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ABSTRACT

Context. Polycyclic aromatic hydrocarbons (PAHs) have been detected in many interstellar medium (ISM) sources. They are consid-
ered among the most abundant organic compounds in these environments.
Aims. We aim at identifying the carriers of the near UV fluorescence bands that appear in the spectra of 1P/Halley’s inner coma.
Methods. Near UV spectra of 1P/Halley were recorded on March 9, 1986 by the three-channel spectrometer onboard the Vega2 space-
craft at projected distances of between 421 and 932 km. We compare these data to laboratory spectra obtained under laser-induced
fluorescence conditions in a jet-cooled molecular beam.
Results. The cometary spectral features are found to be consistent with the laboratory fluorescence spectrum of anthracene. Four
main peaks coincide at 363, 367.5, 373 and 382.5 nm. We then report the identification of anthracene, a three-ring PAH in the inner
coma of 1P/Halley at projected distances of less than thousand km. We derive an abundance relative to water of 5 × 10−5 to 1 × 10−4

for this molecule. This new detection adds to the previously reported UV identifications of phenanthrene and pyrene in the innermost
coma of 1/P Halley.
Conclusions. Recently, three small PAHs, namely naphtalene, phenanthrene and pyrene, were identified in dust grains collected by
the Stardust probe in the environment of Comet 81P/Wild2. These findings, together with the present identification of anthracene in
1P/Halley’s near UV spectra, confirm that similarities exist between the composition of comets and that of the ISM.

Key words. space vehicles: instruments – techniques: spectroscopic – comets: general – comets: individual: 1P/Halley –
line: identification

1. Introduction

PAHs have been observed in almost all astrophysical envi-
ronments, including the diffuse interstellar medium (ISM), the
edges of molecular clouds, reflection nebulae, young stellar ob-
jects, HII regions, star forming regions, planetary nebulae, no-
vae and galaxies (Puget & Léger 1989; Salama et al. 1996;
Verstraete et al. 2001; Vijh et al. 2004, 2005). They are char-
acterized by strong emission bands in the 3–15 μm mid-infrared
range (Ehrenfreund & Charnley 2000; van Dishoeck 2004). Li
& Draine (2001) elaborated a quantitative model for the infrared
emission from dust in the diffuse ISM and showed that dust
containing carbonaceous grains having properties like PAHs are
consistent with observations.

In the Solar system, the three-channel spectrometer (TKS)
onboard the Vega2 spacecraft detected unidentified fluorescence
bands in the 280–400 nm range in the innermost coma of
comet 1P/Halley. The cometary spectra were compared to lab-
oratory laser-induced fluorescence spectra of PAHs having 2, 3
or 4 aromatic rings. Two PAHs, namely phenanthrene (C14H10)
and pyrene (C16H10), were thus identified by the presence of
three peaks in their individual spectra between 342 and 384 nm
(Moreels et al. 1994; Clairemidi et al. 2004). This first identi-
fication of PAHs in 1P/Halley was independently confirmed by
the detection of an IR emission at 3.28 μm by the infrared spec-
trometer (IKS) onboard the Vega2 probe, due to a mixture of
aliphatic species and aromatic polycyclic compounds (Encrenaz
et al. 1988).

More recently, naphthalene, phenanthrene and pyrene were
identified in comet 81P/Wild2 samples collected during the

Stardust mission (Sandford et al. 2006; Clemett et al. 2007).
In addition, by using a model for the infrared emission of dust
based on a statistical mix of PAHs with an average size ∼1 Å
for pyrene (Li & Draine 2001), Lisse et al. (2006) also detected
infrared signatures of PAHs at 6.2 and 7.6 μm in Spitzer spec-
tra of comet 9P/Tempel 1 ejecta. These new findings led us to
re-investigate the UV part of the TKS spectra in order to search
for new fluorescence bands of PAHs, as these compounds are
quite efficient in emitting near UV and blue luminescence when
exposed to UV radiation.

In this paper, we present a set of four spectra of the inner
coma of comet 1P/Halley, each one an average of four in-
dividual spectra taken at different projected distances between
421 and 932 km from the nuclei. The data are compared with
a fluorescence spectrum of anthracene obtained in the labora-
tory under simulated cometary conditions. Both types of spectra,
cometary and laboratory, present comparable features that allow
a confident identification of anthracene in 1P/Halley.

2. Spectra of Halley’s inner coma

Spectra of Halley’s inner coma in the near UV were obtained on
March 9, 1986 with the TKS spectrometer onboard the Vega2
spacecraft. The telescope scanned a rectangular 2◦ × 1.5◦ field
of view in the first 150 min of the observation session and a line
with an angular extent of 2◦ in the last 30 min preceding the
closest approach.

Re-processing of the TKS data was conducted as fol-
lows. The dust-scattered continuum due to solar radiation is
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Fig. 1. Comparison of cometary spectra with the laboratory spectrum of anthracene. The CN emission band is not subtracted from the cometary
spectrum. The laboratory spectrum of anthracene, shown with arbitrary intensity units, is presented below the cometary spectrum. The cometary
spectrum shown in each panel is an average of four different individual spectra taken at different projected distances p between 421 and 932 km.
Four main peaks coincide at 363, 367.5, 373 and 382.5 nm. Error bars are plotted at the wavelengths of several PAH emission bands. Marks in
the upper left panel denote the location of the anthracene, phenanthrene and pyrene features.

subtracted. This operation is made by using a reference abso-
lute solar spectrum (Neckel & Labs 1984; Labs et al. 1987) and
applying to it a convolution by a Gaussian function having the
same FWHM as the instrument, i.e. 6 nm. The resulting solar in-
tensity S λ is then multiplied by an α factor that is determined by
adjusting the solar spectrum below the experimental spectrum
of intensity Lλ. Both spectra are in contact at one wavelength
λ0 that is measured during the numerical determination of the
α coefficient. At the wavelength λ0, the following relationship is
satisfied:

Lλ0 − αSλ0 = 0. (1)

At other wavelengths, the intensity of molecular emission is
given by:

Iλ = Lλ − αSλ. (2)

During this process, the dust-scattered spectrum is assumed to
be grey in color, i.e. no color correction is applied to the original
data during the subtraction phase. The moderate resolution of the
instrument does not allow the resolution of weak and/or close-
spaced features. It can be noted that the 340–380 nm spectral
range between the NH and CN bands is practically free of any
molecular band in TKS spectra taken at projected distances p ≥
18 800 km. However, using high resolution ground-based spec-
tra of comet Austin (1989c1) in the same spectral range, Valk
et al. (1992) identified the following weak features: OH (0, 1) at
345 nm, CO+2 (Δv = 0) at 352 nm, CN (1, 0) at 357 nm and CO+2
(Δv = −1) at 368 nm. A detailed long-slit spectrum obtained by
Arpigny et al. (1986), with an exposure time of 3h 25 min, also
shows weak traces of CN (1, 0) (357 nm), CO+2 (0, 0) (352 nm),

CO+2 (0, 1) (368 nm), CO+2 (1, 2) (369 nm), CO+ (4, 0) (379 nm)
and OH+ (0, 0) (360 nm). However, due to the poor signal to
noise ratio, no variation of these features has been detected with
p, so weak are their intensities.

In the inner coma at p ≤ 3000 km, the situation is quite dif-
ferent. During the approach and encounter period, the Vega2 in-
strument line of sight continuously scanned an angular field of
view of 2◦ in order to spatially explore the inner coma. Intense
fluorescence broad band emission (10–50 kRayleighs/nm) grad-
ually emerged as the spacecraft approached the comet. The spec-
tra recorded during this session exhibit a noticeable variabil-
ity which reflects the inhomogeneities of the cometary medium
close to the nucleus. A selection of the spectra is displayed in
Fig. 1, where a number of fluorescence bands are seen in the
340–390 nm spectral range.

Polyatomic molecules which emit fluorescence radiation in
the near UV are numerous. Our search was oriented towards
methanol and formaldehyde, since these molecules have been
detected in several comets, and towards PAHs which present flu-
orescence bands in the UV and visible (Jaffé & Orchin 1962).
In the UV, methanol in the gaseous phase shows a weak absorp-
tion band at λ ∼ 180–200 nm. The molecule is dissociated and
produces mainly formaldehyde or, at a lower rate, methoxy radi-
cals (Harrison et al. 1959; Porter & Noyes 1959; Calvert & Pitts
1966, p. 444). At shorter wavelengths, λ < 150 nm, the dissocia-
tion products are methyl and OH (2Σ) radicals (Nee et al. 1985).
As a result, methanol does not seem to be a possible fluorescence
carrier of the observed emission. In the case of formaldehyde,
its fluorescence spectrum presents ten regularly spaced bands
at 370, 378, 387, 397, 405, 414, 423, 433, 443 and 455 nm
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(Tang & Lee 1976; Chatham 1977) but none of them coincide
with the reported emission features between 358 and 385 nm.

Among the large family of PAHs, we identified phenanthrene
(Moreels et al. 1994) and pyrene (Clairemidi et al. 2004) from
TKS spectra of Halley’s inner coma. These two PAHs were also
identified in the samples of the comet 81P/Wild 2 collected by
Stardust (Sandford et al. 2006; Clemett et al. 2007), and pre-
sented as a good match to the material excavated by the Deep
Impact experiment from comet 9P/Tempel 1, as observed by the
Spitzer Space Telescope at 5–35 μm (Lisse et al. 2006). PAHs
are considered to be the best candidates as possible carriers of
the cometary emission, because their fluorescence bands are ex-
pected to be located in the 330–385 nm spectral range.

3. Identification of anthracene

The identification of some of the bands in comet 1P/Halley as be-
ing anthracene has been established on the basis of comparisons
between the cometary spectra and emission spectra obtained in
the laboratory, under conditions which provide valuable simu-
lation of the astrophysical situation, i.e. super-cooled gas phase
molecules in a collision-free regime.

The experimental conditions are described in Hermine
(1994), Moreels et al. (1994) and Clairemidi et al. (2004). A
heated (50 ◦C) solid sample reservoir provides a vapour pressure
of anthracene which is diluted in a carrier gas (P0 = 5 bars of he-
lium) before passing through a heated pulsed nozzle (0.5 mm
diameter). The anthracene vapour is excited by a pulsed tunable
UV beam focused onto the jet at a distance of ∼10 mm from the
nozzle. The laser beam is synchronized with the valve operation.

The adiabatic expansion of the gas mixture from the noz-
zle produces a fast and very efficient cooling of the molecules
(kinetic T < 10 K). The PAH molecules, travelling with the car-
rier gas velocity, become rotationally cooled to a temperature
close to the kinetic temperature. The molecular density becomes
low enough so that the average time between collisions increases
faster than the radiative lifetimes of the electronically excited
states. These two characteristics of the experiment (very low
temperature and absence of collisions) provide an appropriate
simulation of the cometary conditions. The fluorescence spectra
correspond to the recording of the dispersed emission resulting
from excitation at a fixed laser wavelength.

The photophysical properties of the anthracene molecule
must be invoked in order to derive from experimental data the
expected emission spectrum of the molecule if present in the
cometary environment. This is done with the help of the dia-
grams presented in Fig. 2. The central part of the figure is an
energy level scheme partly following the traditional Jablonski’s
representation. The fluorescence excitation spectrum of jet-
cooled anthracene is reported on the left hand side of the figure,
while the standard solar spectrum is recalled on the right hand
side. The central scheme consists of three piles of vibrational en-
ergy levels built above the vibrationless electronic singlet states:
the ground state S0 (right), the first excited singlet S1 (middle),
and the fourth excited singlet S4 (left). Note that the second and
third excited singlet states are not represented since, as appar-
ent from the fluorescence excitation spectrum (left), the S2 ← S0
and S3 ← S0 transitions have negligible oscillator strengths. The
metastable triplet states are not shown either, although they con-
tribute to the reduction of the fluorescence quantum yield by
inter-system crossing non radiative transitions. It thus appears
that only the vibronic bands belonging to the S1 ← S0 and
S4 ← S0 electronic transitions are efficient to excite the fluores-
cence of anthracene. It is important to note that excitation of the
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Fig. 2. Energy levels diagram showing the allowed electronic transitions
within the singlet states of anthracene. On the left hand side, the fluo-
rescence excitation spectrum of the jet-cooled molecules is reproduced
(Hermine 1994). On the right hand side, the solar spectrum is shown for
comparison. Note that the S2 and S3 states are not represented since they
do not contribute to the excitation because of their very low oscillator
strengths. Triplets that contribute to the reduction of the fluorescence
quantum yield by non-radiative transitions are not shown for overall
clarity.

S4 state is immediately followed by fast non radiative transitions
of internal conversion to the S1 state (undulating horizontal ar-
row in the figure), as shown by the fact that the fluorescence is
emitted in the wavelength range of the S1 ← S0 transition.

The experimental study shows that excitation through the
various vibronic bands of the S1 ← S0 transition gives rise
to a dispersed emission spectrum which is red-shifted relative
to the origin transition at 361 nm, and always similar when
the excitation wavelength is varied (Lambert et al. 1984a) and
which evolves towards an essentially stable spectrum when in-
tramolecular vibrational redistribution (IVR) is established near
1300 cm−1 of excess energy (Bréchignac & Hermine 1994;
Hermine 1994). Such an evolution towards a stable spectrum
is also observed when excitation is achieved at different wave-
lengths through the broad features assigned to the S4 ← S0
transition, but the corresponding dispersed emission spectrum
is quite different and featureless (Bréchignac & Hermine 1994).
The contribution of each of these two average emission spectra
to the expected cometary spectrum results from taking into ac-
count the solar photons flux in the two spectral windows for ex-
citation, as well as the adequate fluorescence efficiency in each
case. It is clear from the solar spectrum in Fig. 2 that the flux
available for excitation to S4 is significantly smaller than it is for
excitation to S1. The quantum yield is also reduced from 0.67 (at
the origin of S1) to 0.02 (at the high energy side of the S4 band).
Thus, the contribution of the fluorescence from S1 is expected
to be about 20 times larger than that from S4, which conse-
quently can be neglected. The laboratory photophysical studies
thus led us to adopt the spectrum with λexc = 344 nm reported by
Lambert et al. (1984b), which is reproduced in the four panels
of Fig. 1.

We selected for this figure cometary spectra where the flu-
orescence bands of anthracene at 363, 367.5, 373, 382.5 and
384.5 nm are present. As the medium probably contains a mix-
ture of PAHs, the simultaneous presence in the four spectra
of the fluorescence bands of anthracene at 363, 367.5, 373,
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382.5–384.5 nm constitutes a strong criterion for identifying this
molecule. The main fluorescence bands of phenanthrene located
at 347, 356, 364 nm are also seen. In the case of pyrene, the
bands located at 371, 376 and 382 nm are barely seen in the
spectra that were chosen in the present work. As a result,
the spectra shown in Fig. 1 suggest the identification of an-
thracene in Halley’s comet but also confirm the presence of
phenanthrene.

Following the same approach as in our previous cometary
PAH work (Moreels et al. 1994; Bréchignac & Hermine 1994,
Clairemidi et al. 2004), i.e. relying on the absolute oscillator
strength for S1← S0 absorption and fluorescence quantum yields
from S1 (near λexc = 344 nm, Q � 0.2) (Hermine 1994), inte-
grating the cometary intensity in anthracene bands (from Fig. 1)
and assuming the expansion velocity is 1 km s−1, it is possi-
ble to derive the production rate of anthracene: Qanthracene ∼
1026 molecules s−1.

This value may be compared with the production rate of
C2, estimated to be 6 × 1027 molecules s−1 for March 9, the
encounter day (Krasnopolsky et al. 1986). Comparing the pro-
duction rate of anthracene to the estimated production rate of
water mentioned by Krasnopolsky et al. (1986), QH2O = 2 ×
1030 molecules s−1, and by Encrenaz et al. (1988) for P/Halley,
QH2O = 1030 molecules s−1, we derive a maximum abundance
of anthracene relative to water of 5 × 10−5 to 1 × 10−4. Note
that Bockelée-Morvan et al. (1995) found a lower PAH abun-
dance relative to water (∼1.5 × 10−6 to 10−5) in a set of seven
comets, but their derived abundances depend on modeling as-
sumptions which are still uncertain and there is a significant di-
versity among comets, namely in the dust/gas ratio and in the
composition of the coma.

In the same conditions the cometary intensity in phenan-
threne bands from Fig. 1 would lead to Qphenanthrene ranging from
6 × 1026 to 1027 molecules/s. The order of magnitude is simi-
lar to our previous determination (Moreels et al. 1994) although
weaker by a factor of �2. Such a difference can be explained by
the fact that the spectra in Fig. 1 have been selected to clearly
show the anthracene bands, in contrast to our previous work.
The higher abundance of phenanthrene compared to anthracene
could be explained by the fact that it is more stable than an-
thracene, as shown by the comparison of the resonance energy
of their polycyclic structures (see e.g. Fig. 2 p. 4, Bjørseth 1983).

This reveals a clear variability in the spectra which must have
its origin in the heterogeneity of the material composition along
the time-varying line-of-sight. Such a behavior is fully consistent
with the evidence of highly anisotropic jets in Halley’s coma,
and is expected to be emphasized if the PAH molecules are in-
deed outgassed from the dust particles themselves, possibly re-
leased by the fragmentation of clumps. Such a process is also
proposed by Green et al. (2007) to explain the impact count data
recorded from the Wild 2 coma during the Stardust closest ap-
proach. The measured fluxes are attributed to bursts and swarms
that reveal a highly non-uniform distribution for the Wild 2 coma
material.

4. Spatial distribution of the emission
A relatively detailed description of the region close to the nu-
cleus can be retrieved from the thousands of spectra of the
explored inner coma transmitted by the three-channel spec-
trometer. Once the geometrical parameters are calculated, radial
profiles can be drawn for any wavelength of the instrument spec-
tral range.

Radial profiles of the individual band intensities can be plot-
ted as a function of the projected distance p. Two radial profiles
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of anthracene at wavelengths 363 and 367.5 nm are presented in
Fig. 3. For comparison, the intensity of the CN band at 388 nm
is also plotted. A fourth curve shows the variation with p of
the intensity ratio CN at 388 nm/emission peak at 363 nm and
367.5 nm. Anthracene exhibits a typical parent molecule pro-
file, with a maximum at the nucleus and a sharp decrease as a
function of the projected distance. Figure 4 presents the varia-
tion with p of the intensity ratio C2 at 516 nm/emission peak of
anthracene at 363 nm. The ratio rises to a value ∼20, which in-
deed corresponds to the sensivity limit. CN and C2 have daughter
molecule profiles with very long scalelengths.

Several parent molecules P(CN) have been proposed for CN:
HCN, CH3CN, HC3N and C2N2 (Bockelée-Morvan & Crovisier
2002; Fray et al. 2005). The shape of the I(p) curve for the newly
detected emission is, to a first approximation, of the 1/p type.
Such a 1/p variation is a strong argument to prove that the iden-
tified PAH molecule is either a parent molecule or is released
inside the coma by dust particles at low velocities.

The present data, combined with those derived from other
sets of spectra previously reported by Moreels et al. (1994)
and Clairemidi et al. (2004), allow a comparison of the spatial
distribution of the three detected PAHs to be made. Figure 5
shows the variation with p of the intensity of pyrene, anthracene
and phenanthrene measured by TKS. Using a simple uniform
expansion model, a value of the scale length for the detected
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PAH can be calculated by integrating the following density equa-
tion:

n(rn) = g
Q exp (−rn/vτ0)

4πvr2
n

, (3)

where g is the fluorescence efficiency, Q the production rate,
rn the radial distance to the cometary nucleus, v the expansion
velocity and τ0 the considered PAH lifetime. Assuming that
v = 1 km s−1, we find a value of τ0 ∼ (1.2 ± 0.2) × 105 km
for anthracene. Such a high value for τ0 suggests that PAHs are
also produced locally by dust grains in the coma. Indeed, as the
band intensities are not spatially homogeneous, the PAHs are
probably released by disintegration of dust particle clumps, in
a process similar to that found by Stardust in the Wild 2 coma
(Green et al. 2007). In addition, the camera onboard Giotto also
showed evidence of highly anisotropic emission from Halley’s
nucleus, mainly sunward, and dominated by pronounced jets of
material (Keller et al. 1987). Such jets of CN and NH were also
detected by TKS (Clairemidi et al. 1990).

C2N2 and HC3N appear as possible candidates, but the first
one is very difficult to detect and the second not abundant enough
to explain the CN quantity in the coma. In the case of C2, it is
produced at a high excitation temperature in the jets or in diffuse
sources, and lower temperature in the surrounding coma (Laffont
et al. 1998). Determining the nature of its parent molecule(s)
P(C2) is still an open question. Photodestruction of PAHs at Lyα
might be a path for releasing C2H2 breaking into C2H, CH and
C2 (Calvert & Pitts 1966; Okabe 1978). The production of vi-
bronically excited C2 (c3Σ+u , d3Πg) has been observed in the lab-
oratory by Moutou et al. (1997) under excimer laser excitation of
another PAH, perylene. Some of the concerned bands only very
recently have been assigned thanks to the work of Kokkin et al.
(2006). Further studies of thermal or photodestruction of car-
bonaceous compounds might provide pertinent answers to the
problem of P(CN) and P(C2) (Ehrenfreund et al. 2002).

5. Summary and discussion

The recent identification of PAHs in the cometary dust grains
collected during the Stardust mission (Clemett et al. 2007) led
us to re-investigate the spectra of Halley’s inner coma recorded
by the TKS spectrometer. We compared the cometary data
with laser induced fluorescence spectra obtained under cooled

molecular jet conditions. Using anthracene vapour, four main
peaks located at 363, 367.5, 373 and 382.5 nm were identified
in the laboratory spectrum of the 3-ring PAH, as well as in the
cometary spectra. In addition, the spatial distribution of the emis-
sion exhibits a p−1 variation which shows that its carrier, an-
thracene, is emitted by the nucleus or by dust packs in the coma.

The identification of anthracene confirms the previously re-
ported detection of phenanthrene (Moreels et al. 1994), and
pyrene (Clairemidi et al. 2004). It should be noted that the struc-
ture of individual spectra is not uniform for the whole set of
TKS data. This reveals some heterogeneity in the composition
of clumps or of dust grains as pointed out by the Stardust results
(Clemett et al. 2007).

The chemistry capable of producing such PAHs is likely to
create, under similar conditions, a whole family of polycyclic
aromatic molecules. In particular, the presence of naphthalene is
not excluded from our spectra but it is difficult to determine def-
initely because the expected spectrum presents only one broad
(∼25 nm) band without characteristic features (Bréchignac &
Hermine 1994). These detections imply that other PAHs might
also be present in comet Halley and give rise to characteristic
emission spectra. Such spectra would occur at different wave-
lengths as shown by separate studies concerning molecules of
similar sizes in the laboratory, and need to be further investi-
gated. These three identifications have been made possible by
the absence of any other molecular emission in the whole spec-
tral range covered where anthracene, pyrene and phenanthrene
fluorescence occurs ( from 340 to 390 nm).

The identifications provide a full complement to the detec-
tion of an IR feature at 3.28 μm and its assignment to an X-CH
organic compound. Lisse et al. (2007) reported the detection of
the IR signature of PAHs in comets Tempel1, Hale-Bopp and in
the Young Stellar Object (YSO) HD 100546. This is consistent
with the detection of strong PAH emission in Herbig Ae/Be stars
(Sloan et al. 2005). The material of the disk surrounding these
stars is very similar to that found in comets (e.g. HD 100546 vs.
Comet Hale-Bopp) and seems most likely in the regime of build-
ing giant planets out of cometary planetesimals (van den Acker
et al. 1997; Waelkens et al. 1997; Bouwman et al. 2003; Lisse
et al. 2007).

Measuring the fluorescence radiation of small PAHs in
the near-UV is an effective way to identify specific species.
Recently, Vijh et al. (2004, 2005) observed a blue luminos-
ity in the Red Rectangle nebula. They compared their spec-
tra with dispersed fluorescence laboratory spectra of anthracene
and pyrene (Bréchignac & Hermine 1994). They proposed an-
thracene as a likely carrier of the observed blue luminosity. The
Red Rectangle is a proto-planetary nebula with a central star,
HD 44179, showing a large mass loss. Its IR spectrum exhibits
the five “unidentified” IR emission bands at 3.3, 6.2, 7.8, 8.6 and
11 μm identified as being of “highly characteristic of polycyclic
aromatic compounds” by Léger & Puget (1984). Many efforts
have been made to define criteria for identifying PAHs through
their phosphorescence or far-IR emission (Joblin et al. 2002;
Mulas et al. 2006). The identification of small neutral polycyclic
molecules in Halley’s inner coma and in the Red Rectangle neb-
ula emphasizes the similarity of composition that exists between
minor bodies formed in the outer primitive nebula and the in-
terstellar medium. These new data support the idea that comets
can help trace the interstellar medium input into the primitive
solar nebula, even if this matter might have been strongly altered
or even completely re-processed, down to the molecular level,
by strong mixing within the disk, as the new Stardust and Deep
Impact results suggest.

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200809497&pdf_id=5
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