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A B S T R A C T 

The recently computed ExoMol line lists for isotopologues of AlH are used to analyse the blue spectrum (4000–4500 Å) of 
Proxima Cen (M5.5 V). Comparison of the observed and computed spectra enables the identification of a large number of 27 AlH 

lines of the A 

1 � –X 

1 � 

+ band system: The spectral range co v ering 1-0, 0-0, and 1-1 bands are dominated by clearly resolved 

AlH lines. We reveal the diffuse nature of transitions close to the dissociation limit which appears in the form of increasingly 

wider (up to 5 Å) and shallower (up to the continuum confusion limit) AlH line profiles. The predicted wavelengths of AlH 

diffuse lines are systematically displaced. The effect of broadening by predissociation states on the line profiles is included 

by increasing the radiative damping rate by up to 5 orders of magnitude. We determine empirical values of damping rates 
for a number of the clean 0-0 Q-branch transitions by comparing the observed and synthetic stellar spectra. We find excellent 
agreement between our damping rates and lifetimes available in the literature. A comparison of 27 Al 1 H ExoMol and REALH 

spectra shows that the observed spectrum is better described by the ExoMol line list. A search for 26 Al 1 H lines in the Proxima 
Cen spectrum does not reveal any notable features; giving an upper limit of 27 Al 1 H / 26 Al 1 H > 100. 

Key words: line: identification – molecular data – opacity – stars: atmospheres – stars: individual: Proxima Cen – stars: late-type. 
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 I N T RO D U C T I O N  

luminum is one of the commoner interstellar metallic elements, 
ith a cosmic abundance of A(Al) = −5.53 on a scale where

he sum of all abundances equals 1.0 (Anders & Grevesse 1989 ).
7 Al comprises 100 per cent of all natural aluminum, at least in the
olar system (Lodders, Palme & Gail 2009 ). Spectra of aluminum- 
ontaining molecules, i.e. AlNC, AlF, and AlCl have been observed 
n the envelopes around the C-rich asymptotic giant branch stars 
Cernicharo & Guelin 1987 ; Ziurys et al. 2002 ) and the Mira-variable
 Ceti (Kami ́nski et al. 2016 )). AlOH, a new interstellar molecule,
as detected towards the envelope of VY Canis Majoris (VY CMa),

n oxygen-rich red supergiant, by Tenenbaum & Ziurys ( 2010 ). Three
otational transitions of AlOH were observed using the Arizona 
adio Observatory (ARO): The J = 9 → 8 and J = 7 → 6 lines at
 mm were measured with the ARO Submillimeter Telescope, while 
he J = 5 → 4 transition at 2 mm was observed with the ARO 12 m
ntenna on Kitt Peak. Kami ́nski et al. ( 2018 ) reported observations
f millimetre-wave rotational lines of the isotopologue of aluminum 

onofluoride that contains the radioactive isotope ( 26 AlF). This 
mission was observed towards CK Vul, which is thought to be a
emnant of a stellar merger. Kami ́nski, Schmidt & Menten ( 2013 )
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eported the first identification of the optical bands of the B 

1 � 

+ –
 

1 � 

+ system of AlO in the spectrum of the red supergiant VY CMa.
essell ( 2011 ) identified the (0,0) and (1,1) AlH A 

1 � –X 

1 � 

+ bands
n the spectrum of Proxima Cen. 

Surprisingly, thus far, the simplest possible molecule containing 
luminum, AlH has yet to be detected in interstellar gas. In part, this
s because cold AlH is harder to detect due to its small reduced mass,
hich causes its rotational transitions to occur in the submillimetre 

egion. Unfortunately, the 1-0 transition at 423.9 GHz lies on a
houlder of a saturated telluric line, which makes its detection 
roblematic. The non-detection of interstellar AlH is somewhat 
urprising, given the well-documented presence of this molecule in 
he photospheres of χ Cygni and other stars (Herbig 1956 ; Johnson &
auval 1982 ), as well as in the sunspots (see Wallace, Hinkle &
ivingston 2000 , Karthikeyan, Rajamanickam & Bagare 2010 , and 

eference therein). 
The AlH electronic system A 

1 � – X 

1 � 

+ has been e xtensiv ely
tudied in the laboratory, see Zhu, Shehadeh & Grant ( 1992 ) and
am & Bernath ( 1996 ). Recently, Halfen & Ziurys ( 2014 ) carried out

ophisticated measurements of the J = 2 ← 1 rotational transition of
lH (X 

1 � 

+ ) near 755 GHz and the J = 4 ← 3 line of AlD (X 

1 � 

+ )
ear 787 GHz and to aid terahertz direct absorption analysis. The
o-vibration spectra of the X 

1 � 

+ state of both AlH and AlD have
een recorded and analysed by numerous groups, as well, using laser-
iode and Fourier transform infrared methods, see Ito et al. ( 1994 ),
nd White, Dulick & Bernath ( 1993 ) who measured a wide range of
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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ovibrational lines of AlH, from v = 1 − 0 to v = 5–4, with high
recision. Qin, Bai & Liu ( 2021 ) discussed the photodissociation
f AlH, mainly for electronic bands in the far-UV. High-resolution
pectroscopic studies allow to specify rotational and vibrational
pectroscopic parameters to be derived for the AlH molecule, see
urchenko et al. ( 2018 ) for more details and an e xtensiv e list of

eferences to laboratory work. 
The upper state of AlH system A 

1 � – X 

1 � 

+ becomes predis-
ociative with rotational excitation (Baltayan & Nedelec 1979 ). The
rst indications of this effect in AlH was presented by Farkas ( 1931 )

n absorption and by Bengtsson & Rydberg ( 1930 ) in emission. It
ppears when the energy of the upper rotational (predissociating)
tate is higher then the dissociation limit of its electronic state. The
ound state is then in fact quasi-bound, because it may convert to
ontinuum state by tunneling through the centrifugal barrier. As a
esult, the molecule dissociates. If the barrier is not too high then it
ill decrease the lifetime of the level, τ , according to the formula

Baltayan & Nedelec 1979 ): 

 /τ = 1 /τradiative + 1 /τdissociative . (1) 

or AlH, predissociation can totally dominate the the lifetime of the
ighest rotational states. The observable consequences are different
n case of emission or absorption. In emission, the decay of the
pper quasi-bound state goes mainly by the radiationless process, i.e,
ithout photon emission. The emission spectrum is then limited to

ome maximal rotational number, breaking off sharply. In absorption,
adiative transitions to quasi-bound states are preserved, but because
he lifetime of quasi-bound states is very short, the damping rate of
hese states due to the uncertainty principle is high and the lines may
e very broad, as will be seen below. 
The purpose of this paper is to identify and analyse the AlH lines in

he spectrum of Proxima Cen (M5.5V) using a comparison between
heoretical and observed spectra. The star is an old M-dwarf that
urned its deuterium and lithium a long-time ago. 

Proxima Cen is a member of α Cen triple system, one of its aliases
s α Cen C. The two other components show a weak o v erabundance
0.2 dex) of metals in their atmospheres, which is different for A and
, see Casali et al. ( 2020 ), Steinmetz et al. ( 2020 ), and references

herein. 
Much of the optical spectrum of the Proxima Cen is dominated

y TiO and VO bands, but in the blue part of spectrum, it is largely
ominated by atomic absorption (Pavlenko et al. 2017 ). Proxima
en shows a high level of activity (see Pavlenko et al. 2017 , 2019 ,
nd references therein). For example, in March 2016 the Evryscope
eam observed that a superstrong naked-eye-brightness superflare
ccurred in the atmosphere of Proxima Cen (Howard et al. 2018 )
eleasing a bolometric energy of 10 33.5 erg. The optical flux increased
y a factor of about 68 during this superflare. Over the last few years,
he Evryscope team has recorded a few dozen other large Proxima
en flares. Recently, an extreme flaring event from Proxima Cen
as observed on 2019 May 1 by the Australian Square Kilometre
rray Pathfinder, Atacama Large Millimeter/submillimeter Array

ALMA), Hubble Space Telescope ( HST ), Transiting Exoplanet
urv e y Satellite, and the du Pont Telescope. In the millimeter and
UV, this flare is the brightest ever detected, brightening by a factor
f > 1000 and > 14 000 as seen by ALMA and HST , respectively
MacGregor et al. 2021 ). These mighty stellar flares give rise to high-
nergy cosmic rays that can drive large amounts of nucleosynthesis
n stellar atmospheres, including the formation of the radioactive
6 Al atoms with a half-life of t 1/2 = 7.2 × 10 5 yr. Indeed, high-
nergy cosmic rays may induce nuclear reactions on materials to
roduce 26 Al via of the 28 Si(d, α) 26 Al channel, as was confirmed
NRAS 516, 5655–5673 (2022) 
xperimentally by Araujo-Escalona et al. ( 2015 , 2016 ). The sources
f 26 Al in the Galaxy is an important issue in nuclear astrophysics,
ee Palmerini et al. ( 2020 ) and references therein. Here, we attempt
o detect 26 Al 1 H in Proxima Cen. 

 OBSERV ED  SPECTRUM  

e retrieved the spectrum of Proxima Cen from the HARPS ESO
ublic data archive. HARPS (Mayor et al. 2003 ) has a resolving
ower R ∼115 000 o v er the spectral range from 3780 to 6810 Å. Our
nalysis used all available reduced wavelength-calibrated spectra
roduced by the HARPS pipeline. Details of the data-reduction
rocedure were described by Pavlenko et al. ( 2017 ). We corrected
very spectrum for the velocity of the star and created a high-signal-
o-noise ratio spectrum by co-adding all the available spectra. Some
emnants of the calibration lines of varying intensity form artifacts
n the final spectrum. They appear irregularly in intervals of 32–
7 Å in the form of clusters of emission features. As a result, narrow
pectral ranges of the width of about 1.7 Å were excluded from the
nalysis. As these may influence the process of automatic tracing
f continuum, in selected spectral ranges the continuum tracing was
erformed manually after removing these artefacts. 
Unfortunately, the HARPS pipeline does not provide properly

alibrated fluxes. This means that even for comparatively short
pectral ranges we should compare two F λ with different flux slopes
 F λ/ ∂ λ. 

To simplify the analysis, we reduced the observed spectra to the
ocal pseudo-continuum level using the program Rassine (Cretignier
t al. 2020 ), see top panel of Fig. 1 . Strictly speaking, this procedure
s correct only in the spectral ranges of weak molecular bands,
here one can recognize the ‘true continuum’. A haze of TiO lines
ominates for λ > 4300 Å, so the definition of the ‘local continuum’
ust be used here with certain reservations. In practice, we use the

ocal pseudo-continuum here too. 
The emission details seen in the observed spectrum of Proxima

en are real emission lines, see Pavlenko et al. ( 2017 ), but they are
eyond the scope of this paper . Rassine’ s pseudo-continuum is used
o e v aluate the reference le vel of the flux, which can be compared
ith the theoretical predictions. 

 P RO C E D U R E  

omputation of the theoretical spectra was performed using program
ita6 , see Pavlenko ( 1997 ), Pavlenko, Zapatero Osorio & Rebolo
 2000 ), Pavlenko et al. ( 2017 ). Line-by-line computations by Wita6
llow one to account for blending effects. Instrumental broadening
s well as broadening by rotation are implemented for the computed
pectra. We used WITA6 to compute the synthetic spectra in the
ramework of the classical approximations (1D, LTE, hydrodynamic
quilibrium, no internal sources of energy generation/sinks). 

.1 Continuum opacity 

n our procedure for the computation of synthetic spectra, we
ccounted for all known continuum opacities, including continuum
cattering that are adopted for late-type stellar atmospheres in
TLAS9-12 (Kurucz 2014 ). 

.2 Atomic and molecular line lists 

tomic lines dominate at the bluer spectral range of interest, i.e. at <
250 Å, a tail of the α- band system of TiO and comparatively weak
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Figure 1. Top panel: Observed HARPS s 1 d spectrum of Proxima Cen (black line) and the same spectrum reduced to continuum/pseudo-continuum (red line). 
Bottom panel: A comparison of the theoretical R f (cyan line) and reduced to pseudo-continuum observed spectrum (red line). 
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ines of A-X system of MgH present here, as well, see Pavlenko
 2014 ) and http:// www.mao.kiev.ua/ staff/ yp/Results/M-stars/mb.ht 
 . 

.2.1 WYLLoT 

26 Al 1 H and 27 Al 1 H line lists 

e use the computed WYLLoT lists of 26 Al 1 H and 27 Al 1 H lines
Yurchenko et al. 2018 ) which forms part of the ExoMol database
Tennyson et al. 2020 ). The line list spans two electronic states
 

1 � 

+ and A 

1 � . An adiabatic model was used by the ExoMol
roup to model the shallow potential energy curve of the A 

1 � state,
hich has a strong predissociative character with only two bound 
ibrational states. Rotation–vibration resolved lists for the ground 
 

1 � 

+ and A 

1 � excited electronic states of AlH were obtained by
olving the nuclear-motion Schr ̈odinger equation using the program 

UO (Yurchenko et al. 2016 ) in conjunction with empirical potential 
nergy curves and couplings. That way, high-temperature line lists 
lus partition functions and lifetimes were generated for three 
sotopologues 27 AlH, 27 AlD, and 26 AlH using ab initio (transition) 
ipole moments. Where available, the calculated (empirical) energies 
f 27 AlH and 27 AlD were replaced by experimentally determined 
alues using the MARVEL (measured active rotation–vibration 
nergy levels) methodology (Furtenbacher, Cs ́asz ́ar & Tennyson 
007 ). The line lists co v er both the X-X and A-X band systems and
ere downloaded from the ExoMol website ( www.exomol.com ). 
To work in the framework of the ‘astrophysical’ convention 

Pavlenk o, Yurchenk o & Tennyson 2020 ), i.e. reduced account of
he nuclear spin de generac y, we scaled the ExoMol statistical factor
 i and partition function Q ( T ): 

 i f 
(astro) 
if = 

g i f if 
(phys) 

ḡ (ns) 
, (2) 

Q 

(astro) = 

Q 

(phys) 

ḡ (ns) 
. (3) 

here ḡ (ns) is the ’total’ nuclear spin de generac y. In the case of
7 Al 1 H , 27 Al, and 1 H have nuclear spin degeneracy of 6 and 2,
MNRAS 516, 5655–5673 (2022) 

art/stac2588_f1.eps
http://www.mao.kiev.ua/staff/yp/Results/M-stars/mb.htm
file:www.exomol.com
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M

Table 1. Dissociation constants for Al contained molecules accounted in this paper, see equation ( 5 ). 

Molecule D 0 /eV b c d e h 

AlH 3.160 0.4684E + 02 0.2238E-02 0.4873E-06 0.5607E-10 0.2425E-14 
AlS 3.817 0.4664E + 02 0.1771E-02 0.3351E-06 0.3320E-10 0.1240E-14 
AlO 4.889 0.4817E + 02 0.2438E-02 0.4827E-06 0.5331E-10 0.2270E-14 
AlF 6.854 0.4744E + 02 0.1771E-02 0.3223E-06 0.3120E-10 0.1148E-14 
AlCl 5.075 0.4672E + 02 0.1701E-02 0.2726E-06 0.2530E-10 0.9247E-15 
Al 2 O 3 20.108 0.2005E + 03 0.1182E-01 0.2905E-05 0.4139E-09 0.2363E-13 
AlOH 9.977 0.9727E + 02 0.4470E-02 0.9826E-06 0.1121E-09 0.4709E-14 
AlO 2 8.329 0.9826E + 02 0.4021E-02 0.5717E-06 0.4122E-10 0.1105E-14 
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espectively, so the total nuclear spin degeneracy ḡ (ns) = 12. For
6 Al ḡ (ns) = 11, giving ḡ (ns) = 22 for 26 Al 1 H . 

.2.2 REALH 

27 Al 1 H list 

e also used the REALH line list 27 Al 1 H of Szajna & Zachwieja
 2009 ). This line list was obtained from the analysis of the high-
esolution emission spectrum of the A 

1 � –X 

1 � 

+ system of
7 Al 1 H observed in the 18 000–25 000 cm 

−1 spectral region using
 conventional spectroscopic technique. In total Szajna & Zachwieja
 2009 ) measured and analysed 163 transitions from six bands, 0–
, 0–1, 1–0, 1–1, 1–2, and 1–3. To get the reasonable fit, they
ombined these data with available high-resolution measurements of
he vibration-rotation bands by White et al. ( 1993 ). This procedure
llowed them to fit molecular constants for the A 

1 � and X 

1 � 

+ states
f 27 Al 1 H . Interestingly, a weak local perturbations was revealed in
he v = 1 vibration level of the A 

1 � state at J = 5. This may be
aused by the interaction with the a 3 � state. 

Conversely, the ExoMol spectoscopic model used for the WYL-
oT line list did not include the dark a 3 � state included in its
pectroscopic model and should, in principle, be also affected by the
mission of possible perturbations. Ho we ver, the ExoMol A 

1 � v =
 state energies in this region were replaced by experimental values
nd therefore should be independent from any theoretical artifacts. 

.2.3 Other line lists 

e accounted for other absorbers in our model computations as well.
n addition to TiO provided by ExoMol (McKemmish et al. 2019 ),
olecular bands of CaH, MgH, and other hydrides was taken from

he Kurucz database (Kurucz 2011 ), and atomic line list was taken
rom the VALD (Ryabchikova & Pakhomov 2015 ). 

.3 AlH dissociation equilibrium 

n the Kurucz ( 1970 ) treatment of dissociation, the Golberg–Waage
quation is given by 

n 
p + 
1 , 2 ,...l ∏ l 

i n i 
= 

Q 1 , 2 ...l × y( m 123 ...l , T ) × (2 × y( m e , T )) p ∏ l 

i ( Q i × y( m i , T )) 

× exp 

(
−D 1 , 2 ,...l 

kT 

)
, (4) 

here m i , n 
p+ 

i and Q i are the mass, number density, and partition
unction of the i −th specie with the positive change p, respectively;
 123.. l is the dissociation energy of molecule 1, 2, 3... l , k is the
oltzmann constant, and and T is the temperature; y ( m i , T ) = (2 ×
× m i × k × T / h 2 ) 3/2 . The equation 4 can be written in the form
NRAS 516, 5655–5673 (2022) 
urucz ( 1970 ): 
∏ l 

i n i 

n 1 , 2 ,...l 
= exp [ −D 1 , 2 ,...l /k T + g ( T )] , (5) 

here 

( T ) = b − c × T + d × T 2 − e × T 3 + h × T 4 ) 

+ 

3 

2 
( l − p − 1) ln T . (6) 

Other forms can be found in e.g. Sauval & Tatum ( 1984 ) or Tsuji
 1973 ). 

For AlH, we use a dissociation energy of D 0 = 3.16 eV
Baltayan & Nedelec 1979 ); for more information, see Yurchenko
t al. ( 2018 ) and references therein. Other constants were computed
ith the partition function Q ( T ) / ̄g (ns) , where Q ( T ) was provided
y Yurchenko et al. ( 2018 ). New constants for AlH and constants
or other molecules used in the computations of the ionisation-
issociation equilibrium are shown in Table 1 . Constants for
olecules other than AlH were recomputed in the new format using

ata of Gurvich, Veits & Alcock ( 1989 ) or Tsuji ( 1973 ). 

.4 Synthetic spectra 

o compute theoretical spectra using Wita6 , we employed the
T–Settl model atmosphere (Allard 2014 ) with T eff /logg/[Fe/H]
 2900/4.5/0, as determined in our previous paper, see Pavlenko

t al. ( 2017 ). We adopted the solar abundances of Anders & Grevesse
 1989 ). Voigt functions were used to describe the profile of the
bsorption coefficient of every line accounted for. For atomic lines,
e took damping constants c 2 , c 4 , and c 6 from the VALD database.
ressure damping dominates in cool and dense atmospheres of late-

ype dwarfs, see Burrows & Volobuyev ( 2003 ). If the damping
onstants are missing in VALD then we compute them in the Unsold
 1955 ) approximation. We used the same scheme for molecular lines,
s well. Synthetic spectra were computed with a wavelength step of
.01 Å. Detailed investigations showed that microturbulent velocities
re lower for cooler dwarfs of earlier spectral classes G-K, see Sitnova
t al. ( 2015 ); we adopted the microturbulent velocity V t = 1 km/s.
trictly speaking, this parameter is not of critical importance in

he framework of this paper, because most AlH lines are strong
r even saturated in the Proxima Cen spectrum, strong lines show
ather marginal response on changes V t . Furthermore, computations
y Pavlenko et al. ( 2017 ) did not reveal any notable rotational
elocities ( vsin i ) of Proxima Cen, therefore the theoretical spectra
ere convolved with a pure Gaussian profile in order to model the

nstrumental broadening, see the next subsection. Computations by
avlenko et al. ( 2017 ) did not reveal any notable rotational velocities
 vsin i ) of Proxima Cen: This is expected. Proxima’s rotation period
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Figure 2. Top panel: Computed absorption coefficients k 0 per 27 Al 1 H molecule across a wide spectral range. Middle panel: Red and cyan lines, depict k 0 of 
27 Al 1 H and 26 Al 1 H line absorption, respectively, on a larger scale in the optical. Bottom panel: Red and cyan lines depict the k 0 of 27 Al 1 H of ExoMol and 
REALH line absorption, respectively. To get line strengths for both line lists on one scale, we increase REALH gf s by a factor of 10. 
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Figure 3. The spectrum of Proxima Cen (red line) reduced to a pseudo-continuum. Two selected spectral ranges co v ering the band heads of the A 

1 � –X 

1 � 

+ 
(1-0) and (0-0) bands are shown in the top and bottom panels, respectively. The blue line represents the theoretical spectrum computed without AlH lines. The 
cyan line shows the contribution of AlH lines to the synthetic spectrum ( R f – see explanation in the text). Clear absorption lines of AlH are marked by � . AlH 

lines involving higher J levels misplaced in the theoretical spectrum are labelled by � (see Section 4.2.2 ). Issues with lines that are too broad in the computed 
blue spectra are discussed in Section 4.2.3 . 
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s 85 d. Given its radius, the equatorial vsin i is expected to be
00–200 m s -1 which would be impossible to detect with HARPS. 

 RESU LTS  

.1 AlH opacity 

n the left-hand panel of Fig. 2 , we show the computed absorption
oefficient per AlH molecule 

 o = 0 . 02654 × gf × exp ( −E/kT ) /U ( T ) 

f the AlH molecule computed across different spectral ranges. We
omputed k o for the case of T = 2900 K, it is the ef fecti ve temperature
f Proxima Cen, adopted here; U(2900K) = 315.9 (Yurchenko et al.
018 ). The blue spectral range shown in the right-hand panel of Fig. 2
hould reveal stronger lines compared to the redder region. 
NRAS 516, 5655–5673 (2022) 
.2 Identification and fit to AlH lines in Proxima Cen spectrum 

ecause AlH is a light molecule (i.e. has large rotational constants
nd spacing), its spectrum consists of a set of strong but well-
eparated lines providing a new tool to study the properties of stellar
tmospheres. 

To identify AlH lines of notable intensities in Proxima Cen
pectrum, we followed a simple algorithm. The residual fluxes r 1 ν =
 ν/F 

c 
ν were computed in the spectral range 4000– 5300 Å, where

 ν, F 

c 
ν are theoretical fluxes in line + continuum and pure continuum

pectra, respectively. To compute F ν , we accounted for all known
olecules, including AlH. We then computed similar r 2 ν = F ν/F 

c 
ν ,

ut with AlH excluded from the opacity list. A comparison of the
atio R f = r 2 ν / r 1 ν with the observed spectrum should identify the true
lH lines in the observed spectrum. Indeed, in the AlH-free spectral

anges we get R f = 1, deviation of R s from 1.0 is possible only in
he case of the presence of notable, i.e. strong, AlH lines. 
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Table 2. List of diffuse lines in 1-0, 0-0, and 1-1 bands of 27 AlH A 

1 � –X 

1 � 

+ system. 

λExoMol 
air λobserved 

air Band ( v ′ –v ′′ ) Branch J ′′ EXOMOL ́s wavenumber (cm 

−1 ) log ( γ adjusted 
R ) 

4245.2603 4245.281 0-0 R 18 23549.051639 
4247.3930 4247.464 0-0 R 19 23537.227171 10.5 
4250.1028 4250.314 0-0 R 20 23522.220420 11.0 
4291.7985 4291.858 0-0 Q 20 23293.701420 10.5 
4296.6041 4296.801 0-0 Q 21 23267.648835 11.0 
4302.0621 4302.486 0-0 Q 22 23238.129665 11.5 
4308.2692 4309.054 0-0 Q 23 23204.650335 12.2 
4315.3330 4316.898 0-0 Q 24 23166.667365 12.5 
4338.0872 4338.162 0-0 P 21 23045.155235 10.5 
4344.9708 4345.160 0-0 P 22 23008.646365 11.0 
4352.4945 4352.859 0-0 P 23 22968.874335 11.5 
4071.1444 4071.182 1-0 R 9 24556.183970 
4073.7137 4073.816 1-0 R 10 24540.696761 
4076.9591 4077.132 1-0 R 11 24521.161959 
4096.6652 4096.765 1-0 Q 11 24403.210359 
4108.0923 4108.638 1-0 Q 13 24335.331507 
4114.9229 4114.949 1-0 P 11 24294.937159 
4121.6478 4121.753 1-0 P 12 24255.297868 
4129.0516 4129.282 1-0 P 13 24211.806907 
4356.5365 4356.568 1-1 R 9 22947.564144 
4358.7835 4358.895 1-1 R 10 22935.734570 
4384.3032 4384.410 1-1 Q 11 22802.234926 
4389.5647 4389.828 1-1 Q 12 22774.903754 
4395.6399 4395.926 1-1 Q 13 22743.427113 

4

F
o  

c  

A  

s
t
p
o

 

o  

a

t  

h
i  

s
 

m  

R  

F  

i  

r  

w
a

 

t
l  

t
p
d  

t

4

A  

a  

b
l  

S  

0  

f

c

s

 

r  

s  

(  

E  

d  

o  

T  

s  

c
t
o  

w
s  

1
 

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/4/5655/6701640 by guest on 02 O
ctober 2022
.2.1 Lines formed from the rotational levels of low J 

ig. 1 shows the dependence of R f versus wavelength computed 
 v er a wide spectral range together with the reduced pseudo-
ontinuum observed in the Proxima Cen spectrum (see Section 2 ).
 lot of strong AlH lines manifest themselves in the Proxima Cen

pectrum. Unfortunately, we can perform such an analysis only at 
he wavelengths 4000–4400 Å where TiO and other molecules 
ro vide comparativ ely weak absorption, see the left-hand panel 
f Fig. 1 . 
We find more than 120 AlH lines formed from the rotational level

f low J can be clearly identified in the spectrum of Proxima Cen
nd were therefore important to include in our model. 

The agreement between the simulation and the observed spec- 
rum is quite good o v er wide spectral ranges confirming the
igh accuracy of the ExoMol line list in their wavelengths and 
ntensities at least for lines of lower J ; however, see the next
ection. 

Only a few AlH lines in the selected spectral ranges could not be
atched to the theoretical data, all corresponding to higher J , i.e.
(10), R(11), and R(19-22), on the left- and right-hand panels of
ig. 3 , respectively. A list of AlH lines which were found to coincide

n the theoretical and observed spectra are collected in Table A1 . We
estrict our analysis to wavelengths λ < 4400 Å, as at the longer
avelengths AlH lines are severely blended with features due to TiO 

nd other molecules, see Fig. 1 . 
The ExoMol lines which are absent or misplaced (see, ho we ver,

he next subsection) in the observed Proxima Cen spectrum are 
isted in the Table A2 . As we noted abo v e, the y are formed by
ransitions between upper rotational levels for which spectroscopic 
arameters were obtained by extrapolation from the lower levels 
ata, see Yurchenko et al. ( 2018 ). These lines are marked by open
riangles in Fig. 3 . 
s  
.2.2 AlH transitions with higher J – diffuse lines 

lH lines with values of J > 18 in the 0-0 band and J > 10 in the 1-0
nd 1-1 bands presented in Table 2 are described as HJ (high J ) lines
elow. The majority of the AlH lines corresponding to remaining 
ines are remarkably well reproduced by the ExoMol list of lines.
till, some distinct deviations were found for higher J lines in the
-0, 1-0, and 1-1 bands of the A 

1 � –X 

1 � 

+ system exhibiting the
ollowing regular patterns of behaviour: 

(i) HJ line positions are systematically redshifted relative to the 
alculated wavelengths with the intervals increasing with J ; 

(ii) The shifts in HJ line positions are accompanied by the 
ystematic increase in their linewidths. 

These findings are illustrated in Figs 4 and 5 . 
Fig. 4 shows the spectrum of Proxima Cen in three selected spectral

anges of the 0-0 A 

1 � – X 

1 � 

+ band of 27 AlH. The three panels show
ystematic changes in observed profiles of the high- J members of R
top panel), Q (middle panel), and P (bottom panel) branches. The
xoMol line positions are marked with solid lines. The lines showing
ifference in position with the calculated values is colored in red. The
bserved line positions are shown with the red dashed vertical lines.
he higher members of the series, up to J ′ = 25, are either blended by
trong and wide atomic lines [see R(21) on the top panel of Fig. 4 ],
ontaminated by the instrumental effects [R(22), P(24)], or are below 

he confusion limit [R(23), R(24), P(25), P(26)]. In summary, none 
f the analysed lines is inconsistent with the observed spectrum, if
avelength corrections are taken into account. The first observable 

ignature of varying line position in the 0-0 band begins around J ′ =
9 [R(18)]. 
Fig. 5 shows the spectrum of Proxima Cen in four selected spectral

anges co v ering the 1-0 and 1-1 bands. The two upper panels show
ystematic changes in observed profiles of the members of the R-
MNRAS 516, 5655–5673 (2022) 
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M

Figure 4. Spectrum of Proxima Cen in the spectral range co v ering selected intervals of the 27 AlH A 

1 � – X 

1 � 

+ 0-0 band. The lines of diffuse nature are 
marked in red. The vertical lines mark calculated positions of lines, while the dashed ones mark the observed positions; the R(21) in the top panel is heavily 
blended by the CrI resonance line and not marked. Atomic lines are marked in grey. 
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ranch (top panel), and Q and P-branches (the panel in the second
ow) of the 1-0 band. The two bottom panels illustrate the same for
embers of the R-branch (the third row), and P- and Q-branches (the

ottom panel) of the 1-1 band. The colour scheme is the same as in
ig. 4 . The transitions of 1-0 and 1-1 bands share the same upper
otational states of the v ′ = 1. The observable departure from line
ositions begin at J ′ of 10 (R(9)). The highest J ′ transitions may be
raced up to J ′ = 13 [1-0 Q(13) at 4108 Å and 1-1 Q(13) at 4396 Å].
he two lines of 1-0 Q(14) and Q(15) are expected to be shallow and
ould vanish in the continuum tracing process. 

There are a number of atomic lines in the range of spectrum
o v ering 1-0, 0-0, and 1-1 bands of A-X system. Some of these lines
re intense enough to be saturated and develop Lorentz wings, e.g.
he Fe I multiplet; one member at 4071.8 Å contaminates the wings
f the already diffuse 1-0 R(9) line. The weaker one has intensities
nd shapes comparable to those of molecular lines. Hence, care
ust be taken to estimate their contribution in case of blending with
olecular lines. Unfortunately, the spectral synthesis does not al w ays

elp, as modeling the spectrum of M dwarf in the near UV range
as some drawbacks mentioned below (Section 4.2.3). In cases of
uch problematic o v erlapping with atomic lines we compare the line
NRAS 516, 5655–5673 (2022) 
ntensity with other members of the same multiplet, or neighbouring
ultiplets. Possible contaminations include the 0-0 diffuse R(21) line
 v erlaps with very strong Cr I (4254.2 Å) disabling any conclusions.
o compare other member of the same Cr I, multiplet is observed at
289.9 Å. The diffuse Q(22) line is contaminated by Ca I, but here
he strength of other member of the multiplet, Ca I at 4318 Å is low
nough to show that the atomic line can be neglected. The diffuse
(23) line is contaminated by V I at 4352.8 Å. The 1-0 diffuse Q(12)

ine o v erlaps with the H δ line completely erasing the presence of
bsorption. Note, that the molecular line may influence the shape of
he hydrogen emission line. 

The list of lines of the 0-0, 1-0, and 1-1 bands for which we observe
eparture from the ExoMol line positions is presented in Table 2 . The
rst column contains the original line wavelengths calculated from

he energies of the upper and lower states, in cm 

−1 , and converted
o air (Ciddor 1996 ). The second column contains line positions
easured in the spectrum. The uncertainty of line measurement

s estimated as 0.05 Å. The third, fifth, and sixth columns contain
dentification of transitions: vibrational numbers of the upper and
ower states, branch and the rotational quantum numbers of the
o wer le vel, respecti vely. The se venth column contains the transition
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Figure 5. Spectrum of Proxima Cen in the spectral range co v ering selected parts of the 27 AlH A 

1 � – X 

1 � 

+ 1-0 (upper two panels) and 1-1 (the lower two 
panels) bands. The lines of diffuse nature are colored in red. The vertical lines mark calculated positions of lines, while the dashed ones mark the observed 
positions. Extrapolated and very uncertain positions of 1-0 Q(14) and Q(15) lines at the second panel from the top are marked with dotted lines. Atomic lines 
are marked in grey. The transition P(23) at 4352.8 Å (the third row) belongs to the 0-0 band. 
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avenumber. The last column contains empirical damping rates 
s described in the next subsection. The values of damping rates
n italic are adopted from the empirical damping rates of the 
-branch. 
Assuming that the differences between the calculated and observed 

avelengths are mainly due to the inaccurate energies of the upper 
tates one can observe how energies change with the rotational 
umber. This is presented in Fig. 6 . Note the ne gativ e sign of the
hift which means that the observed upper states should have lower 
t  
nergy than the calculated ones. A third-order polynomial fit is used
s the guiding line. Here, we assume that the splittings of the e and
 components (in expanded notation Q and R are in fact Q 11 fe and
 11 ee ) of the A 

1 � state are unaffected by the observed differences. 

.2.3 Fit to the HJ lines broadened 

e carried out a few numerical experiments to consider in detail
he fits of our model spectra to some diffuse AlH lines of the Q
MNRAS 516, 5655–5673 (2022) 
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M

Figure 6. Absolute correction to the energy of the rotational levels of the 
A 

1 � v = 1 and v = 0 states necessary to reproduce observed wavelengths. 
Note that the sign of the correction is ne gativ e. F or the v ′ = 1 upper state, the 
points correspond to the transitions of the 1–0 and 1–1 bands. For the v ′ = 1 
upper state, the points correspond to the transitions of the 1–0 (cyan triangles) 
and 1–1 bands (blue crosses). 
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0-0) branch in the observed spectrum of Proxima Cen, see Fig. 7 .
avlenko et al. ( 2017 ) showed that some theoretically computed
tomic lines in the blue spectrum of Proxima Cen are too strong
ompared to the observations. We see the same in the top panel of
ig. 7 . To reduce their strengths, we followed the procedure proposed
y Pavlenko et al. ( 2017 ). Namely, we computed synthetic spectra
ith the account of an additional continuum opacity, i.e. we adopted 

 

c 
ν = k c×ν × K x , (7) 

here k c×ν is the conventional continuum opacity and K x is an
djusting parameter. The discussion of the ‘missing opacity’ problem
s beyond the scope of this paper, see Pavlenko et al. ( 2017 ).
evertheless, the implementation of K x allowed us to impro v e the
ts to observed profiles of strong absorption lines of atoms, see the

op panel of Fig. 7 . 
The adopted parameter K x also affects the broad molecular HJ

ines. To fit the HJ lines, we followed the procedure: 
(1) We used the observ ed wav elengths of AlH lines in Proxima

en spectrum for the transitions Q(21), Q(22), Q(23), and Q(24) of
he 0-0 band. The shifts of some AlH lines are shown in Fig. 7 and
able 2 . 
(2) Predissociation effects of AlH are known to be responsible for

he increased broadening of the lines. To fit the computed profiles
o the observed lines in spectra of Proxima Cen, we adjusted the
arameters of the Lorenz profile γ adjusted 

R = a x × γR , where a x varies
rom a few hundreds to 10 5 . The optimal values of log γ R found are
hown in Table 2 , too. It is worth noting that both γ adjusted 

R and the
idths of the HJ lines depend on J . 
Interestingly, the broadening effect of the strong HJ lines remo v es

heir saturation and thus provides the opportunity to use them for
he Al abundance determination. Indeed, the broadening line width
f the predissociative AlH lines does not depend on the external
actors, such as temperature, pressure, etc., γ adjusted 

R is only a function
f J for the given transition. In fitting to the line width we took
nto account also thermal broadening and Van der Waals broadening
hrough its classical formula. While saturated lines of lower J show
ather marginal changes, the non-saturated, broadened HJ lines show
 significant dependence on the adopted Al abundance, see the middle
anel of Fig. 7 . This makes them a useful abundance diagnostic. We
NRAS 516, 5655–5673 (2022) 
an get the proper fit to the strong (saturated) and diffuse (non-
aturated) lines in the the framework of one model. 

Conversely, fits to the observed spectra reveal the degeneracy of
he solution in the sense that we cannot determine the abundance of
luminum only from fitting of the AlH line profiles. For example, our
ts are shown in Fig. 7 provide [Al/Fe] = −1.0, −0.3, and −0.1 with
pproximately the same quality of the fit for the cases K x = 1.0, 40.0,
0.0, respectively . Interestingly , these results were obtained for the
ame AlH line list with these adjusted wavelengths and broadening
arameters. 
Ho we ver, we kno w that abundances in the Proxima Cen atmo-

phere is near solar, see Pavlenko et al. ( 2017 ), and references therein,
hich provides an additional restriction on the model atmosphere
arameters. Two other components of α Cen triple system shows
ather weak metal o v erabundance, see Introduction. Therefore, when
e use the unsaturated diffuse AlH lines which are sensitive to

luminium abundance, we can exclude solution with K x = 1, and
e get [Al] = −0.1: −0.3 for Proxima Cen. 

.3 Discussion of lifetimes of predissociated levels of AlH 

n the previous section, we estimated the radiative damping rates nec-
ssary to explain line shapes of selected HJ transitions (see Table 2 ).
he damping rates increase systematically with the rotational number
 . The explanation of the effect was discussed in Baltayan & Nedelec
 1979 ) and shortly described in the introduction. Baltayan & Nedelec
 1979 ) used literature spectra of AlH (Bengtsson & Rydberg 1930 ;
ulth ́en & Rydberg 1933 ) to extract information on the linewidths
f selected transitions. Below, we used the same approach to our
stimations of linewidths. 

Here, we assume that the damping rates of the HJ AlH lines are
ominated by the dissociative lifetime of the upper predissociated
evel. In Table 3, we compare empirically determined values in
his paper with the literature estimations of dissociative lifetimes
altayan & Nedelec ( 1979 ) (see their table III). The formal accuracy
f τ determination is based on the uncertainty of the fit of radiative
amping rates, see Fig. A1 as well. 

.4 Comparison of ExoMol and REALH 

ig. 8 compares ExoMol and REALH simulations with the observed
roxima Cen spectra. In our computations we increase gf of REALH
y a factor of 10 to get better agreement with ExoMol. All spectra
ere computed with the same input parameter sets besides the AlH

ine lists. We find that ExoMol provides better agreement with the line
ositions observed in the Proxima spectrum. ExoMol also provides
 better description of lines with a doublet structure in comparison
o REALH, see detail at 4245.325 Å in the middle panel of Fig. 8 . 

.5 Searching for 26 Al 1 H lines in Proxima Cen spectrum 

he long history of observations of Proxima Cen provides a lot of
vidence about the comparatively high level of activity observed in
roxima Cen (see Introduction). It is possible that mighty stellar
ares may generate cosmic rays with the high energy needed to
reate observable amounts of radioactive 26 AlH. This possibility can
e tested by direct comparison of the computed 26 Al 1 H spectrum
ith observations. The spectroscopic line list for the 26 AlH molecule
as computed by ExoMol using the same spectroscopic model

s for 27 AlH and we expect the similar quality of line position
etermination for the transitions between levels of low J , even
ithout the ‘MARVELIsation’ procedure used for 27 AlH. Ho we ver,
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Figure 7. Top panel: Panel illustrating fitting of strong atomic absorption lines in the observed spectrum. Blue line shows spectrum computed without AlH 

lines with K x = 1, black line shows the ‘AlH on’ case with K x = 40. The broad absorption feature at 4071.738 Å is due to the Fe I line. The cyan line shows 
contribution of AlH lines R f . Middle panel: Dependence of saturated and unsaturated HJ lines on Al abundance. Bottom panel: Fit to broadened HJ lines of AlH 

with parameters shown in Table A3 to the observed Proxima Cen spectrum. Three cases of the fit are shown: K x = 1 (cyan line) provides [Al/Fe] = −1.0, blue 
line shows K x = 40, [Al/Fe] = −0.3, and black line shows K x = 80, [Al/Fe] =−0.1. Arrows show the ‘true’ positions of some AlH lines from the Q branch of 
(1-0) band. The damping parameters are al w ays the same, see Table A3 . 
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Table 3. Dissociative lifetimes of AlH in the v ′ = 0 state measured from 

linewidths by Baltayan & Nedelec ( 1979 ) (Lab) and derived from damping 
rates in this work. 

J ′ Lab τ (10 −13 s) our τ (10 −13 s) 

21 99 100( + 100)( −50) 
23 9.2 6.3( + 2.6)( −1.8) 
24 4.5 3.2 ± 0.7 
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ur comparison of theoretical and observed spectra does not reveal
ny noticeable features at the wavelengths of 26 Al 1 H lines, instead
f just the 27 Al 1 H lines which all can be identified at the predicted
ocations, see Fig. 9 . Fits to the observed AlH lines shown allow
s to determine an upper level of the isotopic ratio 27 Al / 26 Al > 99
Fig. 9 ). Thus, 26 Al is not present in the atmosphere of Proxima Cen
n noticeable amounts. Strictly speaking, this result does not seem
o be surprising. Indeed, we can expect that even a large quantity
f 26 Al is formed in a mighty stellar flare should be diluted on a
hort time scale by the strong conv ectiv e env elope that e xtends to
he core. 

 C O N C L U S I O N S  

ur work confirms the presence of many AlH lines in the spectrum
f Proxima Cen (M5.5 V). These identifications are confirmed by
irect comparison of computed and observed spectra of the star in the
lue spectral range. Indeed, AlH lines at the predicted wavelengths
ppear in the theoretical spectrum only when the AlH line is included
n the opacity list. In some spectral ranges, e.g. 4065–4090 and
240–4280 Å they dominate in number and intensity o v er other
olecular features. Because AlH is classified as a ‘light’ molecule,

he AlH spectrum of Proxima Cen consists of a set of strong but
ell-separated lines, even across the molecular band heads. 
Our comparison with the observed spectrum of Proxima Cen

onfirms the high accuracy of the ExoMol line list, in terms of the
atch in wavelength and intensity at least for the case of transitions

etween levels of lower rotational excitation energy. The structure of
he molecular bands of AlH bands agrees well with observations
cross a considerable spectral range. They have a well-defined
tructure consisting of single lines that do not form blends in the
igh resolution spectra. In other words, the AlH bands are made up
f well-separated lines that provide a one-of-a-kind tool for studying
he properties of stellar atmospheres. We believe the best targets for
he realization of these ideas would be M-dwarfs of earlier spectral
NRAS 516, 5655–5673 (2022) 
lasses showing less blended spectra, or even subdwarfs with a slight
eficit of Al. 
Along with this, we identified some broad lines in the observed

pectrum of Proxima Cen as AlH lines formed by transitions between
igher J levels. These lines are shifted with respect to the ExoMol
redicted wavelengths and we compute the energy corrections for
he rotational levels of the A 

1 � v = 1 and v = 0 states required
o reproduce observed wavelengths. These lines are substantially
roadened due to the large widths of predissociation levels. We fitted
o them by adjusting the values of γ R . 

Empirical radiative damping of lines gives direct information on
ifetime of the upper rotational states. We found that our values agree
lmost perfectly with those obtained by Baltayan & Nedelec ( 1979 ).

Our work shows that real stellar spectra of high quality provides
n excellent tool for verifying the output of complicated quantum-
echanical procedures and may serve as a source of data extending

hat available in the laboratory. Not only of line positions but also
f information on the lines broadening. In particular, empirical
etermination of radiative damping rates for a larger number of
lH lines from modeling of stellar spectra would be very beneficial,

specially for lines inaccessible in the spectrum presented here. To
his end, even not very-high resolution spectra covering a spectral
ange of order of hundred Å but with a well-defined flat continuum
nd with high signal-to-noise ratio would be very useful. 

The original model used to construct the WYLLoT line lists
eglected the possibility of predissociation. Recent theoretical de-
elopments (Pezzella, Yurchenko & Tennyson 2021 ) allow for the
ontinuum and predissocation effects to be properly included in the
pectroscopic model solved by DUO . For AlH, these effects should
elp model the line broadening of the predissociated states and will be
he subject of future study. Ho we ver, ExoMol line lists rely heavily
n the availability of laboratory high-resolution spectra to obtain
eliable line positions, intensities and line shapes. Therefore, further
lH laboratory work would undoubtedly help here. 
It is worth noting that the A 

1 � –X 

1 � 

+ system of AlH with its low J
redissociation limit in its upper v ′ = 0 and 1 states represents itself a
are example of molecular bands for which the list of molecular lines
pdated with radiative damping information may be ‘astrophysically
omplete’. Very similar work presenting extended list of lines of
2 CH and 13 CH based partly on the analysis of stellar spectrum of
he carbon-enhanced metal-poor objects was performed by Masseron
t al. ( 2014 ). We believe, that our study shows the importance of
sing lines of the AlH molecule as a powerful tool in astrophysical
nvestigations of the atmospheres of late-type stars. 
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Figure 8. Fit of our model spectra computed with ExoMol (cyan line) and REALH (black line) lists to the two selected spectral ranges. Red and blue lines 
show the observed, and computed spectrum without AlH lines spectra, respectively. In the top panel we mark the spectral details which differ for two cases, by 
numbers: 1 denotes different structure of the band heads, 2, 3, 4 shows a notable shifts of REALH AlH lines with respect to the observed and ExoMol lines, 4, 
and 5, 6 mark misplaced REALH lines. The middle and bottom panel show a similar picture for (1,1) band head. The bottom plot shows a portion of the middle 
plot on an expanded scale. 
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Figure 9. Comparison of the computed R f for 26 Al 1 H and 27 Al 1 H shown by black and cyan lines, respectively, with two arbitrary selected spectral ranges of 
the Proxima Cen spectrum shown by red line. The pink line shows R f computed for the case of reduced by two orders abundance of 26 Al. The blue line shows 
the theoretical spectrum without AlH lines. Central wavelengths of theoretical lines of 26 Al 1 H and 27 Al 1 H are marked by � and � , respectively. We depict the 
spectroscopic identification of these lines, as well. 
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Table A1. ExoMol AlH lines present in both theoretical and observed spectra 
of Proxima Cen. 

Wavelength in air ( Å) Branch(j) v ′ v ′′ 

4066.292 R(4) 1 0 
4066.349 R(5) 1 0 
4066.621 R(3) 1 0 
4066.830 R(6) 1 0 
4067.330 R(2) 1 0 
4067.758 R(7) 1 0 
4068.392 R(1) 1 0 
4069.181 R(8) 1 0 
4069.808 R(0) 1 0 
4071.144 R(9) 1 0 
4071.896 Q(1) 1 0 
4072.577 Q(2) 1 0 
4073.601 Q(3) 1 0 
4074.986 Q(4) 1 0 
4076.079 P(2) 1 0 
4076.738 Q(5) 1 0 
4078.842 P(3) 1 0 
4078.890 Q(6) 1 0 
4081.452 Q(7) 1 0 
4081.957 P(4) 1 0 
4084.467 Q(8) 1 0 
4085.423 P(5) 1 0 
4087.971 Q(9) 1 0 
4089.265 P(6) 1 0 
4093.490 P(7) 1 0 
4098.135 P(8) 1 0 
4101.994 Q(12) 1 0 
4103.223 P(9) 1 0 
4108.804 P(10) 1 0 
4117.173 R(17) 1 0 
4184.831 Q(20) 1 0 
4229.014 P(21) 1 0 
4241.046 R(13) 0 0 
4241.179 R(12) 0 0 
4241.189 R(14) 0 0 
4241.562 R(11) 0 0 
4241.641 R(15) 0 0 
4242.169 R(10) 0 0 
4242.440 R(16) 0 0 
4242.982 R(9) 0 0 
4243.628 R(17) 0 0 
4243.982 R(8) 0 0 
4245.153 R(7) 0 0 
4245.260 R(18) 0 0 
4246.481 R(6) 0 0 
4247.955 R(5) 0 0 
4249.565 R(4) 0 0 
4251.303 R(3) 0 0 
4253.160 R(2) 0 0 
4255.130 R(1) 0 0 
4257.211 R(0) 0 0 
4259.499 Q(1) 0 0 
4259.708 Q(2) 0 0 
4260.022 Q(3) 0 0 
4260.448 Q(4) 0 0 
4260.989 Q(5) 0 0 
4261.652 Q(6) 0 0 
4262.444 Q(7) 0 0 
4263.374 Q(8) 0 0 
4264.073 P(2) 0 0 
4264.452 Q(9) 0 0 
4265.693 Q(10) 0 0 
4266.563 P(3) 0 0 
4267.108 Q(11) 0 0 

Table A1 – continued 

Wavelength in air ( Å) Branch(j) v ′ v ′′ 

4268.595 R(24) 0 0 
4268.716 Q(12) 0 0 
4269.157 P(4) 0 0 
4270.537 Q(13) 0 0 
4271.856 P(5) 0 0 
4272.595 Q(14) 0 0 
4273.710 P(23) 1 0 
4274.663 P(6) 0 0 
4274.915 Q(15) 0 0 
4277.532 Q(16) 0 0 
4277.584 P(7) 0 0 
4280.476 Q(17) 0 0 
4280.624 P(8) 0 0 
4283.793 P(9) 0 0 
4283.802 Q(18) 0 0 
4287.100 P(10) 0 0 
4287.553 Q(19) 0 0 
4290.556 P(11) 0 0 
4291.798 Q(20) 0 0 
4294.175 P(12) 0 0 
4296.604 Q(21) 0 0 
4297.975 P(13) 0 0 
4301.973 P(14) 0 0 
4306.193 P(15) 0 0 
4310.662 P(16) 0 0 
4315.412 P(17) 0 0 
4320.481 P(18) 0 0 
4325.911 P(19) 0 0 
4331.761 P(20) 0 0 
4353.122 R(5) 1 1 
4353.254 R(6) 1 1 
4353.401 R(4) 1 1 
4353.835 R(7) 1 1 
4354.059 R(3) 1 1 
4354.909 R(8) 1 1 
4355.077 R(2) 1 1 
4356.437 R(1) 1 1 
4358.128 R(0) 1 1 
4360.455 Q(1) 1 1 
4361.094 Q(2) 1 1 
4361.740 R(11) 1 1 
4363.368 Q(4) 1 1 
4365.030 Q(5) 1 1 
4365.110 P(2) 1 1 
4367.075 Q(6) 1 1 
4368.072 P(3) 1 1 
4369.527 Q(7) 1 1 
4371.361 P(4) 1 1 
4372.421 Q(8) 1 1 
4374.989 P(5) 1 1 
4375.810 Q(9) 1 1 
4375.981 R(14) 1 1 
4378.971 P(6) 1 1 
4383.327 P(7) 1 1 
4388.087 P(8) 1 1 
4393.291 P(9) 1 1 
4398.981 P(10) 1 1 
4430.946 Q(17) 1 1 
4443.507 Q(18) 1 1 
4445.583 R(20) 1 1 
4475.030 Q(20) 1 1 
4494.740 Q(21) 1 1 
4517.686 Q(22) 1 1 
4546.441 R(16) 0 1 
4546.543 R(17) 0 1 
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Table A1 – continued 

Wavelength in air ( Å) Branch(j) v ′ v ′′ 

4546.718 R(15) 0 1 
4547.316 R(14) 0 1 
4548.202 R(13) 0 1 
4549.328 R(12) 0 1 
4549.749 R(20) 0 1 
4550.674 R(11) 0 1 
4552.199 R(10) 0 1 
4553.894 R(9) 0 1 
4555.724 R(8) 0 1 
4557.683 R(7) 0 1 
4559.179 R(23) 0 1 
4564.319 R(24) 0 1 
4577.620 Q(7) 0 1 
4578.077 Q(8) 0 1 
4578.635 Q(9) 0 1 
4579.298 Q(10) 0 1 
4581.027 Q(12) 0 1 
4582.137 Q(13) 0 1 
4583.438 Q(14) 0 1 
4584.971 Q(15) 0 1 
4586.766 Q(16) 0 1 
4588.867 Q(17) 0 1 
4591.324 Q(18) 0 1 
4594.202 Q(19) 0 1 
4601.499 Q(21) 0 1 
4606.100 Q(22) 0 1 
4610.360 P(12) 0 1 
4617.263 P(14) 0 1 
4620.970 P(15) 0 1 
4624.880 P(16) 0 1 
4662.174 P(23) 0 1 
4670.878 R(6) 1 2 
4670.997 R(7) 1 2 
4674.584 R(10) 1 2 
4680.740 Q(1) 1 2 
4682.196 Q(3) 1 2 
4683.390 Q(4) 1 2 
4686.794 Q(6) 1 2 
4689.062 Q(7) 1 2 
4689.123 P(3) 1 2 
4691.768 Q(8) 1 2 
4694.957 Q(9) 1 2 
4696.381 P(5) 1 2 
4700.498 P(6) 1 2 
4704.958 P(7) 1 2 
4708.188 Q(12) 1 2 
4709.810 P(8) 1 2 
4720.849 P(10) 1 2 
4727.156 P(11) 1 2 
4728.807 R(18) 1 2 

Table A2. Calculated ExoMol AlH lines which are ‘absent’/misplaced 
or severely blended in observed spectra of Proxima Cen. Diffuse and/or 
misplaced lines shown in Figs 4 and 5 are marked by itallic font. 

Wavelength in air ( Å) Branch(j) v ′ v ′′ 

4073.714 R(10) 1 0 
4076.959 R(11) 1 0 
4080.976 R(12) 1 0 
4085.867 R(13) 1 0 
4091.767 R(14) 1 0 
4092.018 Q(10) 1 0 
4096.665 Q(11) 1 0 
4098.824 R(15) 1 0 
4107.223 R(16) 1 0 
4108.092 Q(13) 1 0 
4114.923 P(11) 1 0 
4115.074 Q(14) 1 0 
4121.648 P(12) 1 0 
4123.066 Q(15) 1 0 
4128.929 R(18) 1 0 
4129.052 P(13) 1 0 
4132.231 Q(16) 1 0 
4137.233 P(14) 1 0 
4142.750 Q(17) 1 0 
4142.778 R(19) 1 0 
4146.300 P(15) 1 0 
4154.845 Q(18) 1 0 
4156.394 P(16) 1 0 
4159.068 R(20) 1 0 
4167.670 P(17) 1 0 
4168.770 Q(19) 1 0 
4178.198 R(21) 1 0 
4180.326 P(18) 1 0 
4194.581 P(19) 1 0 
4203.380 Q(21) 1 0 
4210.708 P(20) 1 0 
4224.836 Q(22) 1 0 
4247.393 R(19) 0 0 
4249.872 P(22) 1 0 
4250.103 R(20) 0 0 
4253.469 R(21) 0 0 
4257.596 R(22) 0 0 
4262.596 R(23) 0 0 
4268.595 R(24) 0 0 
4273.710 P(23) 1 0 
4291.798 Q(20) 0 0 
4296.604 Q(21) 0 0 
4302.062 Q(22) 0 0 
4308.269 Q(23) 0 0 
4315.333 Q(24) 0 0 
4323.449 Q(25) 0 0 
4338.087 P(21) 0 0 
4344.971 P(22) 0 0 
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Table A2 – continued 

Wavelength in air ( Å) Branch(j) v ′ v ′′ 

4352.494 P(23) 0 0 
4356.537 R(9) 1 1 
4358.783 R(10) 1 1 
4360.750 P(24) 0 0 
4362.061 Q(3) 1 1 
4365.504 R(12) 1 1 
4369.916 P(25) 0 0 
4370.204 R(13) 1 1 
4379.745 Q(10) 1 1 
4380.084 P(26) 0 0 
4383.015 R(15) 1 1 
4384.303 Q(11) 1 1 
4389.565 Q(12) 1 1 
4391.506 R(16) 1 1 
4395.640 Q(13) 1 1 
4401.700 R(17) 1 1 
4402.649 Q(14) 1 1 
4405.221 P(11) 1 1 
4410.747 Q(15) 1 1 
4412.078 P(12) 1 1 
4413.878 R(18) 1 1 
4419.644 P(13) 1 1 
4420.107 Q(16) 1 1 
4428.023 P(14) 1 1 
4428.377 R(19) 1 1 
4437.346 P(15) 1 1 
4447.765 P(16) 1 1 
4458.089 Q(19) 1 1 
4459.467 P(17) 1 1 
4465.957 R(21) 1 1 
4472.664 P(18) 1 1 
4487.620 P(19) 1 1 
4504.632 P(20) 1 1 
4524.063 P(21) 1 1 
4546.325 P(22) 1 1 
4547.079 R(18) 0 1 
4548.122 R(19) 0 1 
4552.060 R(21) 0 1 
4555.164 R(22) 0 1 
4571.896 P(23) 1 1 
4580.092 Q(11) 0 1 
4597.564 Q(20) 0 1 
4611.468 Q(23) 0 1 

Table A2 – continued 

Wavelength in air ( Å) Branch(j) v ′ v ′′ 

4613.739 P(13) 0 1 
4617.797 Q(24) 0 1 
4625.171 Q(25) 0 1 
4629.041 P(17) 0 1 
4633.484 P(18) 0 1 
4638.270 P(19) 0 1 
4643.453 P(20) 0 1 
4649.111 P(21) 0 1 
4655.323 P(22) 0 1 
4669.842 P(24) 0 1 
4671.193 R(5) 1 2 
4671.610 R(8) 1 2 
4671.909 R(4) 1 2 
4672.777 R(9) 1 2 
4672.978 R(3) 1 2 
4674.390 R(2) 1 2 
4676.111 R(1) 1 2 
4677.124 R(11) 1 2 
4678.141 R(0) 1 2 
4678.390 P(25) 0 1 
4680.519 R(12) 1 2 
4681.322 Q(2) 1 2 
4684.904 R(13) 1 2 
4684.908 Q(5) 1 2 
4688.067 P(26) 0 1 
4690.454 R(14) 1 2 
4692.600 P(4) 1 2 
4697.360 R(15) 1 2 
4698.702 Q(10) 1 2 
4703.077 Q(11) 1 2 
4705.864 R(16) 1 2 
4714.147 Q(13) 1 2 
4715.087 P(9) 1 2 
4716.236 R(17) 1 2 
4721.005 Q(14) 1 2 
4729.227 Q(15) 1 2 
4734.097 P(12) 1 2 
4738.723 Q(16) 1 2 
4741.767 P(13) 1 2 
4743.949 R(19) 1 2 
4749.827 Q(17) 1 2 
4750.294 P(14) 1 2 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/4/5655/6701640 by guest on 02 O
ctober 2022



AlH in Proxima Cen 5673 

MNRAS 516, 5655–5673 (2022) 

Table A3. HJ lines shown in Fig. 7 . Here, λadjusted 
air is corrected by 
λ line wavelength in air, gf = g l × f li , E 

′′ energy of the lower 
le vel, γ ExoMol 

R = 1 /τupper + 1 /τlower – theoretical radiati ve damping constant calculated from the lifetimes of the upper ( τ upper ) 

and lower ( τ lower ) lev els pro vided by ExoMol, γ adjusted 
R adjusted value from comparison with observations, Ident, v ′ , and v ′′ are 

identifications of the line branch transition, upper, and lower vibrational numbers, respectively. 

λ
adjusted 
air 
λ gf E 

′′ log ( γ ExoMol 
R ) log ( γ adjusted 

R ) Ident v ′ v ′′ 

4290.556 3.988E-01 0.102 7.170 P(11) 0 0 
4291.858 0.04 1.288E + 00 0.320 7.073 10.5 Q(20) 0 0 
4294.175 4.336E-01 0.121 7.166 P(12) 0 0 
4296.801 0.28 1.295E + 00 0.351 7.058 11.0 Q(21) 0 0 
4297.975 4.668E-01 0.141 7.160 P(13) 0 0 
4301.973 4.982E-01 0.162 7.154 P(14) 0 0 
4302.486 0.42 1.133E + 00 0.384 6.983 11.5 Q(22) 0 0 
4306.193 5.275E-01 0.185 7.147 P(15) 0 0 
4309.054 0.78 1.185E + 00 0.418 6.993 12.2 Q(23) 0 0 
4310.662 5.543E-01 0.209 7.139 P(16) 0 0 
4316.898 1.39 1.060E + 00 0.453 6.929 12.5 Q(24) 0 0 
4315.412 5.783E-01 0.235 7.130 P(17) 0 0 
4320.481 5.989E-01 0.262 7.120 P(18) 0 0 
4323.449 9.137E-01 0.489 6.869 Q(25) 0 0 
4325.911 6.155E-01 0.290 7.108 P(19) 0 0 
4331.761 6.272E-01 0.320 7.095 P(20) 0 0 
4338.087 6.249E-01 0.351 7.073 P(21) 0 0 
4344.971 6.295E-01 0.384 7.058 P(22) 0 0 
4352.494 5.521E-01 0.418 6.983 P(23) 0 0 

Figure A1. Fit to broadened HJ lines of AlH with parameters shown in Table A3 to the observed Proxima Cen spectrum. Black, cyan, and pink lines show the 
cases of γ R , γ R × 1.02 and γ R × 1.05, respectively. Here, K x = 80, [Al/Fe] = −0.1. Arro ws sho w the ‘true’ positions of some AlH lines from the Q branch of 
(1-0) band. 
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