1)

Npoints 10001

absorption
voigt

pressure 10.0 (bar)
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mass 40.
offset 25.0
species

air gamma 0.045 =n 0.70 tO 296.0 file 14N-160__air.broad delta 0.000
end

Output 14N-160_SL_1000K_Voigt_P10

States 14N-160__NOname.states
Transitions 14N-160__NOname.trans

or
Species
H2 gamma 0.0207 n 0.44 t0 298.0 file 1H2-160__H2__al.broad model JJ ratio 0.84
He gamma 0.043 n 0.02 t0O 298.0 file 1H2-160__He__al.broad model JJ ratio 0.16
end
5. HITRAN

5.1. Using HITRAN line lists

ExoCross can be used with the HITRAN (HITEMP) line lists [5, 6]dar
files). To do this the keywordITRAN needs to be put anywhere in the input file
(outside any section). This option will also require thetian function (pf) and
isotopologue numbef§o) to be specified. Currently only one isotopologue type
in time can be processed byx&Cross.

ExoCross uses the HITRAN broadening parameters unlesspkeies-section
with user-defined broadening scheme is provided. The HITR&hI statistical
weights are also used directly. Astates file is not required and the keyword
States is ignored if given.

Here is an example for HITRAN'’s NO line list calculations:

Range 0. 8000.0
temperature 1500

absorption

HITRAN
iso 81

pf 8.42423042E+03
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stick
threshold 1e-36

output NO_1500K
Transitions O8_HITEMP2010.par
as well as for water

Range 0. 10000.0
temperature 1000

absorption

hitran
iso 11

pf 1218.298537

stick
threshold 1e-36

output H20_1000K

Transitions O8_HITEMP2010.par

5.2. Converting to the OXFORD (adaptation of HITRAN) formsihg the stick
option
ExoCross can be used to convert ExoMol to the new OXFORD format (adap-
tation of HITRAN). This option is invoked by (i) thetick and (ii) OXFORD
write keywords. The keywordrite can optionally also appear inside ti%F0RD
section. Here is an example of converting an HCN ExoMol lisetb the OX-
FORD format:

Temperature 296.0
Range 0. 10000.0

iso 231
pressure 1.0

OXFORD write
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species

H2 gamma 0.0155 n 0.41 t0 296.0 file 1H-12C-14N__H2.broad

He gamma 0.1070 n 0.77 t0 296.0 file 1H-12C-14N__He.broad
self gamma 0.1070 n 0.77 t0 296.0 file 1H-12C-14N__self.broad
end

output HCN_OXFORD_296K

abundance 0.97

QN
vib 8 11
rot 57
end

States 1H-12C-14N__Harris.states
Transitions 1H-12C-14N__Harris.trans

The OXFORD option expects three broadening species, for, wigthHe and self-
broadening. HITRAN'SD_ISO0 is specified using theso keyword as before. The
QN keyword is required to specify the rotational (local) antrational (global)
quantum numbers:ot defines two columns containing two rotational QNs, while
vib is used to define the range of columns with vibrational QNs.

The HITRAN-type error codes can be given as part of@GKEORD section as
in the following example of converting ExoMol’s NO line list

Temperature 296.0 (K)
Range 0. 30000.0 (cm-1)

iso 81
pressure 1.0

species

H2 gamma 0.045 n 0.70 tO 296.0
He gamma 0.005 n 0.60 tO 296.0
self gamma 0.01 n 0.50 t0O 296.0
end

OXFORD write

error-E gn 10 ierr 4 wvmax 10 ierr 3 vmax 20 ierr 2 vmax
error-3 qn 10 ierr 5 wvmax 10 ierr 4 vmax 20 ierr 3 vmax
error-Air  ierr 4

error-self ierr 4
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Table 1: Oxford format

iSO I3 Iso-number

v f12.6 Frequency wavenumber ch
S e10.4 Intensity cmolecule
Y, 5.4 Hy-broadening HWHM cmt
ng, f4.3 Hy-temperature exponent

Yue 5.4 He-broadening HWHM cm
nte f4.3 He-temperature exponent

vset 5.4  self-broadening HWHM cm
N 4.3  self-temperature exponent

E” f10.4 Lower state energy crh
14 121 Upper-state global quanta index

v’ i21  Lower-state global quanta index

Q 19  Upper-state local quanta index

Q’ 19  Lower-state local quanta index

lerr 6i1  Error code

error-n ierr 4
error-delta ierr O
end

OQutput 14N-160__NOname_0Oxford

QN

rot 7 8
vib 9 14
end

States 14N-160__NOname.states
Transitions 14N-160__NOname.trans

In this case the error codes are as above.
The output file will have the .par extension.
The Oxford format is given in Table 1

5.3. Converting to the HITRAN format using the stick option

Another useful functionality of koCross associated with HITRAN is to con-
vert an ExoMol line list to the HITRAN format. This option isvoked by (i)
thestick and (i) HITRAN write keywords. The keywordrite can optionally
also appear inside tiHE TRAN section. Here is an example of converting an HCN
ExoMol line list to the HITRAN formatCN_HITRAN_296K_convert.inp):
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Temperature 296.0
Range 0. 10000.0

iso 231
pressure 1.0

HITRAN write

species

H2 gamma 0.0155 n 0.41 t0 296.0 file 1H-12C-14N__H2.broad delta 0.000
He gamma 0.1070 n 0.77 t0 296.0 file 1H-12C-14N__He.broad delta 0.000
end

output HCN_HITRAN_296K
abundance 0.97

States 1H-12C-14N__Harris.states
Transitions 1H-12C-14N__Harris.trans

The broadening file$H-12C-14N__H2.broad and1H-12C-14N__He.broad are
given as part of the supplementary and can be obtained from.@xemol.com.
The line listfiles. states and. trans can be downloaded from www.exomol.com.
HITRAN’s ID_ISO0 is specified using théso keyword as before.

The air-broadening parameters of NO in the example aboveleiired in
NO_broad.dat.

The HITRAN's error codes can be given as part ofHi@RAN section as in the
following example of converting ExoMol’s NO line listi§_to_HITRAN_296K. inp):

Temperature 296.0 (K)
Range 0. 30000.0 (cm-1)

iso 81
pressure 1.0

HITRAN write
species

air gamma 0.045 n 0.70 t0 296.0 file 14N-160__air.broad delta 0.000
end

HITRAN write
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error-E qgn 10 ierr 4 wvmax 10 ierr 3 vmax 20 ierr 2 wvmax 100
error-3 qn 10 ierr 5 wvmax 10 ierr 4 vmax 20 ierr 3 wvmax 100

error-Air ierr 4
error-self ierr 4
error-n ierr 4
error-delta ierr O
end

Output 14N-160__NOname

States 14N-160__NOname.states
Transitions 14N-160__NOname.trans

In this case the error codes are distinguished usingvifae keywords in the
error-E anderror-S structuresvmax identifies the range of the quantum num-
ber from thegn = 10 column for the erroferr. The error-keywordsrror-Air,
error-self, error-n anderror-delta are currently single-valued. The line
list will be written into the file14N-160__NOname . par.

To summarize the foCross keywords specifying the HITRAN error codes:

error-E stands for the error code related to the energy value; tleeihicludes
ranges defining the errors;

error-S stands for the error code related to the absorption inte(igie strength)
value; the line includes ranges defining the errors;

QN is the column number with the quantum number used for the-epecifications
(the state ID is the column number 1);

ierr is followed by the error;
vmax is followed by the maximum value of QN, this error code apptie

error-Air is to specify the error codes for the HITRAN air-broadenismgle
value);

error-self is to specify the error code for the HITRAN self-broadenismgle
value);

error-n is to specify the error code for the HITRANbroadening (single value);

error-delta is to specify the error code for the HITRAN’s line-shift(single
value).
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Another set of fields required by HITRAN is the source indic€&urrently
these fields are set to 1. More options will be introduced enftiture, e.g. the
HITRAN data sources indexes.

Here is simplest example, wheredCross uses some default broadening and
error values to produce a HITRAN-type format:

Temperature 296.0 (K)
Range 0. 30000.0 (cm-1)

HITRAN write
Output 14N-160__NOname_simple

States 14N-160__NOname.states
Transitions 14N-160__NOname.trans

5.4. Histograms

ExoCross can compute cross sections from pre-computed binned hésteg
(produced using thein-keyword) treating them as lists of artificial lines (super-
lines) with pre-computed (absorption) ¢bheients at a givei [7]. The advantage
of this approach is that calculations of cross sections fsoich a structure are
much faster due to the smaller number of bins (super-liredajive to the number
of standard transition lines. The approximation used istti@line-centres for all
transitions within a given bin sifted to the centre of the.bin

Super-lines can be produced bydEross using the keywor@in as a ‘profile’-
type, as histograms of intensities (total absorggamsssion) per each frequency
bin. Super-lines are written into an external file with theneaspecified by the
keywordoutput. The histograms can be also computed on a non-uniform grid,
for example, on a grid of a constant resolving power (keywardr Resolving).

It should be noted thaR = v/Av are ill-defined for small values of = 0 and
therefore the wavenumber range must start from some senmiBitive value. In
the example below a binned histogram (set of super-ling®nerated for the NO
molecules aR = 1,000,000 andT = 1000 K, where the grid starts at 10 cin
(seeN0_1000K_bin. inp):

Temperature 1000.0 (K)
Range 0. 30000.0 (cm-1)

R 1000000

Npoints 10001
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absorption
bin

Output 14N-160__NOname_1000K_R100K

States 14N-160__NOname.states
Transitions 14N-160__NOname.trans

The histogram here is written #20_bin_T296K_R1M.xsec as a two-column
output ¢, 14(T)), wherelg(T) is a line intensity (absorption cfiient) at the
temperaturel . Note that the standard extension used for super-linesuger,
and therefore the file is renamed#N-160__NOname_1000K. super.

In order to use histogram, the keywdttlstogram (aliasSuper-1ine) needs
to be place anywhere in the body of the input file. Tlrensition keyword now
has to refer to the histogram file namey-160__NOname_1000K_R100K. super
in this example). Thestates file is not needed, otherwise the input is as usual:

Temperature 1000.0 (K)
Range 0. 10000.0 (cm-1)

Npoints 10001
super-lines

absorption
gaussian

Output 14N-160_SL_1000K

States 14N-160__NOname.states
(Transition file with super-lines )
Transitions 14N-160__NOname_1000K_R100K.super

It should be noted that the super-lines cannot take intowadciate-dependent
line broadening, therefore together with Voigt or Loreatzonly the state-independent
vo andn parameters are used. fldrent broadenersfecies) can be still mixed
as shown in the example beloW0(_1000K_super-lines_Voigt.inp):

Temperature 1000.0 (K)
Range 0. 10000.0 (cm-1)
Npoints 10001

super-lines
absorption

voigt
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pressure 10.0 (bar)
mass 40.
offset 25.0
species
air gamma 0.045 n 0.70 tO 296.0 delta 0.000
end
Output 14N-160_SL_1000K_Voigt_P10
States 14N-160__NOname.states
Transitions 14N-160__NOname_1000K_R100K.super

6. Other functionality

6.1. Applying filters

In order to select specific (electronic, vibrational, orraibic) bands, specific
branches, or even specific transitions when computing sities based quantum
numbers th&ilter section-type structure can be used. This structure is based
on the two main keywordsjpper andLower, followed by the column number
as appear in thestates file and the corresponding value (quantum label) to be
used in selection. The columns are counted starting fronveng first one, i.e.
the ID column is the column number 1. Currently one can listafOO filters,
which can be changed in the code by modifying the paranfafetermax.

The filter section has the following structure

Upper coll Labell Lower col2 Label2

Upper coll Labell
Upper col2 Label2
Lower col3 Label3
Lower col4 Label4d
Lower col5 Labelb
Upper col6 Label6
Lower col7 Label7

whereUpper andLower refer to the upper and lower states, respectively; label is

the reference quantum label (number or string) which agpieahecol-column

(integer, 1,2,3...) andol-s can refer to the same orfiirent columns. Below is

an example of an input file for an NaH stick spectrum genemndtiovhere only the

states labelled (upper) and (lower) are selected. The corresponding labels ap-

pear in the column 6 of the correspondingates file (NaH_stick_1e-25_298K_filter. inp).
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Temperature 296

Range 0.0 25000.0

absorption

stick

threshold 1e-28

filter
lower
end

Output NaH_298K_1le-25_filter

6 X upper

6 A

States 23Na-1H__Rivlin.states
Transitions 23Na-1H__Rivlin.trans

The standard output will have the following structure:

1.62259740E+04
1.62605007E+04
1.62799349E+04
1.62906595E+04

1.02336295E-28
1.15438339E-28
1.14715559E-28
1.21763600E-28

6.0

5.0
8.0
4.0

22691.7508 <-
22670.0544 <-
22745.7116 <-
22651.9242 <-

Here is an example of a multiple-filters section (dke list):

filter
upper
upper
upper
upper
upper
upper
upper
upper

upper
end

Ll e NoNeoNoNoNe

lower
lower
lower
lower
lower
lower
lower
lower
lower

[eNeoNoNoNoNoNeoNoNe]

aO~NO N
O O OO

6465.7767
6409.5537
6465.7767
6361.2648

In this case this is to select Methane’s vibrational ban(D 00 000 111~ 0 00

000 000).

6.2. Cooling function

The cooling functioW(T) is computed as emissivity (¢rgoleculgsterradian)
on a grid of temperatures (K). Here is an example of the cgatiaculations
using the NO line list for temperatures up to 2000 K with a stéd0 K (see
NO_cooling_2000K. inp):
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Range 0.0 10000.0
emission

cooling
tempmax 2000
ntemps 200
end

output 14N160_2000K

States 14N-160__NOname.states
Transitions 14N-160__NOname.trans

This calculation will produce a two-column outpWV/(T) vs T) written into a
.cooling file (14N160_2000K. cooling). It will also produce a partition func-
tion file . pf of the same format (see below).

The main keywords are:

Ntemps IS the number of temperature steps. Alialpsints.

Tempmax IS the maximal temperature in K (minimdl = 1 K ); Maxtemp Or
Max-Temperature are aliases.

6.3. Partition function and specific heat

The partition functionQ(T) and specific heat (heat capaci@)(T) can be
computed using an input sectipartFunc, which is similar tocooling. For ex-
ample, to evaluate partition function values of NO usingdiages fron14N-160__NOname . states
on a grid of AT = 10 Kup roT = 2000 K, the koCross input has the following
form (NO_pf . inp):

partfunc

tempmax 2000

ntemps 200

end

output 14N160_2000K

States 14N-160__NOname.states

The . trans file is not needed. A two-column output will be written intéN160_2000K.
Here is another example of tlrartfunc section, where the specific heat of
C, for NO is requested:
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partfunc
tempmax 2000
ntemps 200
Cp

end

Apart from Q(T) andC,(T), the 1st and 2nd moments (see Vidler and Ten-
nyson [8]) can be also computed using the keywdikdsnt followed by O (none),

1(Qu), 2(Qz) 0or3(Cp)e.g::

partfunc

Ntemps 500
tempmax 5000.0
Moment 1

end

Apart from the actual values of these quantitieso@oss will also print out
the intermediate values ¥(T) for eachd andT, which is useful for studying the
convergence of the line list atferentT, see, for example, Sousa-Silva et al. [9].
However for this option the states in thetates file must be sorted by energies.

The main keywords used in tlrartfunc structure are

Ntemp (Npoints or Nsteps): number of temperature steps.

tempmax: maximal temperature in K (minimal = 1 K); Maxtemp Or Max-Temperature
are aliases.

Moment (0,1,2, or 3): moment to compute, 0 is the partition func{idefault and
can be omitted), 1 is the 1st moment, 2 is the 2nd moment an@B.is

Cp is equivalent to Moment 3.

6.4. Intensity thresholds

The intensity threshold is used to reduce the output in g¥ipk spectra calcu-
lations. The main keyword iBhreshold followed by the intensity value (cymolecule).
A line is skipped from intensity calculations if the corresging absorption co-
efficienyemissivity is smaller than the threshold:

Threshold 1e-28

A more sophisticated method is to use the dynamic HITRAN@nBity cut-df,
defined by the.;; andl., with default values 2000 crhand 102° cm/molecule,
respectively.

Here is an example of the input with a dynamics HITRAN cfitfor NaH
(NaH_stick_1e-29_296K_HITRAN_cutoff.inp):
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Temperature 296
Range 0.0 30000.0

absorption
stick

cutoff HITRAN (I_crit) 1e-29 nu_crit 2000
Output NaH_298K_1e-25_Icrit

States 23Na-1H__Rivlin.states
Transitions 23Na-1H__Rivlin.trans

Currently this option only works for a single electronicrteof a singlet multi-
plicity.

6.5. Treating non-LTE

In order to treat non-LTE the temperature can be split intatronal tempera-
ture and vibrational temperature, which in the input is gies

Temperature (Rotational) 700 Vib (vibrational) 2000 (K)

In this case itis also important to provide the addressdsa¥ibrational columns
using theQN (quantum numbers) section, as shown below.

6.6. Quantum numbergk)

The designation of the quantum numbers (QN) to columns calobe using
the QN section. In this sectiomib is used for the range of the vibrational QNs;
is for the column with the rotational quantum numMerSym contains the sym-
metry QN;Nsym is the number of symmetrieSmodes stands for the number of
vibrational modes. The column numbering starts from thé ¢otumn in .states
(ID). The vibrational QNs are required when the vibratioteahperature (non-
LTE) is used. Here is an example to produce non-LTE crossesescof NO at
Trot = 700 K andT,j, = 2000 K ({0_non-LTE_700-2000K. inp):

Temperature (Rotational) 700 Vib (vibrational) 2000 (K)
Range 0.0 40000.0

absorption
gaussian 0.2

QN
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Vib 10 10

rot 8 9

Nmodes 1
end

output 14N160_non-LTE

States 14N-160__NOname.states
Transitions 14N-160__NOname.trans

The vibrational quantum numbers are listed in the 10th calfiwib 10 10),
which are used to define the vibrational energy contribgtion

6.7. Memory and parallelization

In order to facilitate the parallelization of the intensigiculations, kEoCross
caches a block of transitions into memaory to be processedraillpl. The number
of lines that are cached is specified by the keywaresche (aliases ar@iRAM
or LINES-TO-CACHE). If this value is not given, it will be estimated based on
the amount of the memory availabl,,,x on the system, which is specified by
the keyword2/em (aliasMemory), followed by the keywordsb (default) orMb.
The default value oficache is 100. Themem value is the value available on the
system for the koCross job. The memory requirements can be estimated using
the following expression

M = Ncacnd6 X 8 + 5x 4)/1024  Mbyte

where 6 and 5 the number of 10eal(8)) andinteger (4) matrices withNcache
elements for dterent koCross objects. Therefore, ificache is not specified,
the number of lines to caché. sheiS estimated by

Mcurr
Neache= ————— 1024
Cache™ (6x 8+ 5x 4)

where Mg, is the current available memorig.x minus all memory allocated)
in Mbyte.

Additionally the number of the OpenMP processes should beied by the
keywordNprocs. The default value is 1. Ideally it should be the same as the-nu
ber of OpenMP-processors allocated, but would work with mmyber. Aliases
are0OMP_NUM_PROCS andOMP_PROCS. Example:

mem 64 Gb

Ncache 10000000
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Nprocs 16

Temperature 1000
Range 0.0 10000.0

emission
gaussian
hwhm 0.1

output 14N160_2000K
Output 14N-160_emiss_g.1

States 14N-160__NOname.states
Transitions 14N-160__NOname.trans

7. List of keywords

Absorption: defines type of spectra. This is a single-keyword input, ddi-a
tional values are required.

Abundance: defines the molecular abundange 1 and> 0), which is a factor
used in intensities or cross-sections.

Box: Line profile type, single-keyword input.
Bin: Line profile type, single-keyword input.

cm-1: units of wavenumber used in combination witlinge, can be omitted as
default.

Cooling: section name to compute the cooling function on a grid ofteratures.
The parameters used in the Cooling section are:

— Ntemps (Number-of-temperatures): Number of temperature steps (inte-
ger,> 1).

— TempMax (Max-Temperature): Maximal temperature in Kelviny{ 0).
Cutoff HITRAN: section to define HITRAN cutd s, parameters, followed by

— nu_crit: a critical wavenumber frequency to specify; (cm™) as part of
the HITRAN cut-df scheme.

Doppler (Doppl, Doppl0): profile type, single-keyword input.
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Emission: type of spectra, single-keyword input.

Enermax: Energy thresholdx 0) used to select states below some energy value
(cm™t) (or to skip states from #oCross calculations above some energy term
value). The default value is 1,000,000.

Filter (Select): The filter section to specify how to select particular baod
transitions for koCross processing. Th&ilter-specific parameters are:

— Upper: the column number followed by the upper state quantum fgiezted
as a string of characters of arbitrary length).

— Lower: the column number followed by the lower state quantum |édorli-
trary string).

Gaussian (Gauss): profile type, single-keyword input.

GausO0: profile type (single-keyword input) sampling method (thnelarea is not
conserved).

GF: to compute the oscillator strenggf as part of converting to thesBenix
format.

GF_factor: defines the correction factor (real0) to scale dowfup the oscillator
strengthGF when converting to thed®enix format due to the diierent conventions
used to treat the oscillator strength (in Phoenix converthe individual statistical
weights are ignored).

Histogram (super-line, super-lines): iSto compute cross sections from his-
tograms (super-lines), usually generated usinhg Single-keyword.

HITRAN: to use the HITRAN-format line list.par). It requires also a definition
of the partition function usingF and of the isotopologue number usibgp. The
.states file is not required. Single-keyword input.

HITRAN write, section: to convert ExoMol to the HITARN formaitso, species,
Temperature are required. The section is used to define the HITRAN erodes
and can (currently) contain the following keywords:

— error-E anderror-S: are used to specify the ranges for the quantum num-
bers for diferent Energy and Intensity error-codes, respectively. eapat
the beginning of a line.

— gn: is to specify column number (integer) containing quantwmbers used
for the error-specification.
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— ierr: is followed by the error code (integer) and then by the kaylnmax
specifying the maximum value of a QN, this error code appbes

— vmax: iS the maximal value of QN for a given error-code (integer).

— error-Ai: is to specify the error code for the HITRAN air-broadenism(
gle constant integer value).

— error-ierr: IS to specify the error code for the HITRAN self-broadening
(single constant integer value).

— error-n: IS to specify the error code for the HITRAMbroadening param-
eter (single constant integer value).

— error-delta: is to specify the error code for the HITRAN line-shift (slag
constant integer value).

HWHM (Halfwidth): Half width at the half maximum (real), used fGauss and
Lorenz types of line profiles. It will also defing, for Voigt if the Species section
IS not given.

Ioffset: an integer value to compute the wavenumb@set in units of HWHM:
offset = ioffsetxhwhm.

Iso (isotope): an isotopologue number of a molecule (integdd) as according
with the HITRAN (e.g. 261 fo?C,H,) or Phoenix classifications (e.g. 192 for
H3°0).

Lifetime (isotopes): is to compute lifetime of a statpfrom the Einstein-A
codficients as 1}; A; (single-keyword).

Mass (Masses): Effective molecular mass (Dalton), used for Doppler and Voigt
profiles.

Mem (Memory): maximal memory allocated for the job (Mb or Gb). It is used t
estimate the number transitions to put into RAM. Should Ise tean or equal to
the memory of the system (real or integer).

Mb andGb: is used to specify the units demory.

Nprocs (OMP_NUM_PROCS, OMP_PROCS): Number of OpenMP processes (integ@y.
Ideally it should be the same as the number of OpenMP-proceafiocated, but
should work with any positive integer number.

Ncache (Lines-to-Cache, NRAN): number of transitions to put into the memory
(integer,>0). The default value is 100.
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Npoints (Number-of-points): Number of cross-section grid points (integer,
usually an odd numbes, 0). The default is 1001.

Nquad: Number of quadrature points used f@i-Quad (integer> 0). The default
value is 20.

Offset: a wavenumberfBiset in cnT! in cross section calculations (real or inte-
ger). The default is 25.0. In line profile calculations theginency €fset spec-
ifying the calculation region around each line plays a sgewle for pressure
broadened cross sections. This value can have a signififant en the calcula-
tion time and the accuracy of cross sections. Itis also usedme cases as part of
conventions. For example the water cross section simuasaoe conventionally
done with the 25 crrt cutoff.

Output: File name for cross sections, stick-spectra etc, lifesineooling etc
(string< 80 characters).

Oxford write, section: to convert ExoMol to the OXFORD format (HITRAN
adaptation). SeBITRAN write for the quantum numbers plus tQe section.

Partfunc (Partition-function): Section to compute the partition function
and its contributions for a set of temperature. The keywasd®ciated with this
section are:

— Ntemps (Number-of-temperatures, Ntemp): Number of temperature steps
(integer> 0).

— TempMax (Max-Temperature): Maximal temperature (integer or real 0).
— Moment: @ moment to comput®&none1=0Q;,2=0Q,,3=C,).

— CP: To compute specific heat, the sameMasent 3, used as part of the
partition function Partfunc) section.

Phoenix: to convert ExoMol to the Phoenix format. The sect8prcies is also
required to specify the broadening parameters. This is siemjfar to theHITRAN
option, only using dierent formatting approach. The single-keywe@ithenix
should appear anywhere in the main body of the input outsiglesaction.

Oxford: to convert ExoMol to the Oxford format (HITRAN adaptation]he
sectionSpecies is also required to specify the broadening parameters, twhic
should contain three lines, e.g. H2,He, and settord should appear anywhere
in the main body of the input. Single-word. This is very senito theHITRAN
option, only using dierent formatting approach.
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PF (QSTAT): external partition function value for the given temperat(integer
or real). If not given, the partition function is computedngsenergies from the
.states file.

Pressure: The pressure value (the same units as usedPfaikeyword P0) in
Species (real or integer;> 0).

QN (quntum-numbers): a section name to associate quantum numbers with columns
as they appear in thestates file. The vibrational QNs are required for non-LTE
calculations, where the vibrational temperature is usdt Jinumber is always
column 4. TheN-specific parameters are

— Nmodes: the number vibrational modes (integer).

— vib: two integer numbers specifying the range of the columnhk e vi-
brational QNs;

— K: the column number with the rotationidl (integer);

— rot: the column numbers with two rotational QNs (integer); usetHITRAN-
type outputs;

— Sym: the column number containing the symmetry (integer);
— Nsym: the number of the symmetries (integer).

Rect: Profile type, single-word.

Resolving (R): is a reesolving power value used to define a non-equidigtah
(integer> 0).

Range (Window): specifies the wavenumber (chh or wavelengthgm) range as
[va, vg]. The wavelength should be used in combination with the legwm. v
andvg are two positive numbers (real or integev, must be large than zero if
used in combination witResolving Or um.

Species (Broadener): Section to define the Voigt-type broadening parameters.
The specific keywords used $ipecies are

— n: Temperature exponent (unitless,> 0);

— Gamma: Reference HWHM (cmt, > 0);

— Delta: Pressure line shift (cm, > 0).

— T0: Referencel (K, > 0), default is 296 K.

— PO: Reference pressure (0), any units can as long as they are consistent
with that used irPressure, default is 1.
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— Ratio: Mixing ratio of the broadeners (unitless), for examplegb&ar mix-
ing ratios of B and He are 0.9 and 0.1.

— File: Filename containing the broadening parameters.

States (StatesFile, StateFile, States_file, States-File): Name of the
.states file (a string of the lengtk 80).

Sticks: “Profile” type, to print intensities as ‘sticks’ (intengivs line position)
together with the corresponding quantum numbers.

Threshold: Intensity threshold to skip weak lines from intensity cadtion, if
the corresponding absorption ¢heientgemissivities are smaller than tiiereshold
value (in the units of absorption ciiieient or emissivity).

Transitions (TransitionFiles): Name of the.trans file or a section name
for the list of the. trans files.

Verbose: Verbose level to define the amount of data to be printed diigmutput
(Default is 2).

micron (um): To switch to the wavelength inm as part of the keywor8ange
instead of wavenumbers.

Voigt: Profile-type Voigt generated using Humlicek’s algamthsingle-word. A
sampling method is used, the the line profile is not conserved

Voi-Quad: Profile-type Voigt generated using the quadrature integrasingle-
word. The the line profile is conserved.

Voi-fast: Profile-type Voigt generated using our new Voigt-fast aildpon, single-
word. A sampling method is used, the the line profile is notseoved.

Voi-norm: Profile-type Voigt generated using our new \Voigt-fast aitpon, single-
word. The the line profile is conserved.

7.1. Compilation under Linux

To compile EoCross use themake command on Linux, which will execute
the makefile provided with thexeCross package.
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8. Programmer’s guide to ExoCross

In this section we describe the structure of the source cbais.can be useful
for users who plan to modify 0 Cross, €.g. to implement new features.
At present koCross’s source code consists of 7 files:

1. crosssecrions.f90 (27lines) is a small front-end which calls the subrou-
tines for energy, line intensities or fitting calculations.

2. spectrum.f90 (3768lines) contains the main part of the code.

3. accuracy.f90 (65 lines) contains values of physical constants, variable
kind parameters and other data to be shared.

4. timer.£90 ( 754lines) contains utility subroutines which monitor the time
spent on various parts of the code as well as memory usage.

5. input.£90 (1020lines) is an input parsing module written by Anthony J.
Stone, see [1]. Is is used bx&Cross to read the input file.

6. VoigtKampff.f90 (446lines) Subroutines defining the Voigt-fast method.
7. phoenix.f90 (198lines) Subroutines for the Phoenix-calculations.

Below we give some comments on the structure of the code.
The source filerosssections.£90 is a simple ‘driver’ which calls the fol-
lowing subroutines:

accuracylnitialize from theaccuracy module &ccuracy.£90) to initialize
different physical constants and parameters

ReadInput to read and interpret control parameters and keywords frenmiput
file (spectrum.£90).

Intensity is to perform all the calculationsgectrum.£90).
MemoryReport to print out the program memory usage fer . £90).
TimerReport to print out the program time usageifer . £90).

The source filapectrum. £90 contains a module callegbectrum which pro-
vides the bulk of subroutines necessary for running@&oss. It also contains the
subroutinekeadInput which deals with reading the inputs file, performing initial
consistency checks etc.
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8.1. How to program a new line profile

Here we list and explain the main steps required to includevalme profile
into to ExoCross. Let this be a user-defined new profile called, for example,
sample-profile

1. A string >’SAMPLE-PROFILE’ specifying the corresponding keyword must
be added to the following sections, using uppercase (tleenimbers can
change in the later versions of the code):

Line 658 ReadInput subroutine):

case(’SAMPLE-PROFILE’,’GAUSSIAN’,’GAUSS’, ’DOPPL’,’DOPPLER’,’RECT’,’B0X’,’BIN

Line 1547:

case (’SAMPLE-PROFILE’,’GAUSS’,’DOPPL’,’LOREN’,’GAUSO’,’DOPPO’,....)

Lines 1623 and 2403.ftensity subroutine, first three characters):

if (any( trim(proftype(1:3))==(/’SUP’,’DOP’,’GAU’,’REC’,’BIN’,’BOX’,..../))

Line 2473 (first three characters):

elseif (any( trim(proftype(1:3))==(/’SUP’,’DOP’,’GAU’,’REC’,’BIN’,’BOX’,.../

2. The main part of the program (subroutiietensity of spectrum.£90)
where the line profiles are utilized is within the followilsgLECT CASE
structure (starting from the line 1994):

select case (trim(proftype(1:5)))

This line profile utilization section should be given in tledldwing form:
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case (’SAMPLE’)
|

!$omp parallel do private(iomp,iswap,abscoef,tranfreq,halfwidth) &
shared(intens_omp) schedule(dynamic)
do iomp = 1,N_omp_procs

!

do iswap = iomp,nswap,N_omp_procs
!

abscoef = abscoef_ram(iswap)
tranfreq = nu_ram(iswap)

halfwidth = gamma_ram(iswap)
!

call do_sampleprofile(tranfreq,abscoef,dfreq,freq,halfwidth,offset,freql, intens
1

enddo
|

enddo
!$omp end parallel do

where only the first five characters of the name-strirtBAIPLE’) are used

for CASE. Heresampleprofile is the user-defined subroutine specifying
the functional form of the line profile. It is up to the user tefide the
order and the inpybuput arguments of the subroutine, see, for example,
the subroutinego_lorentz, do_gauss, do_Voigt etc. In this example, the
following arguments are used:

tranfreq is the line position (transition frequency), either in wauenber
(default) or micron.

abscoef is the integrated intensity value (absorptionfti@ént or emissiv-
ity) in corresponding units.

dfreq is the size of the frequency grid in the unitstafanfregq.

freq is an array containing values of the frequency (wavenumbenio
cron) grid of the dimensiofipoints.

halfwidth is the value of the line width (as taken from the argayma_ram).
offset is the frequency fiset value.
freql is the value at the left-most frequency grid point.
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