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Abstract. In Paper I (Malloci et al. 2003) we proved the profile invariance of the first permitted electronic transition of the
typical Polycyclic Aromatic Hydrocarbon cation C32H14

+ as a first necessary check for the “strong” PAHs hypothesis. In this
paper we derive a quantitative relation between the intensities of the former band, which ought to be observable in absorption
in the visible range, and those of the far-IR bands, which are predicted by the PAH model to be simultaneously present in
emission. Contrary to the mid-IR bands, collectively known as “Unidentified Infrared Bands” (UIBs), which do not discriminate
specific molecules, the far IR, skeletal bands can be expected to be a fingerprint of each single species. This fact provides a
number of independent constraints which must be simultaneously fulfilled for a successful PAH identification. Our approach
thus offers a powerful criterion for the identification of specific PAHs, both in the presently available ISO data and in those of
the forthcoming SIRTF and Herschel missions. As an interesting by-product, we quantitatively evaluate the impact of isotopic
substitutions (13C→12C and D →H) on the resulting infrared emission bands.

Key words. astrochemistry – line: identification – molecular processes – ISM: lines and bands – ISM: molecules –
infrared: ISM

1. Introduction

The so called “Unidentified Infrared Bands” (UIBs) are emis-
sion bands seen in the infrared near 3030, 1610, 1280, 1150
and 885 cm−1 (3.3, 6.2, 7.7, 8.6 and 11.3 µm), in numerous
galactic objects as well as in external galaxies. First detected
in two planetary nebulae by Gillett et al. (1973), UIBs have
since been ubiquitously observed in dusty environments along
a large number of interstellar sight-lines covering a wide range
of excitation conditions (see e.g. Allamandola et al. 1989).

UIBs are commonly believed to arise from the vibration
of CH and CC bonds in aromatic groups, hence their other
common name of “Aromatic Infrared Bands” (see e.g. Pech
et al. 2002). Their most natural interpretation is in terms of
free gas phase polycyclic aromatic hydrocarbons (PAHs) which
are thought to be ubiquitous in the interstellar medium thanks
to their high photostability and the fact that they are carbon-
based (Léger & Puget 1984; Allamandola et al. 1985). The
physical mechanism invoked for the production of the UIBs
is the IR-cooling of PAHs transiently heated by the absorption
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of a single UV/visible photon (see e.g. Léger & Puget 1984;
Allamandola et al. 1985, 1989; Puget & Léger 1989).

In order to understand the role of PAH compounds in the
chemistry of the interstellar medium (ISM) it is necessary
to identify individual members in this class. This task is far
from trivial on the sole basis of the oserved UIBs, because the
near and mid infrared region contains most of the normal vi-
brational modes which are a common, shared feature of the
whole class of PAHs (Langhoff 1996); this is supposed to be
the reason why these features are so strong, since a whole
population of different PAH-like molecules may contribute to
them. Indeed, in order to match to the observational constraint
of smooth profiles of the observed bands, a mixture of radi-
cals, neutrals and ionized molecules is required, rather than a
single such species. Along these lines, recent laboratory IR
spectra of neutral and positively charged PAHs, have been suc-
cessfully used by Allamandola et al. (1999) to model the ob-
served UIBs. For this same reason therefore these same near
and mid infrared bands do not permit an unambiguous identifi-
cation of any single molecular species (Langhoff 1996; Salama
1999). However, on the other hand, every single such molecule
ought to show its spectral fingerprint both in the far infrared
spectral regions, which contains the vibrational frequencies
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associated with the bending of the skeletal structure (Langhoff
1996; Zhang et al. 1996; Joblin et al. 2002), and UV/visible
electronic transitions. Hence UIBs ought to be strongly related
to the diffuse interstellar bands (DIBs), and their possible com-
mon root represents the so-called PAHs-DIBs hypothesis in
its most ambitious form (see e.g. Salama 1999 and references
therein). Indeed, as shown by Rouan et al. (1992) and quan-
titatively studied in Mulas (1998) and Malloci et al. (2003),
infrared emission is supposed to be the dominant mechanism
driving the rotation of an isolated PAH in the ISM, hence sug-
gesting a direct link between DIB spectral profiles and IR emis-
sion bands.

Following the above line of reasoning to its extremes, it is
clear that if PAHs account for the UIBs, their electronic transi-
tions must also show up in the form of a large number of DIBs
(Léger & D’Hendecourt 1985; van der Zwet & Allamandola
1985). Therefore the failure to find their absorption bands in
the visible would cast strong doubts on the applicability of the
PAHs model for the UIBs and on their alleged presence in the
ISM at all: the two hypotheses are not unrelated and indepen-
dent but, instead, they either stand together or fail together.

As a matter of fact, despite many observational, experimen-
tal and theoretical efforts which led to infer upper limits on
the abundance of some PAHs (see e.g. Salama & Allamandola
1992a,b; Ehrenfreund et al. 1995), no definitive spectral iden-
tification of any specific interstellar PAH exists to date. The
identification of DIBs-UIBs would thus yield an important im-
provement in our knowledge of the physics and chemistry of
the ISM. First of all, since the abundances of dust forming el-
ements, such as carbon, required by any dust model seem to
be larger than those available in the ISM, the identification of
some large, carbon-bearing molecule, and the resulting mea-
sure of its column density, would place direct constraints on
the well-known problem of the “carbon-crisis” (Cardelli et al.
1996). More broadly, it would have an impact on our under-
standing of the origin of life on the early Earth through the
exogenous delivery (cometary encounters and meteoritic bom-
bardments) of prebiotic organic molecules (see e.g. Bernstein
et al. 1999).

In Malloci et al. (2003), henceforth Paper I, we modelled
the photophysics of a prototypical medium sized PAH cation,
namely C32H14

+, and showed that its vibronic bands can easily
match the observational constraint of spectral profile stability
of DIBs in a wide variety of interstellar environments. Here we
used the same model to obtain its expected IR emission spectra
in the same environments, providing a quantitative estimate of
the ratio of the equivalent width of the modelled “DIB” and
the intensities of the infrared emission bands which ought to be
simultaneously produced by the same molecules.

Ovalene (C32H14) is a good representative of middle sized,
compact PAHs, hence many of the results which we obtained
can be expected to apply to other, similar molecules. We can
trivially tailor our model to many other large molecules under
relatively weak assumptions, so that the present implementa-
tion should be regarded as a “proof of concept” for its validity
as a diagnostic tool. For this reason, we restricted the present
work to neutral ovalene and its singly charged cation, although
middle sized PAHs are expected to be significantly present in

a wider variety of charge states in many interstellar environ-
ments (see e.g. Bakes et al. 2001a,b, and references therein).
This does not affect the validity of the results presented here,
since infrared emission by free-flying interstellar PAHs is ex-
pected to be pumped by single-photon absorption and is thus
utterly independent of the history of the molecule considered.
We do plan to apply this same approach to a wide range of
molecules in this class, including e.g. larger molecules, differ-
ent hydrogenation and ionisation states, possibly nitrogen sub-
stituted species, in forthcoming works.

The general assumptions of the Monte-Carlo model, the pa-
rameters it needs and the different ambient interstellar condi-
tions assumed, are fully detailed in Paper I. The present work
concentrates on the quantitative link between the modelled
“DIB” at about 9700 Å (Ruiterkamp et al. 2002), and the ex-
pected infrared emission bands, with particular regard to the
skeletal vibrational modes, peculiar of the specific molecule
considered (Langhoff 1996; Zhang et al. 1996; Joblin et al.
2002).

Moreover, using the vibrational analysis obtained through
ab initio density functional theory calculations, we quantita-
tively studied the impact of the most likely isotopic substitu-
tions (13C→12C and D→H) on the infrared emission bands.

In the following Sect. 2 we present the results of our
Monte-Carlo/ab initio approach. We discuss them in Sect. 3
with special emphasis to the new quantitative constraint pro-
vided for PAHs identification in the ISM. Our main conclusions
are presented in the final Sect. 4.

2. Results

In Paper I we used a compendium of calculated and experi-
mental data about C32H14 and C32H+14 to run our Monte-Carlo
model (Mulas 1998) for a grid of molecular parameters and ex-
citing radiation fields. In particular, the four different radiation
fields considered are shown in Fig. 1.

All our ab initio calculations were performed using the
NWChem computer code (Harrison et al. 2001). Following
Langhoff (1996); Bauschlicher & Langhoff (1997), and
Hudgins et al. (2001) we obtained the full vibrational analysis
using density functional theory, specifically with the exchange-
correlation functional B3LYP (Becke 1993; Stephens et al.
1994) and the 4-31G Gaussian basis set (Frish et al. 1984) to
expand the molecular orbitals. According to the table of charac-
ters of the D2h point group, the 132(3×46−6) normal modes of
vibration of C32H14 and C32H+14 span the following irreducible
representation (see e.g. Wilson Jr. et al. 1955, p. 327):

Γ132 = 23Ag + 10Au + 22B1g + 12B1u (1)

+9B2g + 22B2u + 12B3g + 22B3u,

where the molecule is assumed to lie in the x−y plane.

2.1. Absolute IR fluxes

We obtained all of the 132 vibrational frequencies for both
the neutral and ovalene cation at the ground state opti-
mised geometry using the usual projection operator technique
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Fig. 1. Two average interstellar radiation fields of Mathis et al. (1983),
5 kpc and 13 kpc away from the galactic centre are compared to the
radiation fields of the stars illuminating the specific reflection and
planetary nebulae considered in this work; both of them were ob-
tained from stellar atmospheric models of Kurucz (1992) scaled by
the blackbody dilution factor corresponding to the geometry of the
source (cf. Paper I).

(Wilson Jr. et al. 1955) implemented within NWChem. They
are all used within the Monte-Carlo model to compute the den-
sity of vibrational states as a function of energy. The complete
list of the 56 IR-active modes (symmetries B1u, B2u and B3u),
the corresponding symmetries, the vibrational type (CC stretch,
CH bend etc.) and the absolute intensities of the corresponding
0−1 transitions of C32H14 and C32H14

+ can be found in Malloci
(2003). The vibrational frequencies obtained through quantum-
chemical calculations at the B3LYP/4-31G level of theory are
well known to slightly overestimate the real values for this class
of molecules, and are usually scaled with an empirical factor
of ∼0.958, which accounts for anharmonicity (Langhoff 1996;
Bauschlicher & Langhoff 1997; Hudgins et al. 2001) and brings
them into near coincidence with experimental data. Our calcu-
lated vibrational frequencies are in good agreement with the
results previously published by Langhoff (1996). However, to
avoid introducing empirical parameters, we chose to use the
vibrational frequencies exactly as obtained by our quantum-
chemical calculations, with no scaling; this is consistent with
our long-term aim to build a complete theoretical computa-
tional machine, capable to run with as few free parameters as
possible.

For more details on the grid of adopted parameters which
we ran our Monte-Carlo model on, we again refer the reader to
Paper I, while the algorithm of the model is fully described in
Mulas (1998).

Our Monte-Carlo model yields the IR emission bands pro-
duced by the IR-cooling cascades following the absorption of
a sequence of UV/Vis photons (see Paper I). More specifi-
cally, the model outputs the total power P isotropically ra-
diated in each IR-active vibrational mode by one molecule

embedded in a given radiation field. The dimensions of this
quantity are energy per unit time per unit solid angle. We
obtained the expected absolute IR emission spectra of both
C32H14 and C32H+14. In particular, we present here only the re-
sults obtained using the approximation (a) of the absorption
cross section of the cation in the vacuum ultraviolet, as de-
fined in Paper I following Robinson et al. (1997); the results
we obtained using approximation (b) from the same reference
are virtually undistinguishable in the present context.

Tables 3 and 4 list the predicted P values respectively for
the neutral and cation molecule in all of the different interstel-
lar radiation fields considered here. Band positions are given
in µm, and the results of simulations are given in terms of flux,
integrated over the given band, per unit column density of the
emitting species, in units of W sr−1. Band positions are reported
as calculated by the NWChem ab initio quantum chemistry
package, with no empirical scaling. They are estimated to be
accurate within a few percent. Their relative positions are ex-
pected to be more accurate, hence we list them with enough
significant digits to distinguish close bands.

For readability, we also depict the resulting emission spec-
tra respectively in Figs. 3 and 4, where we used a fixed band
width of 0.1 µm in order to make sure that peak heights be
proportional to band fluxes. We stress that our results are the
absolute integrated fluxes (i.e. the Tables 3 and 4), since we
have no new information about band-widths, which were arbi-
trarily chosen in order to maximize readability of the synthetic
spectra (i.e. the Figs. 3 and 4), which are meant to be nothing
more than a concise and convenient representation.

2.2. Isotopic substitutions

Thanks to the fact that our computational approach uses
ab initio calculations to perform the vibrational analysis of the
species under study, we could easily estimate the effects of iso-
topic substitutions on the resulting IR emission spectra.

The vibrational analysis in the case of isotopic substitutions
can be obtained with no additional computational costs, reusing
the hessian previously computed for the unsubstituted case. In
C32H14 there are respectively 9 inequivalent C atoms and 4 in-
equivalent H atoms; they are labelled in Fig. 2. Table 1 lists
the multiplicity of each inequivalent atom and the correspond-
ing statistical weight, i.e. the estimated probability of it being
singly replaced respectively by 13C or D, as obtained for the
abundances given by Wilson & Rood (1994) and assuming no
isotopic fractionation. We evaluated the overall probabilities
considering substitutions as cumulative independent binomial
events. More specifically, assuming the probability of each sin-
gle substitution to be proportional to the isotopic abundances,
p1 =

13C/12C � 1/70 and p2 = D/H � 1.6×10−5, we obtained:

P(0, 32; p1) � 0.6310, P(0, 14; p2) � 0.9998,

P(1, 32; p1) � 0.2926, P(1, 14; p2) � 0.0002,

P(2, 32; p1) � 0.0657, P(2, 14; p2) < 10−7.

We considered only single isotopic substitutions, and not mul-
tiple simultaneous ones, since their probabilities turn out to be
much smaller.
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Table 1. Multiplicities ω of the 13 inequivalent atoms of C32H14 la-
belled in Fig. 2 and corresponding statistical weigth, evaluated from
the probabilities of p∗ = 0.631 and q∗ = 0.002 for 12C and H to be
replaced by their most aboundant isotopes 13C and D, respectively.

Inequivalent Multiplicity Statistical
atom ω weight

1 2 1/16 · p∗(1 − q∗)
3 4 1/8 · p∗(1 − q∗)
7 4 1/8 · p∗(1 − q∗)

11 4 1/8 · p∗(1 − q∗)
15 4 1/8 · p∗(1 − q∗)
19 4 1/8 · p∗(1 − q∗)
23 4 1/8 · p∗(1 − q∗)
27 2 1/16 · p∗(1 − q∗)
29 4 1/8 · p∗(1 − q∗)
33 2 1/7 · q∗(1 − p∗)
35 4 2/7 · q∗(1 − p∗)
39 4 2/7 · q∗(1 − p∗)
43 4 2/7 · q∗(1 − p∗)

Of course, since isotopic substitutions lower the symmetry
of the molecule, a large number of bands which are IR-inactive
in the unsubstituted molecule become weakly active. However,
these single isotopic substitutions produce a negligible effect
on the overall predicted band intensities. The lengthy, complete
list of the estimated P in every IR-active band, for all the ra-
diation fields considered and each of the inequivalent single
isotopic susbtitutions is presented in Malloci (2003), and it is
not reproduced here.

On the other hand, these substitutions may affect in a possi-
bly detectable way the predicted spectral profiles of some sin-
gle bands. Figures 5–7 show details of selected spectral regions
around the strongest bands. In each figure, the top box presents
respectively the IR spectrum for no isotopic substitutions and
for each of the 13 inequivalent isotopic substitutions labelled
in Fig. 2; the bottom box shows the overall expected spectrum,
obtained as a weighted sum of the above spectra with statistical
weights according to Table 1, along with the spectrum obtained
with no isotopic substitutions, for comparison.

Note that we did not model the intrinsic profile of specific
bands, which has been studied in detail in the literature (see,
e.g. Verstraete et al. 2001; Pech et al. 2002) but just arbitrar-
ily assumed sensible values for their widths, with the aim to
emphasize the effect of isotopic substitutions alone on the re-
sulting overall profile.

3. Discussion

Our results bring out a quantitative link between the visible
absorption bands and the IR emission features.

Under optically thin conditions, the observed integrated
flux dFobs/dΩ in a given IR band, per unit solid angle on the
sky, is given by

dFobs

dΩ
=

∫
dr n(r)P(r), (2)

where n(r) is the number density of the emitting species. If the
emitting molecules along the line of sight can be assumed to be

Fig. 2. Ground state geometry of C32H14 showing the 9 inequivalent
C atoms (labelled by 1, 3, 7, 11, 15, 19, 23, 27 and 29) and the 4 in-
equivalent H atoms (labelled by 33, 35, 39 and 43); the molecule lies
in the xy-plane, the y-axis being the longer one.

illuminated by the same radiation field, P does not depend on r
and can be taken out of the integral, hence the above equation
simplifies to

dFexp

dΩ
= Ncol P, (3)

Ncol being the column density of the emitting species. With
Ncol expressed in cm−2 and P in W sr−1, dFobs/dΩ results ex-
pressed in units of W cm−2 sr−1.

Analogously, the equivalent width WDIB of an optically
thin vibronic absorption band of central wavelength λDIB, a
possible DIB, is related to the total column density of ab-
sorbersNcol by the well-known formula (see e.g. van der Zwet
& Allamandola 1985):

WDIB = π re λ
2
DIBNcol f , (4)

where re � 2.81794 × 10−13 cm is the classical electron radius
and f is the oscillator strength of the specific transition con-
sidered. Therefore, dividing Eq. (3) by Eq. (4) we obtain the
relation(

dFobs

dΩ

)

WDIB
=

P
πre fλ2

DIB

, (5)

where all the quantities on the left side are observables, while
the right hand side can be evaluated using our model for any
“DIB-like” vibronic band of any known molecule and radia-
tion field for which it is applicable. The best way to fully ex-
ploit the discriminating power of Eq. (5) is to apply it to spec-
tral features which are peculiar of a single, specific molecular
species. While this is certainly the case for the electronic tran-
sition of a PAH cation, it is not necessarily so for its near and
middle infrared bands, which are typically very similar for the
whole class of molecules. The infrared bands which can most
safely be expected to be different for each specific molecule
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Fig. 3. IR emission spectrum of C32H14 in all the radiation fields considered, expressed in terms of flux per unit column density of the emitting
species in units of W sr−1 µm−1. We arbitrarily assumed a fixed band width of 0.1 µm in order to make sure that peak heights be proportional
to band fluxes.

are the ones corresponding to the lowest energy normal vibra-
tional modes, which involve the molecular skeleton in its en-
tirety (Langhoff 1996; Zhang et al. 1996; Joblin et al. 2002).
Table 2 shows some numerical values of the right hand side of
Eq. (5) obtained considering respectively the two far-infrared
skeletal vibrational modes of C32H+14 at about 85 and 150 µm
and the “DIB” at a wavelength of about 9701 Å, as obtained
through our simulation in the four different radiation fields con-
sidered, assuming f � 0.005 (Ehrenfreund et al. 1995).

Apart from the relation we derived above between the rel-
ative intensities of IR emission bands and DIBs, it might be

Table 2. Numerical values of the predicted ratios between dFobs/dΩ
(for the two far-infrared skeletal vibrational modes at about 85 and
150 µm) andWDIB of the electronic transition near 9701 Å of C32H+14,
as obtained through our simulation in the four different radiation
fields considered. The ratios in the table are expressed in units of
W cm−2 sr−1 mÅ−1.

IR band ISRF ISRF Red IRAS

position 5 kpc 13 kpc Rectangle 21282 + 5050

83.4 µm 1.3 × 10−16 1.6 × 10−17 6.7 × 10−15 1.4 × 10−11

150.8 µm 2.9 × 10−17 3.6 × 10−18 1.5 × 10−15 2.9 × 10−12
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Fig. 4. IR emission spectrum of C32H+14 in all the radiation fields considered, expressed in terms of flux per unit column density of the emitting
species in units of W sr−1 µm−1. We arbitrarily assumed a fixed band width of 0.1 µm in order to make sure that peak heights be proportional
to band fluxes.

tempting to consider intensity ratios between different skele-
tal far-IR bands as possible diagnostics of the radiation field
exciting their emission. However, despite the extremely wide
variation in the spectra of the radiation fields considered, e.g.
between the Red Rectangle and IRAS 21282+5050, and the rel-
atively large frequency difference between the band at ∼85 and
∼150 µm, the predicted intensity ratios remain almost constant,
differences being of the order of 1% or less.

Concerning isotopic substitutions, our results show that the
resulting isotopic shifts are too small to be resolved in the
near and mid infrared bands, with the bandwidths commonly

assumed for these bands (see e.g. Pech et al. 2002). Figure 5,
for example, shows the expected infrared spectrum of C 32H+14
in the radiation field of the Red Rectangle, in the wavelength
range between about 5 and 9 µm, this time assuming educated
guesses for the bandwidths, following Pech et al. (2002). While
each single spectrum of the isotopically substituted molecules
shows quite apparent differences, their weighted sum accord-
ing to the expected statistical weights (see Table 1) is virtu-
ally undistinguishable from the spectrum of the unsubstituted
molecule. Moreover, in the case of near and mid infrared bands
it would be very difficult to disentangle the contribution of any
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Fig. 5. Expected emission spectrum of C32H+14 in the radiation field of
the Red Rectangle in the wavelength range between ∼5 and ∼9 µm,
assuming educated guesses for the bandwidth following Pech et al.
(2002). The top box shows individual spectra for each isotopic substi-
tution, the bottom box compares the spectrum for the unsubstituted
molecule with the weighted average assuming standard interstellar
isotopic abundances and no fractionation.

specific molecule (see e.g. Pech et al. 2002) possibly present in
many ionisation states (Bakes et al. 2001a,b) and finally, within
this contribution, further disentangle the effects of different iso-
topic substitutions from those of anharmonicity. The situation
is more promising for far infrared, skeletal bands, since they are
more likely to be able to distinguish different species. However,
very little is known on the intrinsic bandwidth of such far-IR
bands in PAHs, hence it is difficult to assess whether isotopic
substitutions might produce a detectable effect in their profiles.
Figures 6 and 7 display again the expected spectrum of C 32H+14
in the radiation field of the Red Rectangle, this time in the
wavelength range around ∼80 µm, for two arbitrarily assumed
bandwidths. The comparison between these two figures shows
the effect of isotopic substitutions to be definitely visible for a
bandwidth of ∼0.1 µm, while it is completely washed out with
a bandwidth of ∼1 µm. More detailed experimental measures
of far-IR bands in large PAHs are badly needed for a definitive
assessment of the importance of isotopic substitutions in this
respect.

4. Conclusions and future work

Using ab initio calculations, available experimental data and
our Monte-Carlo model, we modelled the photophysics of
C32H14 and C32H+14, obtaining their IR emission bands in a
grid of interstellar environments. These results will be useful
for a definitive assessment on the presence of such specific
molecules in interstellar space.

Fig. 6. Expected emission spectrum of C32H+14 in the radiation field
of the Red Rectangle in the wavelength range around its strongest
far infrared skeletal band, near ∼80 µm, assuming a bandwidth of
∼1 µm. The top box shows individual spectra for each isotopic substi-
tution, the bottom box compares the spectrum for the unsubstituted
molecule with the weighted average assuming standard interstellar
isotopic abundances and no fractionation.

Fig. 7. Expected emission spectrum of C32H+14 in the radiation field
of the Red Rectangle in the wavelength range around its strongest
far infrared skeletal band, near ∼80 µm, assuming a bandwidth of
∼0.1 µm. The top box shows individual spectra for each isotopic sub-
stitution, the bottom box compares the spectrum for the unsubstituted
molecule with the weighted average assuming standard interstellar
isotopic abundances and no fractionation.
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Table 3. Values of P, as defined in Sect. 3, for C32H14 without isotopic substitutions; bands with a fraction of emitted photons below 0.1% were
omitted, leaving 52 out of the 56 IR-active modes of C32H14 (cf. Table 5 in Paper I).

Wavelength (µm) ISRF 5 kpc ISRF 13 kpc Red Rectangle IRAS 21282+5050

3.125 2.8 × 10−28 4.9 × 10−29 3.8 × 10−26 3.1 × 10−23

3.125 2.2 × 10−28 3.8 × 10−29 2.9 × 10−26 2.4 × 10−23

3.129 2.0 × 10−29 3.4 × 10−30 2.7 × 10−27 2.1 × 10−24

3.144 6.3 × 10−31 1.1 × 10−31 8.4 × 10−29 6.7 × 10−26

3.147 1.2 × 10−29 2.0 × 10−30 1.6 × 10−27 1.3 × 10−24

3.148 2.3 × 10−29 4.0 × 10−30 3.1 × 10−27 2.5 × 10−24

3.151 1.1 × 10−29 1.9 × 10−30 1.5 × 10−27 1.2 × 10−24

5.932 3.1 × 10−28 5.8 × 10−29 5.5 × 10−26 2.7 × 10−23

5.996 1.8 × 10−28 3.3 × 10−29 3.2 × 10−26 1.5 × 10−23

6.086 7.8 × 10−30 1.5 × 10−30 1.4 × 10−27 6.8 × 10−25

6.217 6.6 × 10−30 1.2 × 10−30 1.2 × 10−27 5.7 × 10−25

6.297 1.8 × 10−28 3.2 × 10−29 3.3 × 10−26 1.5 × 10−23

6.453 3.1 × 10−29 5.5 × 10−30 5.8 × 10−27 2.6 × 10−24

6.584 9.5 × 10−30 1.7 × 10−30 1.8 × 10−27 7.8 × 10−25

6.667 8.5 × 10−30 1.5 × 10−30 1.5 × 10−27 7.0 × 10−25

6.696 1.6 × 10−32 2.7 × 10−33 2.9 × 10−30 1.3 × 10−27

6.846 5.6 × 10−29 9.6 × 10−30 1.0 × 10−26 4.6 × 10−24

6.879 3.8 × 10−29 6.5 × 10−30 6.8 × 10−27 3.1 × 10−24

6.943 1.5 × 10−29 2.6 × 10−30 2.7 × 10−27 1.2 × 10−24

6.985 1.5 × 10−28 2.6 × 10−29 2.7 × 10−26 1.2 × 10−23

7.272 7.0 × 10−29 1.2 × 10−29 1.3 × 10−26 5.7 × 10−24

7.347 6.0 × 10−28 1.1 × 10−28 1.1 × 10−25 4.9 × 10−23

7.500 2.9 × 10−28 4.9 × 10−29 5.5 × 10−26 2.2 × 10−23

7.729 9.0 × 10−29 1.5 × 10−29 1.7 × 10−26 7.0 × 10−24

7.788 3.5 × 10−29 5.9 × 10−30 6.7 × 10−27 2.7 × 10−24

7.892 2.2 × 10−29 3.8 × 10−30 4.3 × 10−27 1.8 × 10−24

8.122 6.5 × 10−29 1.2 × 10−29 1.2 × 10−26 5.0 × 10−24

8.203 7.5 × 10−28 1.3 × 10−28 1.5 × 10−25 5.8 × 10−23

8.264 4.3 × 10−30 7.7 × 10−31 8.3 × 10−28 3.3 × 10−25

9.853 4.8 × 10−30 9.0 × 10−31 9.4 × 10−28 3.9 × 10−25

9.925 5.4 × 10−29 1.0 × 10−29 1.1 × 10−26 4.4 × 10−24

10.516 2.1 × 10−28 3.7 × 10−29 4.1 × 10−26 1.5 × 10−23

10.714 4.3 × 10−27 7.5 × 10−28 8.4 × 10−25 3.1 × 10−22

11.366 2.7 × 10−27 4.8 × 10−28 5.4 × 10−25 2.0 × 10−22

12.316 2.9 × 10−28 5.1 × 10−29 5.7 × 10−26 2.1 × 10−23

12.353 1.8 × 10−28 3.2 × 10−29 3.6 × 10−26 1.3 × 10−23

12.395 3.7 × 10−31 6.5 × 10−32 7.3 × 10−29 2.7 × 10−26

12.583 1.1 × 10−28 2.0 × 10−29 2.0 × 10−26 7.6 × 10−24

13.600 9.7 × 10−29 1.7 × 10−29 2.0 × 10−26 6.9 × 10−24

14.400 2.0 × 10−29 3.4 × 10−30 3.6 × 10−27 1.2 × 10−24

14.621 1.2 × 10−29 2.1 × 10−30 2.2 × 10−27 7.5 × 10−25

15.228 1.1 × 10−27 1.8 × 10−28 2.1 × 10−25 7.3 × 10−23

16.715 2.0 × 10−28 3.5 × 10−29 4.2 × 10−26 1.3 × 10−23

17.649 6.2 × 10−28 1.0 × 10−28 1.2 × 10−25 4.0 × 10−23

17.720 3.6 × 10−30 6.0 × 10−31 7.1 × 10−28 2.3 × 10−25

19.579 3.3 × 10−29 4.8 × 10−30 7.5 × 10−27 2.3 × 10−24

22.583 1.6 × 10−28 2.9 × 10−29 3.3 × 10−26 1.0 × 10−23

24.534 4.5 × 10−28 7.6 × 10−29 8.7 × 10−26 2.9 × 10−23

28.189 5.4 × 10−28 9.0 × 10−29 1.1 × 10−25 3.3 × 10−23

35.161 6.7 × 10−28 1.1 × 10−28 1.3 × 10−25 4.1 × 10−23

89.415 1.1 × 10−27 1.8 × 10−28 2.1 × 10−25 6.5 × 10−23

153.508 3.5 × 10−28 5.6 × 10−29 7.1 × 10−26 2.0 × 10−23
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Table 4. Values of P, as defined in Sect. 3, for C32H+14 without isotopic substitutions; bands with a fraction of emitted photons below 0.1% were
omitted, leaving 53 out of the 56 IR-active modes of C32H+14 (cf. Table 6 in Paper I).

Wavelength (µm) ISRF 5 kpc ISRF 13 kpc Red Rectangle IRAS 21282+5050
3.095 4.6 × 10−29 4.8 × 10−30 8.3 × 10−28 6.8 × 10−24

3.109 3.2 × 10−30 3.3 × 10−31 5.7 × 10−29 4.7 × 10−25

3.112 7.0 × 10−30 7.3 × 10−31 1.2 × 10−28 1.0 × 10−24

3.116 2.2 × 10−29 2.3 × 10−30 3.9 × 10−28 3.2 × 10−24

3.125 7.3 × 10−30 7.6 × 10−31 1.3 × 10−28 1.1 × 10−24

3.125 1.8 × 10−29 1.9 × 10−30 3.2 × 10−28 2.6 × 10−24

3.130 2.5 × 10−30 2.6 × 10−31 4.5 × 10−29 3.7 × 10−25

6.025 1.7 × 10−30 2.0 × 10−31 5.1 × 10−29 2.2 × 10−25

6.084 5.0 × 10−28 5.8 × 10−29 1.5 × 10−26 6.4 × 10−23

6.195 8.2 × 10−29 9.6 × 10−30 2.5 × 10−27 1.1 × 10−23

6.242 1.9 × 10−28 2.3 × 10−29 5.9 × 10−27 2.5 × 10−23

6.347 1.3 × 10−29 1.5 × 10−30 4.3 × 10−28 1.6 × 10−24

6.468 1.0 × 10−30 1.1 × 10−31 3.2 × 10−29 1.2 × 10−25

6.535 5.9 × 10−29 6.5 × 10−30 1.9 × 10−27 6.8 × 10−24

6.746 1.9 × 10−28 2.2 × 10−29 6.3 × 10−27 2.3 × 10−23

6.761 6.2 × 10−29 7.0 × 10−30 2.0 × 10−27 7.5 × 10−24

6.785 2.2 × 10−30 2.5 × 10−31 7.3 × 10−29 2.7 × 10−25

6.952 9.6 × 10−29 1.1 × 10−29 3.1 × 10−27 1.2 × 10−23

6.959 5.8 × 10−29 6.5 × 10−30 1.9 × 10−27 7.0 × 10−24

6.979 1.1 × 10−29 1.2 × 10−30 3.5 × 10−28 1.3 × 10−24

7.193 8.0 × 10−28 9.5 × 10−29 2.7 × 10−26 9.7 × 10−23

7.390 2.2 × 10−28 2.7 × 10−29 7.5 × 10−27 2.7 × 10−23

7.516 4.1 × 10−29 4.7 × 10−30 1.5 × 10−27 4.8 × 10−24

7.683 2.7 × 10−28 3.1 × 10−29 9.6 × 10−27 3.2 × 10−23

7.835 6.8 × 10−29 8.0 × 10−30 2.5 × 10−27 8.1 × 10−24

7.915 2.2 × 10−28 2.5 × 10−29 7.7 × 10−27 2.6 × 10−23

8.060 2.4 × 10−28 2.7 × 10−29 8.4 × 10−27 2.8 × 10−23

8.191 1.7 × 10−29 1.9 × 10−30 5.8 × 10−28 2.0 × 10−24

8.304 4.0 × 10−29 4.5 × 10−30 1.4 × 10−27 4.8 × 10−24

8.971 6.0 × 10−30 8.6 × 10−31 2.4 × 10−28 9.3 × 10−25

8.981 9.1 × 10−30 1.3 × 10−30 3.6 × 10−28 1.4 × 10−24

9.661 4.1 × 10−32 5.9 × 10−33 2.0 × 10−30 6.9 × 10−27

9.873 9.0 × 10−30 1.3 × 10−30 4.3 × 10−28 1.5 × 10−24

10.387 8.6 × 10−28 1.0 × 10−28 3.3 × 10−26 9.9 × 10−23

10.505 4.0 × 10−29 4.8 × 10−30 1.5 × 10−27 4.6 × 10−24

11.072 7.6 × 10−28 9.4 × 10−29 3.2 × 10−26 9.0 × 10−23

11.963 4.3 × 10−29 5.2 × 10−30 1.8 × 10−27 5.0 × 10−24

12.133 2.4 × 10−28 3.0 × 10−29 1.0 × 10−26 2.8 × 10−23

12.422 4.1 × 10−29 5.0 × 10−30 1.7 × 10−27 4.7 × 10−24

12.632 7.7 × 10−30 8.9 × 10−31 2.7 × 10−28 8.2 × 10−25

14.383 1.5 × 10−28 1.8 × 10−29 6.8 × 10−27 1.7 × 10−23

14.609 1.1 × 10−30 1.4 × 10−31 5.0 × 10−29 1.2 × 10−25

15.138 2.1 × 10−28 2.6 × 10−29 9.5 × 10−27 2.4 × 10−23

16.900 1.5 × 10−30 1.8 × 10−31 6.4 × 10−29 1.5 × 10−25

17.518 1.5 × 10−29 1.8 × 10−30 6.5 × 10−28 1.5 × 10−24

17.699 2.2 × 10−28 2.6 × 10−29 9.7 × 10−27 2.4 × 10−23

19.327 2.1 × 10−29 2.5 × 10−30 1.0 × 10−27 2.3 × 10−24

24.837 2.0 × 10−28 2.4 × 10−29 9.5 × 10−27 2.1 × 10−23

27.599 1.1 × 10−28 1.4 × 10−29 5.8 × 10−27 1.2 × 10−23

33.729 4.4 × 10−30 5.4 × 10−31 2.5 × 10−28 3.9 × 10−25

44.299 2.2 × 10−29 2.8 × 10−30 1.1 × 10−27 2.4 × 10−24

83.446 5.3 × 10−28 6.7 × 10−29 2.8 × 10−26 5.7 × 10−23

150.811 1.2 × 10−28 1.5 × 10−29 6.2 × 10−27 1.2 × 10−23
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More generally, we showed this approach to be feasible, at
least, for the whole class of PAH molecules and their cations,
and demonstrated its potential in providing a number of in-
dependent identification criteria for potential DIB-UIBs carri-
ers. In particular, Eq. (5) provides an independent, very pow-
erful criterion for molecule identification, especially with the
presently available ISO data and the forthcoming SIRTF and
Herschel missions, which are expected to provide the scientific
community with observations of unprecedented sensitivity in
the wavelength range where far-IR skeletal vibrations of large
PAHs are expected to occur. The importance of such calcula-
tions for future astronomical observations is underlined in the
recent paper by Joblin et al. (2002) where band profiles and in-
tensities of the low-frequency vibrational modes of the neutral
coronene molecule (C24H12) are presented.

Our long term aim will be to systematically apply the
above analysis to a large sample of astrophysically relevant
molecules, with particular emphasis on larger PAHs, in a wide
range of ionisation and hydrogenation states, possibly nitro-
gen substituted. With more computational tools providing Time
Dependent DFT becoming more reliable and commonly avail-
able (see e.g. Weisman et al. 2003), we expect to be able to
obtain ab initio electronic excitation energies and absorption
spectra of PAHs, at least up to excitation energies of a few eVs
(Hirata et al. 1999; Weisman et al. 2001, 2003). This will pro-
vide a completely self-contained computational tool which will
be a valuable guide for targeted experiments and observations.
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