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a b s t r a c t 

Rovibrational energy levels of CP are investigated for its X 

2 �+ and A 

2 � electronic states. Rovibronic fre- 

quencies observed experimentally for the A 

2 �-X 

2 �+ transition are used to produce empirical energy 

levels with the MARVEL method (denoted as MARVEL energy levels). The MARVEL energy levels for the 

X 

2 �+ and A 

2 � states are then employed to fit the empirical potential energy curves (PECs), spin orbit 

coupling curves (SOCCs) and electronic angular momentum curves (EAMCs) by using the DUO program, 

also constrained by the corresponding ab initio curves. Meanwhile, empirical Born-Oppenheimer break- 

down curves, spin-rotation curves (SRCs), �-doubling curves are also added to well reproduce the MAR- 

VEL energy levels. These curves referred to as analytical spectroscopic models are as an input to DUO 

to obtain the fitted energy levels for the X 

2 �+ and A 

2 � states and the line lists for the X 

2 �+ -X 

2 �+ , 
A 

2 �-A 

2 � and A 

2 �-X 

2 �+ transitions. Partition functions for temperatures up to 50 0 0 K are computed 

by using the fitted energy levels and fitted by polynomial expansions. The calculated MARVEL energies 

can be used for spectroscopic investigations of the interstellar CP radical in various astrophysical sources, 

especially in circumstellar envelopes and warm clouds. The rovibrational energy levels and line lists de- 

rived from the analytical spectroscopic models can be used for predicting spectroscopy at temperatures 

up to 50 0 0 K for potential applications in related plasmas. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Over the past ten years or so, several P-containing molecules, 

uch as PN, PO, CP, HCP and PH 3 , have been discovered in a va-

iety of astrophysical sources [1-16] . Observations show that the 

hemistry of phosphorus seems active in carbon-rich envelopes 

f evolved stars. Astronomers infer that carbon monophosphide 

CP) is likely to be the photodissociation product at larger radii of 

he carbon star IRC + 10,216 [4, 16] . Spectroscopic information of CP 

ould be helpful for searching for the interstellar CP and better un- 

erstanding of phosphorus chemistry in space [17] . 

There have been several studies that aimed at achieving energy 

evels and line frequencies of CP from experimental measurements 

nd ab initio calculations [18-36] . A summary of previous exper- 

mental and theoretical studies of CP is given by Shi et al. [33] .

imilar summaries are also provided by Abbiche et al. [34] and Qin 

t al. [36] . Early observations of two doublet electronic transition 

ystems (B 

2 �+ -X 

2 �+ and B 

2 �+ -A 

2 �) obtained a set of spectro- 
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copic parameters of the X 

2 �+ , A 

2 � and B 

2 �+ electronic states 

or CP [18, 19, 23] . Subsequently, Ram et al. [24, 27] observed a high-

esolution spectra of the A 

2 �-X 

2 �+ system for CP using a Fourier 

ransform infrared spectrometer and the transition frequencies of 

he bands involving vibrational levels up to υ = 4 for both the 

 

2 �+ and A 

2 � electronic states are available. 

Ab initio calculations of CP prior to 2014 focused mainly on 

he potential energy curves (PECs) and spectroscopic parame- 

ers of its low-lying electronic states [29-31, 33, 34] . Various ab 

nitio methods and basis sets were considered to improve the 

ccuracy of the PECs. Abbiche et al. [34] also calculated the 

iagonal < A 

2 �|H 

SO |A 

2 �> and off-diagonal < X 

2 �+ |H 

SO |A 

2 �> 

pin-orbit coupling (SOC) integrals for the internuclear distance 

 = 2.5–6.5 bohr. Our recent ab initio study of CP, also rele- 

ant to the present work, has been published with detail calcu- 

ations of PECs for sixteen low-lying electronic states using the 

cMRCI + Q /56 + CV + DK method, as well as of the transition dipole

oment curves (TDMCs) for nineteen dipole-allowed transitions at 

he icMRCI/AV6Z level of theory [36] . 

Limited work has been carried out on producing line lists of CP. 

he Cologne Database for Molecular Spectroscopy (CDMS) database 

https://doi.org/10.1016/j.jqsrt.2020.107352
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2020.107352&domain=pdf
mailto:liulinhua@sdu.edu.cn
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Fig. 1. Comparison of the empirical energy levels for the X 2 �+ state from Ram 

et al. [35] with the MARVEL data. The residuals E 14 R aBrWeBe - E MARVEL for energy term 

values are plotted versus the rotational quantum number J for υ up to 4. The ver- 

tical bars represent the values of the uncertainty for MARVEL energy term values. 
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n

ontains 345 hyperfine transitions associated with the υ = 0 vibra- 

ional level of the X 

2 �+ electronic ground state [37] . A more elab- 

rate line list for CP was given by Ram et al. [35] , who presented a

ist of transition wavenumbers and intensities of the A 

2 �-X 

2 �+ 

ystem with υ = 0–8 for both X 

2 �+ and A 

2 � electronic states 

sing Rydberg-Klein-Rees (RKR) potentials and ab initio electronic 

DM. 

This paper aims to present rovibrational energy levels of the 

 

2 �+ and A 

2 � electronic states and the line lists of the X 

2 �+ - 
 

2 �+ , A 

2 �-A 

2 � and A 

2 �-X 

2 �+ transitions for CP. The empirical 

nergy levels are generated by the MARVEL method based on avail- 

ble experimental wavenumbers of the A 

2 �-X 

2 �+ system. The 

mpirical PECs are fitted by the MARVEL energy levels and also 

onstrained by ab initio ones. To well produce the MARVEL energy 

evels, the spin-orbit coupling curves (SOCCs), electronic angular 

omentum curves (EAMs), Born-Oppenheimer breakdown curves, 

pin-rotation curves (SRCs), �-doubling curves are also considered. 

inally, these curves are added to nuclei motion equation of di- 

tomic molecules which can be accomplished by DUO program 

o generate the rovibrational energy levels of the X 

2 �+ and A 

2 �

tates and the line lists of the X 

2 �+ -X 

2 �+ , A 

2 �-A 

2 � and A 

2 �-

 

2 �+ transitions for CP. The fitted rovibrational energy levels are 

hen used to compute the partition functions for temperatures up 

o 50 0 0 K. Finally, our line lists are used to simulate spectra and

ompare with available experimental ones. 

. The MARVEL methodology 

MARVEL (Measured Active Vibration Rotation Energy Levels) is 

 well established algorithm [38-41] based on the theory of spec- 

roscopic networks [42-45] and can invert high-resolution exper- 

mental wavenumbers (or frequencies) to accurate empirical en- 

rgy levels and associated uncertainties. The latest version [41] has 

ed to greatly improved treatment of uncertainties and hence can 

enerate high quality data. The MARVEL method has been applied 

o many diatomic molecules, including 48 Ti 16 O [46] , 90 Zr 16 O [47] , 
6 O 2 [4 8] , 14 NH [4 9] , etc. 

Experimentally, the high-resolution rotationally-resolved 

avenumbers of the A 

2 �-X 

2 �+ transition were investigated 

y Ram et al. [24, 27, 35] . According to the main text of Ram

t al. [35] , the A 

2 �1/2 is about 156 cm 

−1 higher than the A 

2 �3/2 

omponent. However, the assignment of the A 

2 �1/2 energy and 

he A 

2 �3/2 energy in the supplemental material of Ram et al. 

35] seems to be exchanged each other. By critically evaluation 

f the results of Ram et al. [35] and the ab initio energies from

bbiche et al. [34] , we suspect the supplemental material of 

am et al. [35] includes the typo of an energy exchange between 

he A 

2 �1/2 component and the A 

2 �3/2 component. Finally, the 

xperimental transition wavenumbers of the A 

2 �-X 

2 �+ transition 

ith an uncertainty of 0.001 cm 

−1 were chosen as an input to 

he MARVEL algorithm. A set of 353 empirical rovibrational energy 

evels of the X 

2 �+ state and 595 empirical rovibrational energy 

evels of the A 

2 � state was then generated. The observed 3264 

ovibronic wavenumbers for the A 

2 �-X 

2 �+ system span the (0,0), 

0,1), (0,2), (1,0), (1,3), (2,0), (2,2), (2,4), (3,1), (3,3) and (4,3) bands 

ith rotational coverage up to a maximum J = 46.5. The produced 

ach MARVEL energy level with a unique and self-consistent set of 

uantum numbers and an appropriate uncertainty is given in the 

upplemental Material. 

Comparisons of the empirical energy levels from Ram et al. 

35] (denoted as E 14 R aBrWeBe ) with MARVEL data are displayed in 

ig. 1 for the X 

2 �+ state and in Fig. 2 for the A 

2 � state. In Fig. 1 ,

he residuals E 14 R aBrWeBe - E MARVEL for the X 

2 �+ state energies are 

lotted versus the rotational quantum number J for υ up to 4. In 

ig. 2 , the residuals E 14 R aBrWeBe - E MARVEL for the A 

2 � state energies 

re plotted versus the rotational quantum number J for υ up to 4. 
2 
he vertical bars in Fig. 1 and Fig. 2 are expressed as the uncer- 

ainty of the MARVEL energy term values. As shown in Fig. 1 , the

greement of the empirical energy levels from Ram et al. [35] with 

he MARVEL energy term values is within the uncertainty from 

.07 × 10 −3 cm 

−1 to 6 × 10 −3 cm 

−1 for the X 

2 �+ state. For the 

 

2 � state in Fig. 2 , the coincidence of most energy levels from 

am et al. [35] with the MARVEL data is within the uncertainty of 

 × 10 −3 cm 

−1 . 

. DUO and spectroscopic models 

DUO is a general program that is developed by ExoMol group in 

niversity College London [50] and can compute rotational, rovi- 

rational and rovibronic spectra of diatomic molecules [51] . Its 

ain features include fitting the analytical potential energy func- 

ions and other coupling curves constrained by possible ab initio 

nes to the experimental energy term values or wavenumbers and 

olving the Schrödinger equation for the motion of the nuclei with 

he consideration of an arbitrary number and type of couplings 

etween electronic states. DUO has been successfully applied to 

enerate spectroscopic data of many diatomic molecules, including 

aO [52] , MgO [53] , AlH [54] , C 2 [55] , PO and PS [56] , etc. 

The aim of this section is to fit analytical potential energy func- 

ions and other coupling curves to the experimental energy term 

alues and generate the line lists for CP. For avoiding the un- 

hysical behavior of the fitted analytical functions, the ab initio 

lectronic structure curves are needed. So completing such a fit 

ncludes two steps: (a) Solving the electronic Schrödinger equa- 

ion in order to obtain the PECs, SOCCs and EAMCs; (b) Improv- 

ng ab initio PECs, SOCCs and EAMCs by fitting experimental en- 

rgy terms to obtain analytical curves. During the fitting, empir- 

cal Born-Oppenheimer breakdown curves, SRCs and �-doubling 

urves are also added to well reproduce the experimental energy 

erm values. 

.1. Electronic structure computations 

Ab initio PECs of the X 

2 �+ and A 

2 � electronic states are 

omputed using the complete active space self-consistent field 

CASSCF) method [57] in conjunction with the subsequent inter- 

ally contracted multi-reference configuration interaction (icMRCI) 
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Fig. 2. Comparison of the empirical energy levels for the A 2 � state from Ram et al. [35] with the MARVEL data. The residuals E 14 R aBrWeBe - E MARVEL for energy term values are 

plotted versus the rotational quantum number J for (a) the �= 3/2 states and for (b) the �= 1/2 states. The vertical bars represent the values of the uncertainty for MARVEL 

energy term values. 
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Table 1 

Fitting parameters of empirical EMO potentials of the X 2 �+ and A 2 �

electronic states for CP. 

Parameters PEC (X 2 �+ ) PEC (A 2 �) 

V e (cm 

−1 ) 0 6972.4689353 

r e ( ̊A) 1.56197682784457 1.654417215765 

D e (cm 

−1 ) 43,203.88 4332.143893 

p 6 3 

N L 1 1 

N R 8 6 

B 0 2.13700409540576 1.99655694242876 

B 1 0.246860442888354 0.042821211915037 

B 2 −0.125091344945808 0.954400158866344 

B 3 1.03509803608244 −0.124260985122129 

B 4 −1.23975406930651 

B 5 −1.86671297523699 

B 6 4.29808754319990 

B 7 −0.0456673713783056 

p

t

b

s

D

t  

s  

t

f  

i

I

m

w

F

w

l

z

w

c

pproach [58, 59] with the Davidson correction ( + Q ), as imple- 

ented in the MOLPRO 2015 software package [60] . The core- 

alence correlation and scalar relativistic correlation corrections 

re also considered. The methodology and parameter settings are 

escribed in detail by Qin et al. [36] . These two PECs are directly

aken from the publication of Qin et al. [36] . 

Except for ab initio PECs, ab initio EAMCs and SOCCs are also 

eeded so as to obtain reliable analytical curves. Hence, they are 

alculated at the icMRCI/aug-cc-pV6Z [61, 62] level of theory in this 

ork. Nine valence electrons of CP are put into nine outermost 

olecular orbitals (i.e., 5–9 σ , 2 π and 3 π ), which constitute the 

ctive space, denoted as (5, 2, 2, 0). The remaining twelve inner 

lectrons are put into six closed-shell molecular orbitals (i.e., 1–

 σ and 1 π ). There are no available EAMCs for the X 

2 �+ and A 

2 �

lectronic states in previous publications. Our calculated SOCCs of 

he X 

2 �+ and A 

2 � electronic states are in good agreement with 

hose computed by Abbiche et al. [34] , just as shown in Fig. 4 . 

.2. Refinements and spectroscopic models 

The energy levels calculated directly by ab initio curves are 

ot sufficiently useful for high-precision studies, so the empirical 

urves are needed by fitting to the experimental energy terms in 

rder to generate rovibrational energy term values of sufficient ac- 

uracy. In this work, empirical PECs of both the X 

2 �+ and A 

2 �

lectronic states were represented by an Extended Morse Oscilla- 

or (EMO) function [63] given by 

 ( r ) = V e + ( A e − V e ) [ 1 − exp ( −βEMO ( r ) ( r − r e ) ) ] 
2 
, (1) 

here V e is the electronic excitation energy, A e −V e = D e is the dis-

ociation energy, A e is the corresponding dissociation limit, r e is 

he equilibrium internuclear distance of a PEC, and βEMO is the 

istance-dependent exponent coefficient, defined as 

EMO ( r ) = 

N ∑ 

k =0 

B k ξ
k 
p (2) 

here N is the expansion order parameter, and ξ p is the Šurkus 

ariable [64] as shown by 

p = 

r p − r p e 

r p + r p e 

. (3) 

here p is an adjustable parameter for accurately fitting the PECs. 
3 
Here, the MARVEL energy term values were used to fit the em- 

irical PECs. The V e values were set to 0 and 6972.46892 cm 

−1 for 

he X 

2 �+ and A 

2 � electronic states, respectively, which are given 

y Ram et al. [35] . The dissociation energy of the X 

2 �+ electronic 

tate D 

(X ) 
e was fixed to 5.3566 eV obtained by the experimental 

 

(X ) 
0 

= 5.28 eV [65] with an ab initio vibrational energy correc- 

ion from Shi et al. [33] . The asymptote limit of the A 

2 � electronic

tate was estimated as D 

(X ) 
e − V ( A ) e = 4.492 eV with the elec-

ronic excitation energy V ( A ) e of the A 

2 � electronic state taken 

rom Ram et al. [35] . The final set of fitting parameters is presented

n Table 1 . 

For the SOCCs and EAMCs, we did not refine them analytically. 

nstead, the morphing procedure [66, 67] was used for their refine- 

ent, as implemented in DUO. Thus, ab initio SOCCs and EAMCs 

ere morphed by scaling them by a function F ( r ) represented by 

 ( r ) = 

N ∑ 

k =0 

B k z 
k ( 1 − ξp ) + ξp B ∞ 

, (4) 

here z is taken as a damped-coordinate polynomial, shown as fol- 

ows 

 = 

(
r − r re f 

)
e −β2 ( r−r re f ) 

2 −β4 ( r−r re f ) 
4 

. (5) 

here r ref is a reference position equal to the equilibrium internu- 

lear distance r e by default, β and β are adjustable factors, the 
2 4 
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Fig. 3. Fitted EMO potentials and calculated ab initio potentials of the X 2 �+ and 

A 2 � states for CP. The EMO potentials (solid line) is obtained by fitting the MARVEL 

energy levels obtained in Section 2 . Ab initio potentials of the X 2 �+ state (circles) 

and the A 2 � state (triangles) are taken from Qin et al. [36] . 
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Fig. 4. Off-diagonal < X 2 �+ |H 

SO | A 2 �> (blue) and diagonal < A 2 �|H 

SO | A 2 �> 

(red) SOCCs of CP. Ab initio values (solid line) are calculated by the icMRCI/aug- 

cc-pV6Z method and compared well with those (circles and triangles) calculated by 

Abbiche et al. [34] at the MRCI/aug-cc-pVQZ level of theory. Empirical curves (dash 

line) are obtained by morphing ab initio values as implemented in DUO. 

Fig. 5. The empirical EAMC (solid line) morphed by ab initio values (triangles) be- 

tween the X 2 �+ and A 2 � electronic states of CP. 

Fig. 6. Empirical BOBCs for the X 2 �+ and A 2 � electronic states of CP. 
arameter B ∞ 

is the value of the morphing function as r → ∞ and 

s usually fixed at 1. 

To account for rotational Born-Oppenheimer breakdown (BOB) 

ffects [68] which become more and more important as J get 

arger, the vibrational energy operator was extended by 

h̄ 

2 

2 μr 2 
→ − h̄ 

2 

2 μr 2 

(
1 + g BOB ( r ) 

)
, (6) 

here � is the reduced Planck constant, μ is the reduced mass, 

nd g BOB ( r ) is referred to as BOB curves, also represented by F ( r )

unction [ Eqs. (4) and (5)] . Similar treatments were also applied to 

RCs. 

The �-doubling effects in DUO can be modelled using an ef- 

ective �-doubling function. The �-doubling coupling for the A 

2 �

lectronic state was considered here using the following function 

69] 

ˆ 
 LD = 

1 

2 

αLD 
opq ( r ) 

(
ˆ S 2 + + 

ˆ S 2 −
)
−1 

2 

αLD 
p2 q ( r ) 

(
ˆ J + ̂  S + + 

ˆ J − ˆ S −
)

(7) 

here αLD 
opq (r) and αLD 

p2 q (r) are described by F (r) function. 

Finally, the fitted parameters for all the curves represented our 

nalytical spectroscopic models for CP can be found in the DUO 

nput file provided as the supplemental material. The PECs, SOCCs 

nd other coupling curves are shown in Figs. 3-8 . 

.3. Accuracy of fits 

The fitted analytical functions in Section 3.2 are included in the 

UO program to calculate the rovibrational energy levels of the 

 

2 �+ and A 

2 � states (denoted as E fit ). Fig. 9 presents an overview 

f the E MARVEL −E fit values. As shown in Fig. 9 , the analytical spec-

roscopic models can reproduce relatively good rovibrational en- 

rgy term values of the X 

2 �+ state. The energy levels of the A 

2 �

tate are fitted with the errors below 0.1 cm 

−1 . Fig. 10 displays

he E MARVEL - E Ab initio residuals for the X 

2 �+ and A 

2 � states as a 

unction of the J quantum number. Comparing with the results in 

ig 9 and Fig 10 , the fitted rovibrational energy levels are more 

ccurate than ab initio ones. Hence, the fitted rovibrational energy 

evels for the X 

2 �+ and A 

2 � states with a maximum vibrational 

uantum number of 59 and a maximum rotational quantum num- 

er of 200.5 are given in the supplemental material for potential 

pplications. 
4 
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Fig. 7. Empirical SRCs for the X 2 �+ and A 2 � electronic states of CP. 

Fig. 8. Empirical �-doubling curves used for the A 2 � electronic state of CP. 

Fig. 9. The E MARVEL −E fit residuals for the X 2 �+ and A 2 � states as a function of the 

J quantum number. The X 2 �+ and A 2 � states both covers the vibrational levels up 

to υ = 4 with the energy range from 0 to 12,0 0 0 cm 

−1 . 

Fig. 10. The E MARVEL - E Ab initio residuals for the X 2 �+ and A 2 � states as a function of 

the J quantum number. The X 2 �+ and A 2 � states both covers the vibrational levels 

up to υ = 4 with the energy range from 0 to 12,0 0 0 cm 

−1 . 

Fig. 11. Ab initio dipole moments of the X 2 �+ electronic state for CP. 
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.4. Line lists for the X 

2 �+ - X 

2 �+ , A 

2 �- A 

2 � and A 

2 �- X 

2 �+ 

ransitions 

The dipole moments (DMs) of the X 

2 �+ state and A 

2 � state 

re computed by the icMRCI/aug-cc-pV6Z method and presented 

n Fig. 11 and Fig. 12 , respectively. The TDMs for the A 

2 �- X 

2 �+ 

ransition are selected from our previous publication [36] . Finally, 

he analytical spectroscopic models, ab initio DMs of the X 

2 �+ 

tate and A 

2 � state and ab initio TDMs for the A 

2 �- X 

2 �+ tran-

ition are included in DUO to compute the line lists for the X 

2 �+ -
 

2 �+ , A 

2 �- A 

2 � and A 

2 �- X 

2 �+ transitions, which are provided 

n the supplemental material. DUO is a general program developed 

y Yurchenko et al. [51] for calculating the line lists of diatomic 

olecules described by various coupling curves. The theory is de- 

ailed in a published paper [52] . Technically, the vibrational basis 

et is established by solving two uncoupled Schrödinger equations 

sing the sinc discrete variable representation (DVR) method. Rota- 

ional and spin basis set functions are constructed by the spherical 

armonics | J , �〉 and | S , �〉 , respectively. DUO calculates Einstein A
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Fig. 12. Ab initio dipole moments of the A 2 � electronic state for CP. 
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Fig. 13. Comparison of the temperature-dependent partition function of CP com- 

puted by our energy levels with that of Barklem & Collet [70] and Ram et al. [35] . 

Table 2 

Polynomial coefficients fitted by Eq. 

(12) to represent the partition function 

of CP. The fit coefficients are valid for 

temperatures up to 50 0 0 K. 

Polynomial coefficient CP 

a 0 0.71037 

a 1 0.80736 

a 2 −0.18267 

a 3 0.40078 

a 4 −0.23225 

a 5 0.05371 

a 6 −0.00401 
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oefficients in s − 1 for a transition λf ← λi by [51] 

 f i = 

64 × 10 −36 π4 

3 h 
( 2 J i + 1 ) ν3 

×
∑ 

t= −1 , 0 , 1 

∣∣∣∣∣
∑ 

n i , n f 

(
C J i , τi 

λi , n f 

)∗
C J i , τi 

λi , n i 
(−1) 

�i 

(
J i 1 J f 
�i t −� f 

)〈
υ f 

∣∣μ̄− f,i 
t ( r ) 

∣∣υi 

〉∣∣∣∣∣
2

(8)

here ν is the frequency, μ̄t is the electronically averaged body- 

xed component of the electric dipole moment (in Debye). The 

eaning of other parameters can refer to the paper of Yurchenko 

t al. [51] . 

. Partition function 

The partition function Q ( T ) of CP was calculated with EXOCROSS 

55] by explicit summation of the computed energy levels. Q ( T ) is 

efined as [55] 

 ( T ) = 

∑ 

n 

g ns 
n (2 J n + 1) e c 2 ̃

 E n /T (9) 

here g ns 
n is the nuclear-spin statistical factor, c 2 ( = hc / k B ) is the

econd radiation constant (cm �K), ˜ E n ( = E n / hc ) is the energy term

alue (cm 

−1 ), and T is the temperature (K). 

The fitted rovibrational energy levels of the X 

2 �+ and A 

2 �

lectronic states both covering a maximum vibrational quantum 

umber of 59 and a maximum rotational quantum number of 

00.5 are used to calculate the partition function of CP for tem- 

eratures up to T = 50 0 0 K in steps of 1 K. The partition func-

ion obtained here includes full atomic nuclear spin degeneracy. 

he nuclear spins of 12 C and 

31 P considered here are 0 and 0.5, 

espectively, so the nuclear statistical weight is 2. For comparison, 

he partition function of Barklem & Collet [70] needs to be scaled 

y two times. Fig. 13 shows the temperature-dependent partition 

unction of CP compared with those calculated by Barklem & Col- 

et [70] and Ram et al. [35] . Our result agrees very well with that

alculated by Barklem & Collet [70] up to 50 0 0 K. Both results are

arger than that of Ram et al. [35] for T > 10 0 0 K. This is because

am et al. considered the energy levels for υ = 0–4, J = 0.5–65.5 

nd υ = 5–8, J = 0.5–30.5. As a check, the partition function for 

= 0–4, J = 0.5–65.5 and υ = 5–8, J = 0.5–30.5 was calculated 

sing our energy levels for comparison with that of Ram et al. [35] .

ood agreement is observed. Therefore, the difference between our 

artition function (or that of Barklem & Collet) and that of Ram 
6 
t al. is due mainly to the different amounts of energy levels con- 

idered. 

For ease of use, the polynomial fit of the partition function of 

P was carried out by using the following function that was em- 

loyed by Vidler & Tennyson [71] : 

og 10 Q = 

n max ∑ 

n =0 

a n ( log 10 T ) 
n 

(10) 

here the polynomial coefficients a n ( n = 0–6) are provided in 

able 2 . The fitted coefficients are valid for temperatures up to 

0 0 0 K. 

. Simulated spectra 

In the following, we present different spectra of CP calculated 

sing our line lists and utilizing the program EXOCROSS [55] . 

ig. 14 gives an overview of the X 

2 �+ -X 

2 �+ line list of CP in

he form of absorption cross sections for a range of temperatures 

rom 300 to 20 0 0 K. Similar absorption cross sections exhibit in 

ig. 15 and Fig. 16 for the A 

2 �-A 

2 � transition and the A 

2 �-X 

2 �+ 

ransition, respectively. At 20 0 0 K, the contribution of the A 

2 �- 

 

2 �+ , X 

2 �+ - X 

2 �+ and A 

2 �-A 

2 � bands to the simulated spectra 

s shown in Fig. 17 . 

Comparisons with the previous experimental work have been 

ade to assess the quality of our line lists. Fig. 18 compares a por- 

ion of the spectrum of the 0–0 band for the A 

2 �3/2 -X 

2 �+ spec- 

rum of CP observed by Ram et al. [35] with that computed using 

ur line lists assuming a temperature of 20 0 0 K (vibrational) and 

20 K (rotational), showing good agreement. Fig 19 shows a com- 

arison between the 1–0 band of the A 

2 �1/2 -X 

2 �+ spectrum of CP 
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Fig. 14. Temperature dependence of CP cross-sections obtained by using the line 

list of the X 2 �+ -X 2 �+ transition and a Gaussian profile with a Half Width at Half 

Maximum (HWHM) = 5 cm 

−1 , from bottom to top: T = 300, 1000 and 2000 K. 

Fig. 15. Temperature dependence of CP cross-sections obtained by using the line 

list of the A 2 �-A 2 � transition and a Gaussian profile with a HWHM = 5 cm 

−1 , 

from bottom to top: T = 30 0, 10 0 0 and 20 0 0 K. 

Fig. 16. Temperature dependence of CP cross-sections obtained by using the line 

list of the A 2 �-X 2 �+ transition and a Gaussian profile with a HWHM = 5 cm 

−1 , 

from bottom to top: T = 30 0, 10 0 0 and 20 0 0 K. 

Fig. 17. Contribution of each band (the A 2 �-X 2 �+ , X 2 �+ - X 2 �+ and A 2 �-A 2 �

bands) to the simulated spectra of CP at 20 0 0 K. A Gaussian profile with a 

HWHM = 0.05 cm 

−1 is used. 

Fig. 18. Comparison between the 0–0 band of the A 2 �3/2 -X 2 �+ spectrum of CP 

observed by Ram et al. [35] (upper) and computed using our line lists (lower) as- 

suming a temperature of 20 0 0 K (vibrational) and 720 K (rotational). 

Fig. 19. Comparison between the 1–0 band of the A 2 �1/2 -X 2 �+ spectrum of CP 

observed by Ram et al. [35] (upper) and computed using our line lists (lower) as- 

suming a temperature of 20 0 0 K (vibrational) and 720 K (rotational). 

Fig. 20. Comparison between the cross sections calculated by our line lists of A 2 �- 

X 2 �+ transition and those computed by the line lists from Ram et al. [35] . 

o

a

t

a

e  

l

s

7 
bserved by Ram et al. [35] and that computed using our line lists 

ssuming a temperature of 20 0 0 K (vibrational) and 720 K (rota- 

ional). As can be seen, a good correspondence exists as well. In 

ddition, a comparison of our line list with that computed by Ram 

t al. [35] is displayed in Fig. 20 . Below 11,0 0 0 cm 

−1 , the two line

ists agree well. Above this, there are difference due to the inclu- 

ion of higher rovibronic transitions. 
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. Conclusions 

In this work, a set of 353 empirical rovibrational energy lev- 

ls of the X 

2 �+ state and 595 empirical rovibrational energy lev- 

ls of the A 

2 � state for CP is generated by the MARVEL method 

or υ up to 4 and with rotational coverage up to a maximum 

 = 46.5, denoted as MARVEL energy levels. Good agreement with 

hose of Ram et al. [35] can be observed within the uncertainty of 

.0 × 10 −3 cm 

−1 for most of the rovibrational energy levels. The 

btained 948 MARVEL energy levels can be used for high precision 

tudies in astrophysics and are provided as supplementary mate- 

ial. 

The MARVEL energy levels are then used to fit EMO potential 

nergy functions for the X 

2 �+ and A 

2 � electronic states and vari- 

us coupling curves, including SOCCs, EAMCs, Born-Oppenheimer 

reakdown curves, SRCs and �-doubling curves. The analytical 

pectroscopic models are included into DUO to calculate the fit- 

ed energy levels for the X 

2 �+ and A 

2 � states, which both cover 

 maximum vibrational quantum number of 59 and a maximum 

otational quantum number of 200.5 and are provided as supple- 

ental material. Subsequently, the analytical spectroscopic models 

re then used to compute the rovibrational line lists for the A 

2 �- 

 

2 �+ , X 

2 �+ - X 

2 �+ and A 

2 �-A 

2 � transitions. These line lists are 

xpected to be applied to spectroscopic detection of CP in astro- 

hysics and to other potential applications. 

The fitted energy levels for the X 

2 �+ and A 

2 � electronic states 

re used to compute the values of partition function for temper- 

tures up to T = 50 0 0 K in steps of 1 K, which are presented as

upplemental material. For ease of use, the temperature-dependent 

artition function is fitted by the polynomial expansion. Finally, 

he simulated spectra using our line lists compare with available 

xperimental ones, showing good agreement. 

The line lists in this work are given in the ExoMol format and 

rovided in the supplemental material. 
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