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ABSTRACT

We suggest that small carbonaceous molecules (SCMs) may be the sources of the unidentified infrared bands
(UIRs) and the underlying continuum. We show that the IR spectroscopy of ethylene oxide (EO, c-C2H4O) and
cyclopropenylidene (CP, c-C3H2) closely correlates with the major UIR bands at 3.3, 6.2, 7.7, 8.6, and 11.2 μm,
the often seen strong bands at 12.7 and 16.4 μm, as well as many minor features. The differences in band locations
and shapes between laboratory EO absorption spectra and astrophysical UIR emission spectra are attributed to
vibrational anharmonicity, Fermi resonance splitting of nearly degenerate vibration levels, and rotational envelope
narrowing due to the low temperatures in space. The excitation mechanism is absorption of UV radiation, primarily
Lyα, by SCMs. Photon trapping for this very optically thick transition enhances the absorption by several orders of
magnitude. Our abundance analysis for NGC 7027 reveals that the SCM abundance, relative to H2, is ∼3 × 10−9

which compares well to radio measurements of the CP abundance range of ∼10−9–10−7. The origin of the UIR
continuum is discussed in terms of emission from vibrationally and rotationally hot SCM UV photodissociation
products and UV excitation of rotationally hot SCM species. Radio lines of CP have been seen in numerous
astronomical objects, most displaying the UIR bands. EO is also seen, but in fewer objects, none displaying the
UIR bands. We theorize that in UIR objects, EO is formed on, and primarily resides on, carbonaceous grains,
precluding radio detection of rotational lines. We suggest laboratory experiments, astronomical observations,
and theoretical investigations to further evaluate the SCM mechanism for the UIR bands and continuum.

Key words: infrared: ISM – ISM: lines and bands – line: formation – line: identification – line: profiles – molecular
data – radiation mechanisms: non-thermal

1. INTRODUCTION

Since the unidentified infrared (UIR) bands were discovered
by Gillett et al. (1973), their chemical source has yet to be
positively identified. The strongest bands are at ∼3.3, 6.2, 7.7,
8.6, and 11.2 μm, each being a few tenths of microns wide,
with many weaker bands frequently in evidence. In addition to
these bands, strong features at 12.7 and 16.4 μm are also usu-
ally present. Their shapes, strengths, and central wavelengths
vary somewhat from source to source (e.g., Cohen et al. 1986).
UIR bands almost certainly involve organic molecules or car-
bonaceous substances because of the ubiquitous 3.3 μm feature
that is attributable to the C–H stretch vibration. Whenever UIR
bands are present, there is almost always a source of significant
UV radiation (Muizon et al. 1990; Speck & Barlow 1997), the
probable source of excitation, though there may be exceptions
(Li & Draine 2002). The spectral breadth of the UIR emission
features requires their source to be molecules, clusters or grains,
as opposed to atoms. All the bands sit on an underlying con-
tinuum (Tielens 2008; An & Sellgren 2003) whose strength is
comparable to the bands themselves. While variations in the
relative intensities and shapes of these features have been ex-
tensively studied, the general appearance of the UIR spectrum
is remarkably similar for a very wide variety of astrophysical
environments, including H ii regions, planetary nebulae, re-
flection nebulae, molecular clouds, and external galaxies (e.g.,
Allamandola 1996; Galliano et al. 2008), especially but not ex-
clusively in regions that are carbon rich. This insensitivity to the
local environment has prompted many to suggest that a single
molecule must be the likely source of the UIR features (Gillett
et al. 1975; Grasdalen & Joyce 1976).

Others have suggested that a family of related molecules
is the source of the UIR bands (hydrogenated amorphous

carbon—HAC; Duley & Williams 1981, 1983), polycyclic aro-
matic compounds (PACs; Sakata et al. 1984), quenched carbona-
ceous composites (QCCs; Leger & Puget 1984; Allamandola
et al. 1985; Sakata et al. 1984), and “yellow stuff” (Greenberg
1989). The most widely accepted explanation is emission from
vibrationally excited gas phase polycyclic aromatic hydrocar-
bons (PAHs; Leger & Puget 1984; Allamandola et al. 1985; see
recent review by Tielens 2008). The initial motivation for the de-
velopment of the PAH model was the recognition that the major
UIR features correlate fairly well with the major vibrational ab-
sorption features generally present in PAH molecules. Another
key consideration was the stability of PAH molecules, enabling
long-term survival in harsh astrophysical environments. How-
ever, no single PAH molecule has been identified in space and
no single PAH has been found to give a good fit to the observed
UIR spectrum. Rather, a linear combination of a large number
(dozens to hundreds) of laboratory and theoretical spectra of
different PAH molecules, including neutral, ionized, fully and
partly hydrogenated, and nitrogen containing PAHs is required
to obtain a good match to the UIR spectrum. Accounting for
the relative spectral distribution of the UIR spectrum requires
that the PAH molecules be internally excited to an effective vi-
brational temperature of ∼1000 K (Sellgren 1984). The source
of this excitation is absorption of a ∼6 eV UV photon which
is completely converted to vibrational excitation in the ground
electronic state. Using the size-dependent molecular heat capac-
ity leads to the estimate that a PAH size of ∼50 carbon atoms
is required to convert 6 eV of internal energy into an effective
vibrational temperature of ∼1000 K. It is unlikely that any spe-
cific PAH will be uniquely identified through detection of its
microwave rotational line emissions. In general, PAH emission
lines will be very weak due to a combination of factors. These in-
clude small or zero dipole moments, low individual abundances,
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Figure 1. Ethylene oxide and its isomers (left). Vinyl alcohol has two stable geometries, syn which is shown and anti, where the OH bond is rotated 180◦ about the
O–C axis. Cyclopropenylidene and its isomers are also shown (right). In both diagrams, the black filled bonds denote a double bond.

and small rotation line populations stemming from relatively
large rotational partition functions, even at low temperatures. A
potential exception to this expectation is Corannulene (C20H10),
a highly symmetric molecule with a large dipole moment, of-
fering the best chance to detect an interstellar PAH. However,
null outcomes from searches by several groups (Thaddeus 2006;
Pilleri et al. 2009) have established an upper limit Corannulene
abundance estimate of 3 × 10−11 (relative to H nuclei).

In this paper, we propose a new mechanism for the UIR
bands based on UV excitation of small carbonaceous molecules
(SCMs). We show that just two molecules, ethylene oxide (EO,
c-C2H4O) and cyclopropenylidene (CP, c-C3H2), can account
for all of the major and most of the minor UIR band features.
We also discuss how these molecules, along with their isomers
and UV photodissociation products, may account for the UIR
continuum. A potential link between CP and the UIR bands was
previously suggested by Talbi et al. (1993) who demonstrated a
close correspondence between the band positions of the CP and
UIR 3.3 μm spectral features. Figure 1 displays the structures
of the EO and CP isomeric families. CP has been detected in the
microwave via its rotational line emissions in a wide variety of
diverse astrophysical objects (Zhang et al. 2008; Cox et al. 1987;
Madden et al. 1989; Thaddeus et al. 1985), most displaying the
UIR bands. In contrast, EO and its isomers have been observed
in far fewer objects (Dickens et al. 1997; Ikeda et al. 2001;
Fourikis et al. 1974; Turner & Apponi 2001), none displaying
the UIR bands. However, as discussed below, EO provides a
more comprehensive match than CP to all of the weak and strong
UIR features. We expect that both EO and CP contribute to the
UIR spectrum for each object, and that the observed spectral
variability may, in part, be attributed to variability in the relative
abundances of EO and CP between objects.

We argue that in sources displaying the UIR bands, EO is
produced on, and primarily resides on, grains, precluding radio
detection of its gas phase rotational lines. This is consistent with
current chemical production models for EO and its isomers in
a variety of astrophysical objects, including hot cores and cold
gas clouds (Bennett et al. 2005; Garrod et al. 2008; Hollis et al.
2002). In the SCM mechanism, a surface bound EO molecule
or a gas phase CP molecule initially absorbs a UV photon,
whereupon a significant fraction of the UV energy is rapidly
converted to vibrational excitation in the ground electronic state.
For surface bound EO, it is assumed that a vibrationally excited

EO quickly desorbs from the surface and then emits the UIR
spectrum in the gas phase. The idea of UV-excited surface bound
molecules giving rise to the UIR emissions was previously
explored by Duley & Jones, 1990, in the context of small, linear
PAHs (<10 C atoms) embedded in or on small carbonaceous
grains.

As with previous candidate sources for the UIR bands, EO
attracted our attention because the spectral locations of its
strongest room-temperature absorption bands closely correlate
with those for most of the main UIR bands (Figure 2). The
remaining major UIR features match other EO bands that are
weak in absorption, but are expected to be strong in emission in
the low-pressure space environment where collisional relaxation
of excited vibrational levels is negligible. In the limit of
no collisional relaxation, all excited vibrational levels will
eventually emit a photon, regardless of their associated Einstein
A values. Figure 2 also shows that other EO transitions correlate
well with a number of the weaker, but usually present, UIR bands
(Tielens 2008; Boersma et al. 2009). The moderate wavelength
shifts and band shape differences between a laboratory EO
spectrum and the astrophysical UIR spectrum can be explained
by vibrational anharmonicity-induced shifts, Fermi resonance
splitting of nearly degenerate vibrational states, and narrowing
of the rotational envelope due to the low temperatures in space.
These effects are addressed in more depth in a subsequent
section on EO spectroscopy. A noteworthy aspect of EO is that
a single molecular species provides a one-to-one mapping with
virtually all the known weak and strong UIR features.

Ideally, we would like to predict the UIR emission spectrum
for EO and CP; however, this is challenging because the
interstellar state of excitation of these molecules is not known,
and because important molecular constants, such as vibrational
anharmonicity coupling constants, are not yet available. In
space, molecules are not in thermodynamic equilibrium, so even
laboratory measurements, typically conducted at controlled
temperatures, can only be suggestive. Therefore, we will present
plausibility arguments as to why EO and its isomers are realistic
candidates for explaining the UIR bands and continuum. While
we focus on EO, the general ideas and analysis discussed for
EO also apply directly to CP.

Before delving into a detailed discussion of the spectroscopy
of our SCM UIR candidate species, we first address several
key questions that are central to establishing the plausibility of



228 BERNSTEIN & LYNCH Vol. 704

Figure 2. ISO spectrum of the planetary nebula NGC 7027 (shaded) in which the underlying dust emission continuum has been removed in order to emphasize the
UIR features. The multitude of very narrow features is atomic emission lines. The UIR band features sit on spectrally correlated continua which are notionally depicted
in the figure (dashed white curves). The thick solid arrows indicate EO bands that are strong both in room-temperature absorption spectra and in the UIR emission
spectrum. The thick dashed arrows denote EO bands that are weak in absorption but become strong in emission due to the near collisionless space environment.
EO bands that are weak in absorption and emission are marked by thin solid arrows. The heights of the arrows were adjusted to facilitate comparison with the peak
locations of the UIR features. The spectral assignment of each EO band is also indicated (see Table 2 for further details on the assignments and band locations).

any UV excitation based UIR mechanism: (1) is there sufficient
UV output available to account for the observed UIR emission
and (2) is the estimated abundance of the SCM UIR species
consistent with the generally observed abundance ranges for CP
and EO?

2. SCM EXCITATION AND ABUNDANCE ANALYSIS

We present an analysis of the UIR emitter abundance associ-
ated with the SCM model. The analysis focuses on NGC 7027,
an extensively studied planetary nebula with well-characterized
physical and spectral properties. In the SCM model, the UIR
emission is powered by absorption of UV photons by SCMs.
We first consider if there is sufficient UV available to power the
UIR emission.

Assuming a distance to NGC 7027 of 1 kpc (Zilstra et al.
2008), we integrate the observed UIR and UV spectra (Zhang
et al. 2005; IUE spectra3 ) in order to derive their total in-band
source powers. The UIR spectral integration is over the 2.5–
15 μm spectral region, which includes most of the significant
UIR band and continuum components. The UV spectrum is
integrated over the 1200–1700 Å region, a representative spec-
tral range for UV absorption by SCMs. The lower wavelength
limit corresponds to a typical onset of photoionization for small
molecules, such as CP and EO whose ionization thresholds are
in the vicinity of ∼1200 Å (10.3 eV). This is a conservative limit
since the photoionization efficiency usually turns on gradually
over an extended energy range, of order ∼3 eV, corresponding
to a lower limit of ∼900 Å (Corderman et al. 1976). The longer
wavelength limit approximately corresponds to the onset of
strong UV absorption for CP and EO. The resulting source emis-
sion powers are PUIR = 2.0 × 1029 W and PUV = 1.7 × 1030 W,
corresponding to a UV to UIR conversion efficiency of 0.11.

3 IUE Spectra: see the IUE search target search form at
http://archive.stsci.edu/iue/ or
http://archive.stsci.edu/iue/search.php?target=ngc7027&action=Search&
resolver=SIMBAD&radius=3.0&outputformat=HTML_Table&max_records
=100&ordercolumn1=ang_sep

Thus, there is ample UV emission to power the UIR emission.
We base our estimate of the SCM abundance, presented below,
on the requirement that the UIR species absorbs 11% of the UV
emission in the 1200–1700 Å spectral region.

Our abundance analysis is based on a simplified physical rep-
resentation of NGC 7027 consisting of a central star surrounded
by three concentric spherical shells: (1) an inner, highly ionized
H ii region, followed by (2) a thin, relatively dense, neutral dom-
inated photodissociation region (PDR) layer, and (3) an outer,
spatially extended stellar wind layer (Yan et al. 1999; Hasegawa
et al. 2000). The UV emission spectrum is dominated by a hand-
ful of atomic re-combination lines originating in the H ii region.
Chief among these are the H i Lyα line at 1216 Å and a pair of
closely spaced C iv lines near 1550 Å. The Lyα emission line
accounts for about 58% of the total emission in the 1200–1700 Å
spectral region. The outer two layers are where molecule for-
mation occurs and the UIR emission arises. The UIR emission
is excited as UV photons, emanating from the H ii region, are
absorbed by SCMS as they pass through the outer layers. Some
key physical properties of the layers are summarized in Table 1.

The abundance estimate for a SCM emitter is based on the
following expression.

f σu = ε, (1)

where f (f � 1) is the absorption enhancement factor, σ is
the UV absorption cross section, u is the column density of the
SCM species, and ε is the absorption efficiency (ε = 0.11 for this
analysis). The absorption enhancement factor takes into account
the effects of photon trapping for optically opaque emission–
absorption lines, such as Lyα, which can greatly increase the
effective path length a photon travels in its journey through
the nebula. For the moment, we let f = 1, which corresponds
to purely radial photon trajectories through the outer layers. A
typical average UV cross section for the spectral region under
consideration is ∼1 × 10−17 cm2 per C atom in the molecule
(Hashikawa et al. 2004; Walker et al. 2008). For example, in the
vicinity of Lyα, the EO absorption spectrum is a roughly equal
mixture of a narrow Rydberg band and an underlying continuum,

http://archive.stsci.edu/iue/
http://archive.stsci.edu/iue/search.php?target=ngc7027&action=Search&resolver=SIMBAD&radius=3.0&outputformat=HTML_Table&max_records=100&ordercolumn1=ang_sep
http://archive.stsci.edu/iue/search.php?target=ngc7027&action=Search&resolver=SIMBAD&radius=3.0&outputformat=HTML_Table&max_records=100&ordercolumn1=ang_sep
http://archive.stsci.edu/iue/search.php?target=ngc7027&action=Search&resolver=SIMBAD&radius=3.0&outputformat=HTML_Table&max_records=100&ordercolumn1=ang_sep
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Table 1
NGC 7027 Model Properties (Hasegawa et al. 2000; Yan et al. 1999)

Property PDRa Stellar Wind

Start radius, R (pc) 1.75 × 10−3 0.014
Thickness, ΔR (pc) 6.8 × 10−4 0.12
Temperature, T (K) 800 53–10b

Total H nuclei density, nH (cm−3) 8 × 106 2.5 × 105–4.7 × 103c

Abundancesd

H 0.82 0.16
H2 0.09 0.42
CO 3.9 × 10−4 1.1 × 10−5

C 3.9 × 10−5 5.7 × 10−5

C+ 8.3 × 10−4 1.2 × 10−3

O 1.6 × 10−4 5.6 × 10−4

Notes.
a Constant property layer.
b Varies as R−0.85.
c Varies as R−2.
d Relative to nH.

with an absorption cross section of ∼2.5 × 10−17 cm2 (Walker
et al. 2008). Assuming a 3 C-atom SCM molecule such as
CP, we estimate from Equation (1) a SCM column density of
u = 3.7 × 1015 cm−2. Physically, this corresponds to a column
density associated with the total thickness of the two outer layers
wherein the SCM species is assumed to reside.

In order to compare to the radio-based abundance determina-
tions, we define the abundance relative to H2. From the proper-
ties in Table 1, we obtain an H2 column density of 6 × 1021 cm−2

which yields an estimated SCM abundance of 6 × 10−7. We
compare this to radio measurements of the CP abundance in
NGC 7027 by three different groups (Zhang et al. 2008; Cox
et al. 1987; Fuente et al. 2003), which span a rather wide range
of ∼10−7–10−9. The wide spread in the retrieved abundances
is related to the use of a variety of different excitation models,
such as thermal and maser, and to different assumed values for
some of the key analysis parameters, such as the effective H2
density. However, our initial SCM abundance estimate, based
on f = 1, falls considerably outside the rather large measured
abundance range.

The importance of photon trapping in planetary nebula,
due to high Lyα opacities has been a topic of investigation
for many years (Osterbrock & Ferland 2006). Based on an
H atom column density of 2 × 1021 cm−2 for NGC 7027
derived from the properties in Table 1, and a characteristic
line width corresponding to a velocity spread of 10 km s−1,
we estimate a line center optical depth for Lyα absorption of
∼1 × 108. This means that Lyα photons will be emitted and
absorbed (scattered) many times on their journey through the
outer layers. Since emission from an excited H atom is spatially
isotropic, the photon will travel a circuitous (i.e., random walk)
and substantially larger path relative to a purely radial passage
through the outer layers. Various model-based estimates of the
enhancement factor, f, for planetary nebula generally fall within
the range of 100–1000, with f = 380 found for NGC 7027
(O’Dell 1965; Capriotti 1967). Adopting the value of f = 380
and considering only the contribution of the Lyα line (ε = 0.19),
we re-evaluate the SCM column density using Equation (1) and
find u = 1.7 × 1013 cm−2 which corresponds to an abundance
of 2.8 × 10−9. This falls comfortably within the measured
abundance range and can accommodate a significant amount of
conversion inefficiency as well as uncertainty in the estimation
of f.

The SCM abundance estimate is based on the UIR emis-
sion power from both the approximately equal narrow band
and broader continuum contributions, which may correspond to
hot and cold rotational temperature populations, respectively.
However, the radio observations correspond to only the rota-
tionally cold SCM population. This suggests that abundances
determined from radio observations may be low by about a
factor of 2.

The measured abundance of CP and, as discussed later,
its IR spectroscopy make it a viable UIR emission species.
However, CP, by itself, cannot account for all the minor and
some of the stronger, longer wavelength (i.e., >13 μm) UIR
features. As detailed later, EO provides a more comprehensive
match to all the UIR features, but has not been detected in
the gas phase in NGC 7027 or in any other UIR object. As
highlighted in Section 1, this is consistent with the notion
that EO is formed on, and primarily resides on, carbon grains.
Grain surface chemistry is thought to occur over a temperature
range of ∼10–200 K (Garrod et al. 2008). Below 10 K, the
reacting surface species become immobile, and above 200 K
they desorb. The grain temperatures for NGC 7027, estimated
to range from ∼50 to 150 K over the outer two shells where
molecular chemistry occurs (Hasegawa et al. 2000), fall within
the temperature range associated with grain surface chemistry.
Laboratory simulation of the interstellar formation of EO and
its isomers on ice grains irradiated with 5 keV electrons
shows that EO and AC (acetaldehyde, CH3CHO) are produced
in comparable abundances and preferentially over VA (vinyl
alcohol, CH2CHOH) (Bennett et al. 2005). When a surface
bound EO absorbs a UV photon, it may then desorb from the
surface and emit the UIR spectrum in the gas phase. The energy
required for desorption of an EO is estimated to be of order
∼0.1 eV, which represents a small fraction of the ∼10 eV UV
excitation energy. Recent laboratory experiments (Oberg et al.
2009) have shown that UV-excited surface molecules desorb
with high efficiencies, typically in the range of ∼0.1–1. This
mechanism for EO excitation and emission requires that the
abundance of EO on the grains be comparable to the gas phase
abundance of CP. The chemistry for formation of EO on grains is
not well established, but the basic ingredients for its formation,
H, CO, UV photons, and carbon grains (Hollis et al. 2002) are
present in abundance in NGC 7027 and likely in most, if not
all, other c-rich UIR objects. This mechanism also requires that
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Table 2
EO Vibrational Assignments

Band Combined Expt. & Theory Most Recent Theoryd

ν (cm−1) λ (μm) A (s−1)a ν (cm−1) A (s−1)

ν1(A1) CH2 symmetric stretch 3007 3.33 7.40 3023 9.92
ν2(A1) CH2 scissor 1497 6.68 0.276 1510 0.565
ν3(A1) ring deformation 1270 7.87 1.59 1275 2.01
ν4(A1) CH2 umbrella 1120 8.93 0.065 1120 0f

ν5(A1) ring deformation 877 11.40 4.07 872 4.13
ν6(A2) CH2 asymmetric stretch 3065 3.26 0 3094 0
ν7(A2) CH2 rock 1168b 8.56 0 1148 0
ν8(A2) CH2 twist 1020 9.80 0 1018 0
ν9(B1) CH2 asymmetric stretch 2931c 3.41 27.9 3110 47.7
ν10(B1) CH2 scissor 1470 6.80 0.059 1145 0.434
ν11(B1) CH2 wag 1159 8.63 0.015 802 0f

ν12(B1) CH2 rock 822 12.17 0.435 3015e 32.7
ν13(B2) CH2 symmetric stretch 3065 3.26 28.1 1475 0f

ν14(B2) CH2 umbrella 1147 8.72 0.358 1117 0.308
ν15(B2) ring deformation 808 12.37 0.017 827 0..608

Notes.
a For consistency, we adopted the theoretical values in Nakanaga (1981).
b Calculated from Nakanaga (1980).
c Obtained from more recent laboratory FTIR data (Johnson et al. 2004).
d Bennett et al. (2005).
e Assigned to B2 symmetry.
f By symmetry, A = 0 is not required; this only rigorously applies to the A2 bands.

the photodestruction of the gas phase EO be sufficiently rapid
to suppress the gas phase abundance of EO below typical radio
detection abundance thresholds, of order <10−10.

3. ETHYLENE OXIDE SPECTROSCOPY

The general types of infrared transitions in SCMs, like EO
and CP, associated with the UIR bands include: (1) fundamental
bands (starting in the ground state)—a one quantum change
in the same vibrational mode, (2) overtone bands two or
more quantum changes in the same mode, (3) combination
bands—a simultaneous quantum change (same direction) in two
different modes, and (4) difference bands—a quantum change
between two different modes. In the following sections, we
discuss the spectroscopy of EO and CP and describe how their
allowed transitions correlate well with the observed UIR band
locations.

EO belongs to the symmetry group C2V, i.e., it has a symmetry
plane and a twofold axis of rotation. There are 15 non-degenerate
fundamental vibrational modes of which 12 are infrared active
(see Table 2). The infrared absorption spectrum of EO has been
investigated both experimentally and theoretically by a number
of groups (Bennett et al. 2005; Nakanaga 1980, 1981; Yoshimizu
et al. 1975; Lord & Nolin 1956; Bertie & Othen 1973; Nyquist &
Putzig 1986; Johnson et al. 2004). There remains, however, some
uncertainty in the assignment of certain spectral features because
some are very weak and are hidden by stronger, overlapping
nearby bands. Several were assigned based on the liquid Raman
spectrum of EO which introduces some uncertainty in their
spectral location due to condensed phase interactions. Based
on consideration of all the laboratory and theoretical studies,
we derived our best estimate of the assignments. However, we
recognize that there are still considerable uncertainties in some
of the assignments and their associated band strengths/Einstein
A values. This is highlighted in Table 2, which compares
our assignments to the most recent theoretical calculations

(Bennett et al. 2005). We note that the general association of EO
spectroscopy with the UIR bands is insensitive to the differences
in the assignments in Table 2. It primarily depends on band
locations and their relative band strengths/Einstein A values,
which are similar for both assignments. However, in future
work, involving quantitative simulation of the UIR spectrum,
it will be important to derive a best set of Einstein A’s from the
available laboratory and theoretical data.

Table 2 shows the peak wavelengths of the fundamental
transitions in EO (all other non-participating vibrational modes
are in their ground states). However, when multiple modes are
simultaneously excited, the modes which do not participate (i.e.,
do not change) in the transition can interact with the mode
involved in the transition, thereby shifting the wavelength of
peak emission. Such shifts can and will occur in any polyatomic
molecule and they are necessary to explain how a single
molecule such as EO can produce spectra whose bands peak
at different wavelengths depending on the excitation state of
the molecule. They are also important to understanding the UIR
bands, whose peak wavelengths are known to vary from object
to object.

EO has three fundamental modes corresponding to A2 sym-
metry of the C2v point group that are infrared inactive and thus
have Einstein A values of zero. However, these modes can have
symmetry-allowed, but usually weak, transitions to lower lying
excited states (called difference bands) of symmetry B1 or B2
(Cotton 1963). For example, the ν4 mode at 1020 cm−1 can
emit to the ν15 mode at 808 cm−1, a difference of 212 cm−1

corresponding to a feature at 47 μm. Difference bands from
these inactive modes will be roughly as strong as the allowed
fundamental bands in space, where collisional relaxation of ex-
cited vibrational levels is negligible. For example, assuming an
H atom density of 107 cm−3, a very high value for most space
environments, the collision rate with an EO-sized molecule will
be of order 10−3 s−1 as compared to a typical vibrational tran-
sition rate of 10 s−1. Thus, essentially no collisions occur on
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Figure 3. Room-temperature absorption spectrum of EO in the 3 μm region
(shaded) showing the relative contributions of the three fundamental C–H
stretching bands, ν13, ν1, and ν9, and the ν2 + ν10 combination band (solid
line). The black arrows denote the peak locations of the 3.29 and 3.4 μm UIR
features.

the time scale of IR molecular emission. The modes of A1, B1,
and B2 symmetry can also produce difference bands. In general,
difference bands can be important whenever the corresponding
fundamental band has a small Einstein A, as they provide an
alternative path (i.e., transition) for emission to occur.

3.1. The 3.3 μm Feature

We identify the 3.3 μm and 3.4 μm UIR features with
EO’s ν13 and ν9 bands, respectively. EO has its strongest C–
H stretching feature, ν13, at 3.26 μm, as compared to that
for the NGC 2027 UIR feature at 3.29 μm. Thus, a 0.03 μm
shift (−27 cm−1) is required to bring the EO transition into
agreement with the UIR feature, though it is worth noting that
the observations show a small range of central wavelengths for
the 3.3 and 3.4 μm bands. While the EO anharmonic coupling
constants are not yet known, the size and direction of the
required shift are consistent with expectations for C–H stretch
hot bands in small organic molecules of astrophysical interest
(Gupta & Sharma 2006; Miani et al. 2000a, 2000b). There is a
comparably strong EO feature, ν9, at 3.41 μm, which correlates
well with the 3.4 μm UIR band. Based on EO spectroscopy,
we would expect the 3.3 and 3.4 μm UIR features to be of
comparable integrated intensity. While the peak heights are
clearly different, the integrated intensities may not be. This
can be demonstrated for EO through consideration of its room-
temperature absorption spectrum in this 3 μm spectral region.
The relative contributions of the three contributing fundamental
bands in this spectral region are shown in Figure 3. Even though
the peak heights for these features are quite different, their
integrated intensities are all comparable. The band centered
at ∼3.33 μm is roughly the same strength as the other two
fundamental bands, which appears inconsistent with the fact
that the strength of the ν1 fundamental at this location is only
∼25% of that for the neighboring bands (see Table 2). Most of
the strength for the 3.33 μm feature arises from an overlapping
combination band, ν2 + ν10, which is unusually strong due to
a Fermi resonance interaction with the ν9 mode (Nakanaga
1981). Fermi resonances occur when two quantum states of
the same symmetry are nearly degenerate. This leads to strong
mixing of the “pure” states resulting in two new states that are
well separated in energy but preserve the average energy of the
unmixed states.

Figure 4. Absorption spectrum of EO at 278 K in the region of the UIR 6.2 μm
feature. The assignments and band center locations of the EO features are
indicated and compared to the locations of the main (black arrow) and weak
(gray arrow) UIR features. The heights of the arrows were adjusted to facilitate
comparison to nearby EO features. The EO 7.87 μm band was multiplied by a
factor of 0.2 also for comparison purposes.

The Fermi resonance observed in the laboratory spectrum is
between the two states designated by (ν2 = 1, ν9 = 0, ν10 =
1, νk’s = 0) and (ν2 = 0, ν9 = 1, ν10 = 0, νk’s = 0), where
νk’s = 0 denotes that the other 12 modes are all in their ground
vibrational state. Consider the case where at least some of the
other 12 modes are excited, νk’s �= 0. This leads to pairs of states
of the form (ν2 = 1, ν9 = 0, ν10 = 1, νk’s �= 0) and (ν2 = 0, ν9 = 1,
ν10 = 0, νk’s �= 0). Generally, the anharmonic coupling constants,
Xi,j, between different pairs of vibrational modes are different.
This means that the near degeneracy for the νk′s = 0 Fermi states
will be removed for their νk′s �= 0 counterparts. At modest to high
internal excitation, most of the emission in the 3.3 μm region
will be due to the multitude of “non-Fermi” states which will be
more highly populated than the single Fermi pair. As a result,
the EO emission will be dominated by the ν13 and ν9 bands (ν1
is much weaker), in good qualitative agreement with the general
appearance of the 3.3 and 3.4 μm UIR features. Also due to the
Fermi resonance, the ν9 laboratory feature is slightly redshifted
relative to the corresponding UIR feature. We estimate that the
unperturbed (i.e., no Fermi resonance) position of the ν9 is
at approximately 3.37 μm which is blueshifted by 0.03 μm
(+27 cm−1) from the nearby UIR feature. Therefore, upon
internal excitation of the EO, we expect that the contribution of
the Fermi bands to the ν9 feature will become negligible and that
the “standard” anharmonic couplings will redshift this transition
into good agreement with the UIR feature (i.e., essentially the
same redshift as required for the ν13 band).

3.2. The 6.2 μm Feature and Spectral Region

We assign the 2ν15 overtone band of EO to the 6.2 μm UIR
feature. The room-temperature absorption spectrum of EO in
the vicinity of the 6.2 μm UIR feature is shown in Figure 4.
There are two weak features near 6.2 μm, both assigned to
overtone transitions (i.e., two quantum changes of a particular
mode). In absorption, the EO 6.2 μm features are about a
factor of 10 weaker than the 7.87 μm feature, where as in the
UIR spectrum the 6.2 and 7.7 μm features are of comparable
intensity. However, EO in emission and in a low-pressure,
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non-equilibrium space environment will behave quite differently
from EO in absorption and in a high-pressure, equilibrium
laboratory environment.

In order to understand these differences, we first need to
compare the Einstein A values for the ν15 and ν12 fundamental
and overtone bands associated with the 6.2 μm EO features.
The Einstein A’s for the fundamental bands are given in Table 2.
We estimated the values for the overtone bands by scaling their
integrated intensities from the absorption spectrum to the nearby
7.87 μm band, whose Einstein A is also given in Table 2. For
both overtones, we estimate approximately equal Einstein A
values at ∼0.09 s−1. The values for the fundamentals are 0.017
and 0.435 s−1 for ν15 and ν12, respectively. We see that the
2ν15 overtone transition has an Einstein A that is about five
times larger that for its corresponding fundamental band. This
means that in space, where collisional quenching is negligible,
emission from the 2ν15 level will preferentially, by a factor
of 5, occur through an overtone, rather than a one quantum
hot band, transition. The photon energy of the 2ν15 overtone
transition is only 0.2 eV, and as discussed later, this is small
compared to the estimated deposited internal energy of a few
eV in EO; therefore, we expect this state to be populated in the
UIR emission process. The situation for the 2ν12 overtone is the
reverse of 2ν15, since its Einstein A is about 1/5th that for its
corresponding fundamental. This means that the 2ν12 overtone
will be weak in the space environment, since the 2ν12 level will
preferentially emit via a one quantum change. In summary, the
2ν15 overtone band of EO near 6.2 μm will be of comparable
intensity to the other UIR features.

A small shift of ∼+0.07 μm (−18 cm−1) to the red is required
to bring the EO feature in agreement with the UIR feature. The
band center of the UIR feature is found to vary with astrophysical
environment in a range of 6.2–6.3 μm. We attribute this to
variation in the amount of internal energy initially deposited in
EO, which will vary depending on the hardness of the exciting
UV source. This will result in variation of the populations of
the excited vibrational levels that anharmonically couple into
the 2ν15 transition. The effective shift of this transition is given
by a population-weighted sum of the coupling constants for all
the other modes (the generalization of Equation (3) for the 15
EO modes); hence, it will vary as the populations vary. The
magnitude of the shift appears reasonable, by analogy to other
molecules (Gupta & Sharma 2006; Miani et al. 2000a, 2000b),
but confirmation requires further laboratory and/or theoretical
work in order to determine the actual EO anharmonic coupling
constants.

The two EO absorption features at 6.68 and 6.80 μm are
weak fundamental band absorptions assigned to ν2 and ν10,
respectively. They are in the vicinity of the weak 6.9 μm UIR
feature, with a ∼0.2 μm redshift (−42 cm−1) required to place
them over the UIR feature. The Einstein A’s for these transitions
are small (Table 2), which means that alternative transitions
originating from these excited states may have significant
intensity. The most likely alternative transitions are difference
bands with lower frequency modes. These difference bands
would occur at wavelengths exceeding ∼14.5 μm (this lower
wavelength limit corresponds to the largest possible frequency
difference, ν2 − ν15 = 689 cm−1 or 14.5 μm). For example,
there is no fundamental band of EO that corresponds to the
16.4 μm (610 cm−1) UIR feature. However, there is a close
match with a potential EO difference band, ν2 − ν5 = 1497 –
877 = 620 cm−1 (16.1 μm), which is within anharmonicity
considerations of the observed feature. The ν10 mode has a

Table 3
Difference Bands for the ν4, ν8, and ν11 Vibrational Modes of EO

Difference Band λ (μm) Difference Band λ (μm)

ν11 – ν5 35.5 ν4 – ν12 33.6
ν11 – ν12 29.7 ν4 – ν15 32.1
ν11 – ν15 28.5 ν8 – ν12 50.5
ν4 – ν5 24.3 ν8 – ν15 47.2

number of difference bands that correlate with occasionally
observed, strong features at longer wavelengths, the 22 and
31 μm bands (Hony et al. 2001). The corresponding difference
bands are ν10 − ν7 at 33 μm, ν10 − ν11 at 31 μm, and ν10 − ν8
at 22 μm,

There are two weak UIR features at 5.25 and 5.7 μm that
coincide with the EO ν6 − ν11 difference band at 5.25 μm and
the 2ν5 overtone band at 5.72 μm. The ν6 − ν11 band is not
seen in the room-temperature laboratory absorption spectrum
because its lower level is an excited state, ν11 = 1, which would
not be populated at room temperature. Additionally, the upper
level for this transition, ν6 = 1, is forbidden by symmetry from
emitting to its ground state (A = 0 in Table 1), which means
that all emissions must occur through alternative transitions,
primarily difference bands. In addition to ν6 − ν11, this would
include ν6 − ν10 at 6.27 μm, ν6 − ν12 at 4.46 μm, ν6 − ν14
at 5.21 μm, and ν6 − ν15 at 4.43 μm. By symmetry, all these
transitions are allowed but their intensities are not known.

3.3 The 7.7 and 8.6 μm Features

We ascribe the 7.7 μm UIR band to the EO ν3 transition at
7.87 μm. However, the 7.7 μm UIR band is much wider than the
other UIR features and appears, in NGC 7027 and in many other
cases to consist of two overlapping features with peaks at ∼7.63
and ∼7.83 μm (Tielens 2008). The latter correlates well with the
EO 7.87 μm transition, and the former correlates well with the
strong ν2 CH4 transition at 7.66 μm, which, as discussed later,
is a vibrationally and rotationally hot UV photodissociation
product of AC.

The 8.6 μm UIR band is considerably weaker than the 7.7 μm
UIR band, which is consistent with its association with the EO
ν11 transition at 8.72 μm. The Einstein A coefficient for this
band is about a factor of 5 smaller than that for the EO ν3
transition which is associated with the 7.7 μm UIR band.

There are several EO transitions in this region with small
Einstein A coefficients, ν4 at 8.73 μm (A = 0.065 s−1), ν8 at
9.8 μm (A = 0 s−1), and ν11 at 8.63 μm (A = 0.015 s−1). As
discussed earlier, this may lead to enhanced emission intensity
in difference bands. The allowed difference bands for these
vibrational states are listed in Table 3. While the intensities
for these transitions are not yet known, it is expected that
at least a few of them should be observable. The strongest
ones are most likely to be those originating from ν8 since its
fundamental band is strictly forbidden (i.e., A ≡ 0); however,
there is considerable uncertainty in regard to the Einstein A’s
for the other weak bands, ν4 and ν11, and significant difference
bands from these cannot yet be ruled out. We estimate that as
much as ∼10% of the total emitted UIR energy can reside in
these far-infrared bands. The band locations in Table 3 should
only be considered as approximate since they are based on the
differences in the fundamental bands and do not account for the
anharmonic effects due to the presence of other vibrationally
excited modes. Based on the frequency shifts needed to bring
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Figure 5. Top: fit to the virtually identical 11.2 μm feature from ISO data of M82
and NGC 7027 using an approximate symmetric top model at 10 K. Bottom:
fit of the symmetric top model to the near room-temperature absorption data
(Johnson et al. 2004) for the EO 11.4 μm feature.

the EO fundamental transitions into agreement with the UIR
features, we estimate an uncertainty for the difference band
locations in Table 2 of Δω ≈ ±15 cm−1. This corresponds to
Δλ ≈ ±1 μm at 25 μm and ± ≈4 μm at 50 μm. Based on our
analysis of the 11.2 μm feature discussed below, we can set an
approximate lower limit to the width of the far-infrared features
of ∼10 cm−1. This corresponds to the width of the 10 K EO
rotational profile used to fit the 11.2 μm UIR band shape for
NGC 7027. This translates into a width of ∼0.6 μm for a 25 μm
band and ∼2.5 μm for a 50 μm band.

With the estimated widths and band location uncertainties
in mind for the EO difference bands, we can compare these
to far-infrared features observed in objects also displaying the
UIR bands. This includes features at 20.3 and 26 μm seen
in PPNs (Kwok et al. 2001), 57 and 98 μm features seen in
NGC 7027 (Cernicharo et al. 2000; Goicoechea et al. 2005),
and 21 and 34 μm features seen in WR stars (Hony et al.
2001). There are potential overlaps between the EO difference
bands and all but one of the observed far-infrared features, the
98 μm feature. The 57 μm feature was tentatively assigned to
a low-frequency bending fundamental band of C4 (Cernicharo
et al. 2000). However, the width and shape of this feature are
also consistent with EO. Most attempts at assigning the far-
infrared features have focused on identifying low-frequency
fundamental transitions that provide a good match. An important
result of this study is that difference bands originating from
excited states with small Einstein A values can also produce
far-infrared features with significant intensity.

3.4. The 11.2 μm Feature

The 11.2 μm UIR band most likely originates from EO’s ν5
ring deformation vibrational mode at 11.4 μm. The wavelength
mismatch may be resolved in terms of interactions of the ν5
band with other excited states via the anharmonic coupling
constants Xij (see Equation (2) and associated discussion). For
SCMs, the shape of a band will be controlled primarily by
the rotational contour. In contrast, for PAHs, the band shape
is principally determined by anharmonic shifting of hot bands.
This arises because the PAHs associated with UIR bands are
much larger than the SCMs, 50 versus ∼3 C atoms per molecule,

Figure 6. Comparison of the near room-temperature laboratory absorption
spectrum for EO with the observed 11.2 μm feature for the Red Rectangle
Nebula (Miyata et al. 2004). The observed spectrum corresponds to Figure 8
from Miyata et al., which is a composite spectrum of all the observations located
0.′′3 from the binaries in the Red Rectangle.

and therefore have much narrower rotational contours (due to
smaller rotational constants) at a given temperature. The role
of the rotational envelope in determining the shape of a SCM
band is considered in more detail through the application of a
rotational band shape model to the 11.2 μm feature.

While EO is an asymmetric top molecule, we approximate
its rotational spectrum as an equivalent symmetric top, which
has a simple analytical representation (Herzberg 1945). The
EO rotational constants are well determined from laboratory
measurements (Pan & Albert 1998), with A = 0.850, B = 0.737,
and C = 0.470 cm−1. The Asym and Bsym rotational constants for
the symmetric top approach were defined as Asym = (A + B)/2,
Bsym = (A + B)/2 and Csym = C. The EO 11.4 μm band displays
a B-type band contour (Bertie & Othen 1973), which is best
approximated as a perpendicular band of a symmetric top. In
an asymmetric top, the K rotational quantum number rotational
degeneracy is lifted, which results in a slightly broader spectral
profile than for the corresponding symmetric top. We simulated
this effect by multiplying the Asym and Bsym by a factor of 1.2,
determined by fitting to the near room-temperature absorption
data (Johnson et al. 2004). The fit to the absorption data is
presented in Figure 6. While only approximate, the fit using the
symmetric top model is nevertheless useful for estimating the
contraction of the profile with decreasing temperature.

Figure 5 shows that the Q-branch of the B-type data feature
splits into two features, as compared to the single Q-branch
for the symmetric top. This distinction is less important at very
low temperature, since the Q-branch for both narrows to within
the effective spectral resolution of the astrophysical data; in this
case only the integrated Q-branch intensity is important and that
is well approximated by the symmetric top model. There are a
few minor features, due to other bands, on the red shoulder of
the absorption data that are not included in our fit to the 11.2 μm
feature.

The EO model fit to the NGC 7027 and M82 data is also
displayed in Figure 6, where a sum of two bands, each based
on a 10 K rotational temperature, captures most of the observed
profile. The smaller one coincides with the EO ν7 fundamental at
11.40 μn, while the larger one is shifted to the blue by −0.2 μm
(∼+15 cm−1). While anharmonic blueshifts can occur, it is more
common for a low-frequency mode to be redshifted (Gupta &
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Sharma 2006; Miani et al. 2000a, 2000b). Also, the size of the
shift is larger than typically encountered, by around a factor of
2, but by no means an implausible shift.

EO is a strained three-member ring, not typical of most
molecules, and may not conform to ones usual intuition in
regard to anharmonic shifts. The possibility of a Fermi resonance
occurring for a hot band, as opposed to the fundamental, also
merits consideration. The apparent blueshift may also be related
to the uncertainty in the EO vibrational assignments. It has been
argued, based on high-resolution FTIR laboratory measurement
of this EO band, that there may be a weaker fundamental
feature at 897 cm−1 (11.15 μm) that is hidden beneath the
much stronger P-branch region of the 11.2 μm band (Nyquist
& Putzig 1986). As discussed later, the relative intensities
of EO emission features in a collisionless environment can
differ markedly from their relative integrated absorption band
strengths (or equivalently, their Einstein A’s).

The shape of the 11.2 μm UIR feature can display significant
variations in different astrophysical environments. This is evi-
dent in the spectrum of the Red Rectangle (Figure 6). This spec-
trum corresponds to Figure 8 from Miyata et al. (2004), which
is a composite of all the spectra obtained at an offset distance of
0.′′3 from the Red Rectangle binaries. They observed spectra at a
number of offsets, ranging from ∼0.17 to 1.′′7. Significant vari-
ability was seen as a function of offset, with those closer to the
binaries showing much greater widths than those further away.
The spectra at larger displacements resemble the narrow, back-
ground subtracted 11.2 μm features discussed above for M82
and NGC 7027. The Red Rectangle’s feature at 0.′′3 peaks at the
same location as that for M82 and NGC 7027, but is much wider
also in Figure 6, we compare the 278 K laboratory absorption
spectrum to the Red Rectangle band, where the laboratory data
were blueshifted by the same amount, −0.2 μm, as was required
for fitting M82 and NGC 7027. A modest lowering of the rota-
tional temperature of the laboratory data to ∼200 K would result
in a good fit. Interestingly, both spectra also show a smaller, but
distinct feature at ∼12 μm and the obvious correlation of all
the spectral features is remarkable. We conclude that the spa-
tial variability observed by Miyata et al. simply corresponds to
rotational temperature variations of a single molecular species,
EO. This also strongly suggests that the UIR continuum may, in
part, correspond to higher rotational temperature emission of the
same species giving rise to the corresponding narrow feature.
This is discussed in more detail in a subsequent section.

3.5. The 12.7 μm Feature

In addition to the original set of UIR bands discussed earlier,
there are several other significant features that appear at longer
wavelength, most notably the 12.7 and 16.4 μm bands (Tielens
2008). The 12.7 μm feature is close to the EO ν15 fundamental
at 12.4 μm (808 cm−1). An approximately 20 cm−1 redshift
is needed to place the EO band over the UIR feature. This
is consistent with the ∼18 cm−1 redshift needed to place the
ν15 overtone over the median position of 6.25 μm for the
UIR 6.2 μm feature. While the Einstein A coefficient for
the ν15 fundamental transition is quite small, 0.017 s−1, this
does not directly affect its intensity in the low-pressure space
environment. Because ν15 is the lowest frequency mode, there
are no alternative transitions (i.e., difference bands) for the
emission. Since the ν15 mode is at the end of the line in an
energetic sense, it is likely to be populated with a few quanta
toward the end of the radiative decay process. Two quanta of
ν15 correspond to 0.2 eV, representing only 2% of the initial

Table 4
Cyclopropenylidene Spectroscopic Assignments

Band ν (cm−1) λ (μm) A (s−1)

ν1(A1) 3096 3.23 0.79
ν2(B2) 3060 3.27 0.77
ν3(A1) 1585 6.31 0.41
ν4(A1) 1272 7.86 7.83
ν5(B2) 1074 9.31 2.10
ν6(A2) 978 10.22 0
ν7(B2) 912 10.96 0.14
ν8(A1) 886 11.29 1.29
ν9(B1) 787 12.71 1.37

∼10 eV excitation energy. As a result, there should be sufficient
energy available for the ν15 fundamental and overtone bands
to account for their corresponding UIR features. Also, from a
statistical, density of states point of view, the lowest frequency
mode attains the highest population of its quantum levels at a
given internal energy.

The above arguments for the intensity of the ν15 band suggests
that the EO ν12 transition at 12.2 μm should also be seen with
comparable intensity. It is only slightly higher in energy than
ν15, 822 versus 808 cm−1, and has a significantly larger Einstein
A value, 0.36 versus 0.017 s−1. There does not appear to be
a comparably distinct UIR feature, like the 12.7 μm band,
corresponding to the ν12 transition. However, the fact that a
distinct peak is not observed does not preclude this transition
from being present with significant intensity. For example, the
12.7 μm feature is typically shaded to the blue and fairly
broad (Tielens 2008; Galliano et al. 2008; Uchida et al. 2000),
compared to other well-isolated UIR features, such as the 11.2
and 6.2 μm bands. Thus, the 12.7 μm UIR feature may be a
blend of both the ν12 and ν15 EO transitions.

4. CYCLOPROPENYLIDENE SPECTROSCOPY

CP, like EO, is a three-member ring molecule with C2v
symmetry. However, it has fewer atoms than EO, 5 versus 7,
and therefore has fewer fundamental vibrational modes, 9 versus
15. Table 4 lists the fundamental band assignments and Einstein
A’s for CP based on theoretical calculations (Talbi & Pauzat
1995). There are a few notable differences between CP and EO
spectroscopy. The Einstein A’s for the strongest C–H stretching
modes in CP are about a factor of 35 times weaker than for
EO. This means that the relative UIR emission contribution of
these modes in CP will be much weaker relative to the lower
frequency, longer wavelength modes than for EO. In CP, the
dominant UIR emission contribution will originate from the ν4
mode at 7.86 μm, since its Einstein A is much larger than for any
other transition. In EO, the dominant UIR emission contribution
will arise from the ν5 mode at 11.4 μm. In CP, the 6.3 μm feature
is a fundamental band, ν3, as opposed to an overtone for EO,
2ν15. However, the CP feature is at 6.31 μm, which is at the red
edge of the observed variability of this UIR feature. In general,
EO provides a better overall match to the UIR spectrum than
CP, but we anticipate that both species will be required to fit the
UIR spectrum and account for its variability.

The largest discrepancy between the CP fundamentals and the
UIR bands is the lack of a good match to the 8.6 μm UIR feature.
The closest CP feature is at 9.42 μm, however, it is conceivable
that the location of this band may be incorrect. Because CP
readily polymerizes under laboratory conditions, it is difficult
to synthesize and isolate in sufficient quantities to enable
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an unambiguous laboratory determination of its IR spectrum.
Several matrix isolation experiments (Huang & Graham 1990;
Reisenauer et al. 1984) have yielded somewhat mixed results,
with only agreement on the presence and assignment of the
ν4(A1) band at 1279 cm−1 (7.82 μm). This is not surprising
given the challenges of assigning the numerous bands and
species produced in these experiments. One of the experiments
has resulted in the assignment of other observed bands to CP,
ν5(B2) at 1062 cm−1 (9.42 μm), ν8(A1) at 886 cm−1 (11.29 μm),
and ν9(B1) at 787 cm−1 (12.70 μm) (Reisenauer et al. 1984).
For example, Huang et al. produced CP by VUV photolysis of
methylacetylene (CH3CCH) in an Ar matrix at 10 K. However,
this also produces ∼20 other species with comparably strong IR
features. Approximately 100 absorption bands were cataloged
in the 3–40 μm spectral interval and only 50% of these were
assigned. The theoretical calculations presented in Table 4 were
scaled to yield close agreement with all of the observed bands
(Talbi & Pauzat 1995). Therefore, the discrepancy between the
ν5(B2) feature at 9.42 μm and its corresponding UIR feature
at 8.6 μm may be resolved with future experiments and/or
improved theoretical calculations.

The ν6 fundamental of CP is IR inactive, which means that,
in space, it will radiate its excitation via difference bands. These
include ν6 − ν7 at 151.5 μm and ν6 − ν9 at 52.4 μm. Given
the uncertainties in the estimated difference band locations
discussed earlier for EO, we note that the 52 μm difference
band is a potential match for the observed 57 μm feature seen
in NGC 7027 (Cernicharo et al. 2000; Goicoechea et al. 2005).

Because CP is similar to EO in size and structure, the
rotational structure, shape and width, of its IR bands will also be
similar to EO. For instance, the rotational constants for c-C3H2
are A = 1.17, B = 1.01, and C = 0.56 cm−1 (Mollaaghababa et al.
1993), all approximately 30% larger than the corresponding EO
values. With regard to spectral fitting of the 11.2 μm spectral
profile, an equivalent fit using CP is found for a rotational
temperature of ∼8 K as opposed to ∼10 K for EO.

5. UIR CONTINUUM

Here, we present a semi-quantitative analysis supporting
the notion that the UIR continuum arises primarily from two
sources: (1) emission from the vibrationally and rotationally
hot UV photodissociation products of the SCM species and
their isomers and (2) emission from rotationally hot UV-excited
SCM species. We first examine the photodissociation contribu-
tion to the UIR continuum. As an example, consider AC, which
is expected to be present in comparable abundance to EO. In
general, rotational energy is imparted to photodissociation prod-
ucts if they push away from each other along a trajectory that
does not pass through their centers of mass. For simplicity, we
consider just the C2H4O → CH4 + CO dissociation path. In-
tuitively, one expects this reaction to be dynamically favored
because it involves the transfer of an H atom, a very mobile
species, between adjacent carbon atoms and the breaking of a
C–C bond. Thermodynamically, these products are also favored,
as their combined heats of formation lie ∼0.26 eV below that for
AC. We can estimate how the available internal energy might be
distributed between the CH4 and CO products. We assume that
the energy is statistically distributed among all the vibrational
levels of both product molecules. The desired result is deter-
mined by maximizing the product of the density of states for the
two molecules, subject to the constraint that the sum of their in-
ternal energies is equal to the total available internal energy.
Using the Whitten–Rabinovitch approximation (Whitten &

Table 5
Methane Vibrational Assignments

Band Degeneracy ν (cm−1) λ (μm) Activity

ν1(A1) 1 2914 3.43 R
ν2(E) 2 1526 6.55 R
ν3(F2) 3 3020 3.31 IR
ν4(F2) 3 1306 7.66 IR

Rabinovich 1963, 1964) for the density of vibrational states,
ρ ∝ En−1 (E is internal energy and n is the number of fun-
damental vibrational modes), the energy partitioning becomes

EA = (nA − 1)E

(nA + nB − 2)
, (2)

where EA is the internal energy for product “A,” and EB = E −
EA. For the case of CH4 and CO, nCO = 1, therefore ECH4 = E;
that is, all the available internal energy resides in CH4. This is
consistent with observation, in that no significant emission by
CO in the region of its fundamental band near 4.6 μm is evident
in UIR spectra.

How does the vibrationally and rotationally hot CH4 dissocia-
tion product give rise to a continuum spectral feature? Methane
is a spherical top molecule with a rotational constant of B =
5.22 cm−1 and four fundamental vibrational bands, whose prop-
erties are summarized in Table 3 (Herzberg 1945). As evident
from Table 5, the IR spectrum of methane consists of just two
bands, a C–H(S) band centered at 3.31 μm and a CH2 bend
centered at 7.66 μm. These bands fall within the underlying
continuum features in the UIR spectra. We consider one of
these in more depth the 7.66 μm band. The rotational constant
for methane is large, and indicates that vibration–rotation lines
will be separated with a characteristic spacing of order 2B ≈
10 cm−1. Individual lines separated by 10 cm−1 would be easily
resolved in the UIR spectrum (e.g., the Infrared Space Observa-
tory (ISO) spectra are at ∼1 cm−1 resolution), yet no discernible
molecular line features are evident. The reason that individual
line features would not be seen for methane is spectral conges-
tion, arising from the many, slightly spectrally offset hot bands
occurring for highly internally excited methane. A rough esti-
mate of the average line spacing, δω, arising from the cascade
of hot bands leading to complete radiative dissipation of the
initially deposited internal energy, E, is given by

δω ≈ 2B

Nvib
, (3)

where Nvib is the integral of the density of states, also referred
to as the sum of states, from 0 to E. If δω is much smaller
than the sensor spectral resolution, then the emission spectrum
will appear as a continuum. The sum of states corresponding
to a particular energy, E, is determined from the fundamental
vibrational energies and degeneracies by summing over all the
quantum states whose total vibrational energy is at or below E.
Assuming an internal energy of E = 1.5 eV for the methane
dissociation product, the sum of states is Nvib ≈ 5000, leading
to an average line spacing of δω ≈ 0.002 cm−1. Therefore, the
methane emission will appear as a continuum spectrum at the
ISO spectral resolution.

An approximation to the general appearance of the methane
emission spectrum can be obtained by using a single vibration–
rotation band contour as a template, and then summing together a
number of displaced templates to simulate the effect of the shifts
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Figure 7. Comparison of synthetic CH4 continuum spectrum (dashed line) to
the NGC 7027 UIR spectrum (solid gray line). Also shown is the CH4 template
spectrum (solid black line) at a rotational temperature of 200 K. The vertical
black arrows indicate the band origins of the strong EO absorption bands in this
spectral region.

due to hot bands. We have simplified this further by applying
a smoothing function to a single template, to approximate the
spectral smearing due to the hot bands. The result is displayed in
Figure 7. There are a number of interesting aspects to this result.
First, only a relatively cool rotational temperature of ∼200 K
appears consistent with the UIR spectrum. Second, the methane
spectrum may actually be the origin of the bluer of the two UIR
peaks near 7.7 μm. Finally, methane is only one of a number
of possible dissociation products that may also contribute to the
continuum, over different spectral ranges than methane.

We now investigate the UIR continuum contribution due to
rotationally hot UV-excited SCM species. Earlier, we saw that
the spatially dependent variability of the Red Rectangle 11.2 μm
feature was consistent with variations in the rotational temper-
ature of EO. We have also seen that the narrow, continuum
subtracted 11.2 μm feature is consistent with rotationally cold
EO. In Figure 8, we compare the 278 K EO laboratory absorp-
tion spectrum to the UIR continuum underlying the NGC 7027
11.2 μm feature. The laboratory EO spectrum overlaps a sub-
stantial portion of the underlying continuum and it appears that
a slightly lower temperature, we estimate ∼225 K, would im-
prove the agreement with the astrophysical data in the blue
wing. We anticipate that inclusion of the corresponding hot ro-
tational contributions for the other UIR features in this region,
the 12.7 μm and somewhat weaker 12.2 μm (not indicated in
Figure 8) bands, will account for the remainder of continuum.

There are several sources of rotationally hot SCM molecules.
One is the high gas kinetic temperature in the PDR region,
∼800 K for NGC 7027 (Yan et al. 1999; Hasegawa et al. 2000).
Because of the low collision rate in the PDR, we do not expect
the rotational temperature to maintain thermal equilibrium with
the kinetic temperature. A rotational temperature of ∼225 K
seems generally consistent with this expectation. Another source
of rotational excitation is rotational quantum number ladder
climbing due to the many IR transitions for a single, UV-excited
molecule. Assuming that ∼4 eV is available for IR emission,
we estimate that this corresponds to roughly 32 emitted photons
of average energy ∼1000 cm−1 each. For simplicity, consider
an excited linear molecule, where each emitted photon is
accompanied by a change of + or −1 in the rotational quantum
number, j. Approximating the change in rotational quantum
number as a random walk (i.e., a +1 or −1 change is equally

Figure 8. Comparison of an EO laboratory absorption spectrum at 278 K (dashed
line) with the observed NGC 7027 UIR spectrum (solid line) in the 10–14 μm
spectral region. The laboratory spectrum is scaled to highlight its comparison to
the UIR continuum. The vertical black arrows denote the locations of the major
UIR features in this spectral region.

probable), then after 32 emissions, the average change in j will
be Δj ≈ ±6 (i.e., ∼321/2). This represents a substantial change,
both an increase and a decrease, in rotational energy, considering
that an initially excited rotationally cold SCM molecule may
start out at ∼10 K, corresponding to j ≈ 3 for the SCM
species under consideration. We note that the rotational quantum
number cannot go negative, so when j = 0 is attained, the next
emission must lead to an increase in j to j = 1. The end result
of this constrained random walk will be a bimodal distribution
of effective temperatures, a cold temperature, comparable to
the initial temperature, and a hot temperature corresponding
to j ≈ 9 of ∼100 K. A more rigorous analysis is required
to accurately characterize these temperatures, however, this
simplified analysis illustrates that rotational ladder climbing is
capable of producing rotationally hot molecules in the general
temperature range associated with the continuum.

6. DISCUSSION

6.1. UV Excitation and Internal Energy in SCMs

The SCM model requires UV excitation since the candidate
UIR species, EO and CP, only possess strong electronic absorp-
tion bands below ∼1700 Å. Generalizing from the NGC 7027
abundance analysis, we expect that the excitation may specifi-
cally require Lyα photons because of the enhanced absorption
due to photon trapping. The requirement for UV excitation is
challenged by the observation of UIR emissions from reflec-
tion nebula illuminated by cool stars with very low UV output
(Uchida et al. 2000). However, it remains to be determined if
these systems have sufficient Lyα illumination, in concert with
photon trapping, to power the UIR emissions based on the SCM
model. In contrast, low UV illumination appears not be an issue
for the PAH model. Li & Draine (2002) have shown that for low
UV stars there can be sufficient visible or even near-infrared
light to power the UIR spectrum from a broad size distribu-
tion mixture of their idealized neutral and ionized astronomical
PAHs.

A closely related issue concerns the lack of an observable
UIR spectrum for carbon stars lacking a hot companion (Speck
& Barlow 1997). Assuming that carbonaceous grains are readily
formed in these C-rich systems, it is expected that PAHs should
be formed as well. Thus, in light of the above results from Li
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and Draine, the absence of a UIR spectrum for carbon stars
without a hot companion is puzzling. In the context of the SCM
model, there may not be sufficient UV/Lyα stellar output to
power the UIR spectrum. While the formation chemistry for
EO and CP, is not well established, it is generally thought
that some of the intermediate formation steps for each requires
UV photoinitiation (Bennett et al. 2005; Garrod et al. 2008;
Hollis et al. 2002). Therefore, it is also conceivable that there
is insufficient UV output to facilitate formation of the SCM
species.

The relative energy partitioning of an absorbed UV photon
by the SCMs of interest into photoionization, photodissocia-
tion, UV–VIS fluorescence, and IR emission is not known. The
photoionization thresholds for these species are in the vicinity
of ∼10 eV energy of a Lyα photon (Hashikawa et al. 2004;
Walker et al. 2008; Clauber & Chen 1991). Generally, the pho-
toionization yield near threshold is small, typically a few per-
cent (Corderman et al. 1976), thus we do not expect this to
be the dominant UV photochemical channel. Our abundance
analysis for NGC 7027 suggests that 100% conversion effi-
ciency of the UV photon to IR emission is not required, and
we estimate that a conversion efficiency of ∼10% would still be
consistent with the radio-determined abundance range. The pho-
todissociation rates for small molecules, like SCMs, are quite
substantial, typically around ∼3 × 10−9 s−1 in the interstel-
lar medium (ISM) (van Hemert & van Dishoeck 2008), cor-
responding to a lifetime of ∼10 years. In NGC 7027, which
has a UV radiation field ∼105 more intense than for the ISM
(Hasegawa et al. 2000), the lifetime of a SCM would be ∼1 hr.
The fact that CP is seen with an appreciable abundance in
NGC 7027, and in many other UV-rich environments, means
that the rate of formation keeps pace with the rate of photodis-
sociation. Thus, while the lifetime of an individual SCM may be
small, they can maintain significant steady-state abundance by
virtue of a rapid formation rate. In contrast, PAHs with approx-
imately 50 or more C atoms are inherently stable in harsh UV
environments, with a an estimated photodestruction lifetime of
order 1010 years in the ISM (Allain et al. 1999) or 105 years for
NGC 7027.

Radio-based abundance measurements suggest that CP, EO,
and AC may be the most important SCM species with respect to
forming the UIR bands. The other isomeric forms (see Figure 1)
of these molecules have also been detected, but at substantially
reduced abundances. While we expect AC and EO to be present
in comparable abundances on the carbonaceous grains (Ben-
nett et al. 2005), the IR spectrum of AC is not a good match
to the UIR bands. Therefore, it may be that UV-excited AC is
preferentially photodissociated and contributes only to the UIR
continuum (e.g., the CH4 + CO photodissociation channel dis-
cussed earlier). On the other hand, we require that a significant
fraction of the UV-excited CP and EO molecules produce the
UIR bands, although a comparable fraction may also result in
the UIR continuum (i.e., UV excitation of the rotationally hot
SCMs). What differentiates EO and CP with respect to AC, to
allow production of the UIR bands? Most notably, the fact that
EO and CP are ring molecules and AC is not.

In a ring molecule, one of the ring bonds can be broken with-
out the molecule falling apart. This means that ring molecules
can accommodate more internal excitation without breaking
than non-ring molecules can. Given that the initial UV excita-
tion energy is ∼10.2 eV, which is large compared to typical bond
energy of ∼4 eV, this is an important consideration. The fraction
of the initial electronic excitation energy which is converted into

internal, vibrational excitation of the ground electronic state is
molecule dependent and is not currently known for the SCMs.
For the sake of argument, suppose that 6 eV of internal energy
ends up in the ground electronic state of both AC and EO. AC
will dissociate, since the internal energy is in excess of typical
bond dissociation energy (i.e., ∼4 eV). In contrast, if one of
the EO ring bonds is broken, then ∼2 eV of internal energy
remains in the ruptured molecule, not enough energy to break
another bond. This energy can dissipate via IR emission, allow-
ing the EO to re-form with ∼4 eV of internal excitation and
subsequently emit the UIR spectrum. The IR emission from the
broken ring is another potentially significant contribution to the
UIR spectrum.

At the present time, there are approximately 100 known
carbon-containing molecules in space. We have not performed
an exhaustive evaluation of these molecules as possible UIR
candidates. However, it would not be surprising if EO and
CP (and possibly c-C3H, which we have not yet considered;
Mangum & Wootten 1990) are the most important UIR species,
stemming from their uniqueness as the most abundant ring
molecules. As suggested above, the ring structure may confer
a special ability to dissipate some of the UV excitation energy,
allowing these molecules to remain intact and produce the UIR
bands. It also seems likely that many other molecules, unrelated
to the EO and CP isomeric families, will contribute to both
the UIR continuum as well as the broader, less structured, and
more intense continuum that usually underlies the UIR spectral
components.

6.2. Future Directions

The SCM premise is amenable to further evaluation through
a combination of laboratory, theoretical, and observational in-
vestigations. CP, while stable in space, is difficult to synthesize,
isolate, and stabilize in the laboratory. Hence, the initial focus
in the laboratory should be on EO, a very stable and readily
available chemical. We suggest three laboratory experiments:
(1) a glass bulb style experiment involving UV excitation of gas
phase EO in a low-pressure He bath followed by (or concurrent
with) observation of the resulting IR emission spectrum, (2) the
same set up as for (1) except the EO is introduced adsorbed on
small carbon grains, and (3) IR spectral absorption measure-
ments of EO at elevated temperatures. The first experiment is
meant as a direct simulation of the astrophysical UIR bands as
well as a means of quantifying the IR conversion efficiency for
EO. The role of the He bath gas is to inhibit diffusion of the
emitting EOs to the walls. However, the minimum possible He
pressure is desired in order to minimize vibrational relaxation
of the excited EOs. The second experiment is intended as a test
of the idea that the UIR spectrum can also be produced via UV
excitation of surface adsorbed EO. It is not necessary to perform
these experiments at the ultra cold temperatures found in space,
∼10 K. A few temperatures in the ∼100–300 K range would suf-
fice to demonstrate the dependence of the laboratory simulated
UIR spectrum on rotational temperature. The third experiment
will yield information regarding some of the vibrational anhar-
monicity parameters, which are currently unknown for EO. This
approach has already been successfully demonstrated for PAH
molecules heated up to ∼1000 K (Joblin et al. 1995). Similar
experiments should be performed on AC, in order to understand
its potential contribution to the UIR continuum.

The initial focus of the theoretical work should be on the
development of a SCM-based UIR emission model, analogous
to those already developed for the PAH hypothesis (Allamandola
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et al. 1989). This is an important next step in determining if the
SCM approach is capable of simulating the general spectral
intensity distribution observed for the UIR spectrum. At this
early stage, we only expect modest agreement with observation
in terms of the locations and shapes of the simulated spectrum,
since the anharmonic constants are not known. However, this
model will be useful for investigating potential sources of
variability, such as the expected variability of the relative
abundances of CP and EO for different astrophysical objects
and environments. While the PAH spectral model is a good
starting point for the SCM spectral model, there are important
differences. In the PAH model, the band shapes arise primarily
from anharmonic shifts, where as in the SCM model the shape
will be primarily determined by the rotational envelope. In
the PAH model, the density of vibrational states remains very
high throughout the entire IR emission process. This enables
the evolving PAH vibrational energy redistribution to always
be characterized in terms of a single effective vibrational
temperature. The SCM molecules are much smaller than the
PAH molecules, and, therefore have a much smaller density
of vibrational states at a given internal energy. This means that
below some threshold internal energy, the assumption of a single
internal temperature will break down for the SCMs. Based on
theory and laboratory data for intra-molecular vibrational energy
(IVR) in SCM-sized molecules, we estimate that this break
down will occur around ∼ 1 eV (Bigwood et al. 1998; Stewart
& McDonald 1983). Very crudely, below this energy one can
view the emission as emanating from a “frozen” vibrational
distribution.

The observation strategy should focus on tying together the
UIR emissions with both the UV excitation source, Lyα, and
radio-determined abundances for CP and EO. We have already
shown that in NGC 7027 the available Lyα output is sufficient
to power the UIR emissions and also that the required SCM
abundance is consistent with the radio-determined abundance
for CP. In order to more fully establish the plausibility of
the SCM hypotheses, similar observations and analysis need
to be performed on a wide variety of objects displaying the
UIR spectrum. One of the key challenges to the SCM premise
is to demonstrate consistency with the observation of UIR
emissions from reflection nebula associated with low UV
stellar companions, such as vdB 133 (Uchida et al. 2000). As
speculated earlier, even for these objects there may be sufficient
Lyα illumination in concert with photon trapping to account for
the observed UIR power.

7. CONCLUSIONS

At this early stage of investigation, EO and CP appear to
be viable candidates as the main sources of the UIR band
and continuum features. The spectroscopy of EO in a space
environment is consistent with all of the major, many of the
minor, and some of the longer wavelength UIR bands. CP
also provides good matches to most of the major UIR bands,
with the exception of a strong 9.3 μm feature not seen in the
UIR spectrum. However, because CP is difficult to produce
and isolate in the laboratory, its spectroscopy is not as well
established as for EO, and there is some question as to the
validity of the assignment of the 9.3 μm band. The source of
excitation for both the narrow band and continuum UIR features
is attributed to absorption of a UV photon. The narrow UIR
band features are attributed to UV excitation of vibrationally
and rotationally cold EO and CP. The UIR continuum may arise
from a combination of emission from UV-excited rotationally

hot EO and CP and from UV photodissociation of EO, CP
and their isomers, producing vibrationally and rotationally hot
molecules.

Further support for the SCM model is provided by an
abundance analysis for NGC 7027 where we established that
(1) ∼11% of the total nebular UV output in the 1200–1700 Å
spectral region is required to account for the total UIR output
and (2) a SCM abundance of ∼3 × 10−9 is consistent with
the absorption of 11% of the UV output. A key finding of this
analysis is that the UV excitation is dominated by the strong
Lyα emission line, which accounts for ∼58% of the UV output
in the 1200–1700 Å spectral region. Photon trapping, due to
the extremely high absorption optical depth for Lyα photons,
enhances the absorption path length by a factor of ∼400 relative
to a direct transit through the nebula. The estimated SCM
abundance is consistent with radio-determined abundances for
CP, however, EO has not been observed in NGC 7027 or in any
other UIR emitting object. We speculate that EO is present in
these objects, but is formed on and resides on carbon grains,
thus, precluding radio detection in the gas phase. However,
upon absorption of a UV photon, there is ample energy for a
vibrationally excited EO to desorb from the surface and produce
a gas phase UIR spectrum.

In summary, SCMs seem like good candidates to explain the
UIRs. They have not been thoroughly investigated in this context
despite being simpler than, for example, PAHs. SCMs are also
positively known to exist in space. More quantitative evaluation
of the SCM mechanism awaits laboratory, observational, and
theoretical studies.
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A&A, 299, 835
Johnson, T. J., Sams, R. L., & Sharpe, S. W. 2004, Proc. SPIE, 5269, 159
Kuan, Y.-J., et al. 2004, ApJ, 616, L27
Kwok, S., Volk, K., & Bernath, P. 2001, ApJ, 554, L87
Leger, A., & Puget, J. L. 1984, A&A, 137, L5

Li, A., & Draine, B. T. 2002, ApJ, 572, 232
Lord, R. C., & Nolin, B. 1956, J. Chem. Phys., 24, 656
Madden, S. C., Irvine, W. M., Swade, D. A., Matthews, H. E., & Friberg, P.

1989, ApJ, 97, 1403
Mangum, J. G., & Wootten, A. 1990, A&A, 239, 319
Miani, A., Cane, E., Palmieri, P., Trombetti, A., & Handy, N. C. 2000a, J. Chem.

Phys., 112, 248
Miani, A., Hanninen, V., Horn, M., & Halonen, L. 2000b, Mol. Phys., 98, 1737
Miyata, T., Kataza, H., Okamoto, Y. K., Onaka, T., Sako, S., Hoda, M.,

Yamashita, T., & Murakawa, K. 2004, A&A, 415, 179
Mollaaghababa, R., Gottlieb, C. A., Vrtilek, J. M., & Thaddeus, P. 1993, J.

Chem. Phys., 99, 890
Muizon, J., Cox, M., & Lequeux, P. 1990, A&AS, 83, 337
Nakanaga, T. 1980, J. Chem. Phys., 73, 5451
Nakanaga, T. 1981, J. Chem. Phys., 74, 5384
Nyquist, R. A., & Putzig, C. L. 1986, Appl. Spectrosc., 40, 112
Oberg, K. I., Dishoeck, E. F., & Linnartz, H. 2009, A&A, 496, 281
O’Dell, C. R. 1965, ApJ, 142, 1093
Osterbrock, D. E., & Ferland, G. J. 2006, Astrophysics of Gaseous Nebulae and

Active Galactic Nuclei (2nd ed.; Sausalito, CA: Univ. Science Books)
Pan, J., & Albert, S. 1998, ApJ, 499, 517
Pilleri, P., et al. 2009, MINRAS, in press
Reisenauer, H. P., Maier, G., Riemann, A., & Hoffmann, R. W. 1984, Angew.

Chem. Int. Edn Engl., 23, 641
Sakata, A., Wada, S., Tanabe, T., & Onaka, T. 1984, ApJ, 287, 51
Sellgren, K. 1984, ApJ, 277, 623
Speck, A. K., & Barlow, M. J. 1997, Ap&SS, 251, 115
Stewart, G. M., & McDonald, J. M. 1983, J. Chem. Phys., 78, 3907
Talbi, D., & Pauzat, F. 1995, Chem. Phys. Lett., 244, 269
Talbi, D., Pauzat, F., & Ellinger, Y. 1993, A&A, 268, 805
Thaddeus, P. 2006, Phil. Trans. R. Soc., 361, 1681
Thaddeus, P., Vrtlek, J. M., & Gottlieb, C. A. 1985, ApJ, 299, L63
Tielens, A. G. G. M. 2008, A&A, 46, 289
Turner, B. E., & Apponi, A. J. 2001, ApJ, 561, L207
Uchida, K. I., Sellgen, K., Werner, M. W., & Houdashelt, M. L. 2000, ApJ, 530,

817
van Hemert, M. C., & van Dishoeck, E. F. 2008, Chem. Phys., 342, 292
Walker, I. C., Holland, D. M. P., Shaw, D. A., McEwen, I. J., & Guest, M. F.

2008, J. Phys. B: At. Mol. Opt. Phys., 41, 15101
Whitten, G. C., & Rabinovich, 1963, J. Chem. Phys., 38, 2466
Whitten, G. C., & Rabinovich, 1964, J. Chem. Phys., 341, 1883
Yan, M., Federman, S. R., Dalgarno, A., & Bjorkman, J. E. 1999, ApJ, 515, 640
Yoshimizu, N., Hirose, C., & Maeda, S. 1975, Bull. Chem. Soc. Japan, 48, 3529
Zhang, Y., Kwok, S., & Dihn-V-Trung, 2008, ApJ, 678, 328
Zhang, Y., Liu, X.-W., Luo, S.-G., Péqugnot, D., & Barlow, M. J. 2005, A&A,

442, 249
Zilstra, A. A., van Hoof, P. A. M., & Perley, R. A. 2008, ApJ, 681, 1296

http://dx.doi.org/10.1086/312668
http://adsabs.harvard.edu/cgi-bin/bib_query?2000ApJ...534L.199C
http://adsabs.harvard.edu/cgi-bin/bib_query?2000ApJ...534L.199C
http://dx.doi.org/10.1086/164035
http://adsabs.harvard.edu/cgi-bin/bib_query?1986ApJ...302..737C
http://adsabs.harvard.edu/cgi-bin/bib_query?1986ApJ...302..737C
http://dx.doi.org/10.1063/1.432969
http://adsabs.harvard.edu/cgi-bin/bib_query?1976JChPh..65.4929C
http://adsabs.harvard.edu/cgi-bin/bib_query?1976JChPh..65.4929C
http://adsabs.harvard.edu/cgi-bin/bib_query?1987A&A...181L..19C
http://adsabs.harvard.edu/cgi-bin/bib_query?1987A&A...181L..19C
http://dx.doi.org/10.1021/ja00004a073
http://dx.doi.org/10.1086/304821
http://adsabs.harvard.edu/cgi-bin/bib_query?1997ApJ...489..753D
http://adsabs.harvard.edu/cgi-bin/bib_query?1997ApJ...489..753D
http://dx.doi.org/10.1086/185677
http://adsabs.harvard.edu/cgi-bin/bib_query?1990ApJ...351L..49D
http://adsabs.harvard.edu/cgi-bin/bib_query?1990ApJ...351L..49D
http://adsabs.harvard.edu/cgi-bin/bib_query?1981MNRAS.196..269D
http://adsabs.harvard.edu/cgi-bin/bib_query?1981MNRAS.196..269D
http://adsabs.harvard.edu/cgi-bin/bib_query?1983MNRAS.205P..67D
http://adsabs.harvard.edu/cgi-bin/bib_query?1983MNRAS.205P..67D
http://adsabs.harvard.edu/cgi-bin/bib_query?1974AuJPh..27..425F
http://adsabs.harvard.edu/cgi-bin/bib_query?1974AuJPh..27..425F
http://dx.doi.org/10.1051/0004-6361:20030712
http://adsabs.harvard.edu/cgi-bin/bib_query?2003A&A...406..899F
http://adsabs.harvard.edu/cgi-bin/bib_query?2003A&A...406..899F
http://dx.doi.org/10.1086/587051
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJ...679..310G
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJ...679..310G
http://dx.doi.org/10.1086/588035
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJ...682..283G
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJ...682..283G
http://dx.doi.org/10.1086/152211
http://adsabs.harvard.edu/cgi-bin/bib_query?1973ApJ...183...87G
http://adsabs.harvard.edu/cgi-bin/bib_query?1973ApJ...183...87G
http://dx.doi.org/10.1086/181813
http://adsabs.harvard.edu/cgi-bin/bib_query?1975ApJ...198L..65G
http://adsabs.harvard.edu/cgi-bin/bib_query?1975ApJ...198L..65G
http://dx.doi.org/10.1086/421061
http://adsabs.harvard.edu/cgi-bin/bib_query?2004ApJ...609..225G
http://adsabs.harvard.edu/cgi-bin/bib_query?2004ApJ...609..225G
http://dx.doi.org/10.1086/182079
http://adsabs.harvard.edu/cgi-bin/bib_query?1976ApJ...205L..11G
http://adsabs.harvard.edu/cgi-bin/bib_query?1976ApJ...205L..11G
http://dx.doi.org/10.1016/j.saa.2006.01.006
http://dx.doi.org/10.1086/308610
http://adsabs.harvard.edu/cgi-bin/bib_query?2000ApJ...532..994H
http://adsabs.harvard.edu/cgi-bin/bib_query?2000ApJ...532..994H
http://dx.doi.org/10.1016/j.jfluchem.2004.07.006
http://dx.doi.org/10.1086/341148
http://adsabs.harvard.edu/cgi-bin/bib_query?2002ApJ...571L..59H
http://adsabs.harvard.edu/cgi-bin/bib_query?2002ApJ...571L..59H
http://dx.doi.org/10.1051/0004-6361:20011264
http://adsabs.harvard.edu/cgi-bin/bib_query?2001A&A...378L..41H
http://adsabs.harvard.edu/cgi-bin/bib_query?2001A&A...378L..41H
http://dx.doi.org/10.1063/1.459137
http://adsabs.harvard.edu/cgi-bin/bib_query?1990JChPh..93.1583H
http://adsabs.harvard.edu/cgi-bin/bib_query?1990JChPh..93.1583H
http://dx.doi.org/10.1086/322957
http://adsabs.harvard.edu/cgi-bin/bib_query?2001ApJ...560..792I
http://adsabs.harvard.edu/cgi-bin/bib_query?2001ApJ...560..792I
http://adsabs.harvard.edu/cgi-bin/bib_query?1995A&A...299..835J
http://adsabs.harvard.edu/cgi-bin/bib_query?1995A&A...299..835J
http://dx.doi.org/10.1117/12.515604
http://adsabs.harvard.edu/cgi-bin/bib_query?2004SPIE.5269..159J
http://adsabs.harvard.edu/cgi-bin/bib_query?2004SPIE.5269..159J
http://dx.doi.org/10.1086/426315
http://adsabs.harvard.edu/cgi-bin/bib_query?2004ApJ...616L..27K
http://adsabs.harvard.edu/cgi-bin/bib_query?2004ApJ...616L..27K
http://dx.doi.org/10.1086/320913
http://adsabs.harvard.edu/cgi-bin/bib_query?2001ApJ...554L..87K
http://adsabs.harvard.edu/cgi-bin/bib_query?2001ApJ...554L..87K
http://adsabs.harvard.edu/cgi-bin/bib_query?1984A&A...137L...5L
http://adsabs.harvard.edu/cgi-bin/bib_query?1984A&A...137L...5L
http://dx.doi.org/10.1086/340285
http://adsabs.harvard.edu/cgi-bin/bib_query?2002ApJ...572..232L
http://adsabs.harvard.edu/cgi-bin/bib_query?2002ApJ...572..232L
http://dx.doi.org/10.1063/1.1742592
http://adsabs.harvard.edu/cgi-bin/bib_query?1956JChPh..24..656L
http://adsabs.harvard.edu/cgi-bin/bib_query?1956JChPh..24..656L
http://adsabs.harvard.edu/cgi-bin/bib_query?1989AJ.....97.1403M
http://adsabs.harvard.edu/cgi-bin/bib_query?1989AJ.....97.1403M
http://adsabs.harvard.edu/cgi-bin/bib_query?1990A&A...239..319M
http://adsabs.harvard.edu/cgi-bin/bib_query?1990A&A...239..319M
http://dx.doi.org/10.1063/1.480577
http://adsabs.harvard.edu/cgi-bin/bib_query?2000JChPh.112..248M
http://adsabs.harvard.edu/cgi-bin/bib_query?2000JChPh.112..248M
http://dx.doi.org/10.1080/00268970050177639
http://adsabs.harvard.edu/cgi-bin/bib_query?2000MolPh..98.1737M
http://adsabs.harvard.edu/cgi-bin/bib_query?2000MolPh..98.1737M
http://dx.doi.org/10.1051/0004-6361:20034601
http://adsabs.harvard.edu/cgi-bin/bib_query?2004A&A...415..179M
http://adsabs.harvard.edu/cgi-bin/bib_query?2004A&A...415..179M
http://dx.doi.org/10.1063/1.465353
http://adsabs.harvard.edu/cgi-bin/bib_query?1993JChPh..99..890M
http://adsabs.harvard.edu/cgi-bin/bib_query?1993JChPh..99..890M
http://adsabs.harvard.edu/cgi-bin/bib_query?1990A&AS...83..337J
http://adsabs.harvard.edu/cgi-bin/bib_query?1990A&AS...83..337J
http://dx.doi.org/10.1063/1.440089
http://adsabs.harvard.edu/cgi-bin/bib_query?1980JChPh..73.5451N
http://adsabs.harvard.edu/cgi-bin/bib_query?1980JChPh..73.5451N
http://dx.doi.org/10.1063/1.440967
http://adsabs.harvard.edu/cgi-bin/bib_query?1981JChPh..74.5384N
http://adsabs.harvard.edu/cgi-bin/bib_query?1981JChPh..74.5384N
http://dx.doi.org/10.1366/0003702864815529
http://adsabs.harvard.edu/cgi-bin/bib_query?1986ApSpe..40..112N
http://adsabs.harvard.edu/cgi-bin/bib_query?1986ApSpe..40..112N
http://dx.doi.org/10.1051/0004-6361/200810207
http://adsabs.harvard.edu/cgi-bin/bib_query?2009A&A...496..281O
http://adsabs.harvard.edu/cgi-bin/bib_query?2009A&A...496..281O
http://dx.doi.org/10.1086/148380
http://dx.doi.org/10.1086/305638
http://adsabs.harvard.edu/cgi-bin/bib_query?1998ApJ...499..517P
http://adsabs.harvard.edu/cgi-bin/bib_query?1998ApJ...499..517P
http://dx.doi.org/10.1086/184396
http://adsabs.harvard.edu/cgi-bin/bib_query?1984ApJ...287L..51S
http://adsabs.harvard.edu/cgi-bin/bib_query?1984ApJ...287L..51S
http://dx.doi.org/10.1086/161733
http://adsabs.harvard.edu/cgi-bin/bib_query?1984ApJ...277..623S
http://adsabs.harvard.edu/cgi-bin/bib_query?1984ApJ...277..623S
http://dx.doi.org/10.1023/A:1000768102477
http://adsabs.harvard.edu/cgi-bin/bib_query?1997Ap&SS.251..115S
http://adsabs.harvard.edu/cgi-bin/bib_query?1997Ap&SS.251..115S
http://dx.doi.org/10.1063/1.445114
http://adsabs.harvard.edu/cgi-bin/bib_query?1983JChPh..78.3907S
http://adsabs.harvard.edu/cgi-bin/bib_query?1983JChPh..78.3907S
http://dx.doi.org/10.1016/0009-2614(95)00890-G
http://adsabs.harvard.edu/cgi-bin/bib_query?1995CPL...244..269T
http://adsabs.harvard.edu/cgi-bin/bib_query?1995CPL...244..269T
http://adsabs.harvard.edu/cgi-bin/bib_query?1993A&A...268..805T
http://adsabs.harvard.edu/cgi-bin/bib_query?1993A&A...268..805T
http://dx.doi.org/10.1098/rstb.2006.1897
http://dx.doi.org/10.1086/184581
http://adsabs.harvard.edu/cgi-bin/bib_query?1985ApJ...299L..63T
http://adsabs.harvard.edu/cgi-bin/bib_query?1985ApJ...299L..63T
http://dx.doi.org/10.1146/annurev.astro.46.060407.145211
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ARA&A..46..289T
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ARA&A..46..289T
http://dx.doi.org/10.1086/324762
http://adsabs.harvard.edu/cgi-bin/bib_query?2001ApJ...561L.207T
http://adsabs.harvard.edu/cgi-bin/bib_query?2001ApJ...561L.207T
http://dx.doi.org/10.1086/308379
http://adsabs.harvard.edu/cgi-bin/bib_query?2000ApJ...530..817U
http://adsabs.harvard.edu/cgi-bin/bib_query?2000ApJ...530..817U
http://dx.doi.org/10.1016/j.chemphys.2007.08.011
http://adsabs.harvard.edu/cgi-bin/bib_query?2008CP....343..292V
http://adsabs.harvard.edu/cgi-bin/bib_query?2008CP....343..292V
http://dx.doi.org/10.1088/0953-4075/41/11/115101
http://dx.doi.org/10.1063/1.1733526
http://adsabs.harvard.edu/cgi-bin/bib_query?1963JChPh..38.2466W
http://adsabs.harvard.edu/cgi-bin/bib_query?1963JChPh..38.2466W
http://dx.doi.org/10.1063/1.1726175
http://adsabs.harvard.edu/cgi-bin/bib_query?1964JChPh..41.1883W
http://adsabs.harvard.edu/cgi-bin/bib_query?1964JChPh..41.1883W
http://dx.doi.org/10.1086/307047
http://adsabs.harvard.edu/cgi-bin/bib_query?1999ApJ...515..640Y
http://adsabs.harvard.edu/cgi-bin/bib_query?1999ApJ...515..640Y
http://dx.doi.org/10.1246/bcsj.48.3529
http://dx.doi.org/10.1086/529428
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJ...678..328Z
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJ...678..328Z
http://dx.doi.org/10.1051/0004-6361:20052869
http://adsabs.harvard.edu/cgi-bin/bib_query?2005A&A...442..249Z
http://adsabs.harvard.edu/cgi-bin/bib_query?2005A&A...442..249Z
http://dx.doi.org/10.1086/588778
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJ...681.1296Z
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJ...681.1296Z

	1. INTRODUCTION
	2. SCM EXCITATION AND ABUNDANCE ANALYSIS
	3. ETHYLENE OXIDE SPECTROSCOPY
	3.1. The 3.3µm Feature
	3.2. The 6.2µm Feature and Spectral Region
	3.3. The 7.7 and 8.6µm Features
	3.4. The 11.2µm Feature
	3.5. The 12.7µm Feature

	4. CYCLOPROPENYLIDENE SPECTROSCOPY
	5. UIR CONTINUUM
	6. DISCUSSION
	6.1. UV Excitation and Internal Energy in SCMs
	6.2. Future Directions

	7. CONCLUSIONS
	REFERENCES

