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Abstract. The Extended Red Emission (ERE) has been observed in virtually all possible environments in which dust is present,
ranging from HII regions to carbon rich planetary nebulae, to reflection nebulae, to dense interstellar clouds, to the diffuse
interstellar medium. One problem in comparing ERE with laboratory photoluminescence (PL) measurements is given by the
fact that laboratory samples are usually macroscopic in size, or very thin films, while interstellar dust particles are usually
of sizes comparable to, or smaller than, the wavelength of visible light. We here apply a newly developed general recipe to
extrapolate the expected PL of small, homogeneous spheres starting from the available laboratory results obtained for bulk
samples, and infer previously unsuspected consequences for ERE-like PL. phenomena.
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1. Introduction

The Extended Red Emission (henceforth ERE) is a broad
emission whose peak wavelength lies between ~6500 A
and ~8000 A, with a width of about ~800 A. It was first dis-
covered in the peculiar Red Rectangle nebula (Schmidt et al.
1980), and almost ten years passed until the spectroscopic de-
tection of a similar feature in many reflection nebulae (Witt
& Schild 1988; Witt et al. 1989; Witt & Malin 1989; Witt &
Boroson 1990). So far, ERE has been detected also in a dark
nebula (Mattila 1979; Chlewicki & Laureijs 1987), in galac-
tic cirrus clouds (Guhathakurta & Tyson 1989; Szomoru &
Guhathakurta 1998), in the galactic high latitude diffuse inter-
stellar medium (Gordon et al. 1998), in galactic HII regions
(Perrin & Sivan 1992; Sivan & Perrin 1993), in the 30 Doradus
nebula in the LMC (Darbon et al. 1998), in a nova (Scott
et al. 1994), in carbon rich planetary nebulae (Furton & Witt
1990, 1992), in the halo of the galaxy M 82 (Perrin et al.
1995) and in the Evil Eye galaxy (NGC 4826; M 64) (Pierini
et al. 2002). That ERE is a true emission phenomenon and not
due to changes in the scattering properties of dust grains, was
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convincingly proven by Watkin et al. (1991), who showed that
the extended red emission was not correlated with the polarisa-
tion in the reflection nebula NGC 7023.

If the same agent is supposed to be responsible for the pro-
duction of ERE in all of these environments, it must be present
in a wide variety of kinetic temperature, density and irradia-
tion conditions and it must have a high quantum efficiency for
photoluminescence (PL), especially in the diffuse interstellar
medium (ISM) (Gordon et al. 1998). Moreover, one of the ob-
served properties of the ERE is that its spectral shape is differ-
ent even in different positions of the same object, e. g. as in the
Red Rectangle, in several reflection nebulae (Witt & Boroson
1990) and in the Orion H1I region (Perrin & Sivan 1992).

Several possible carriers for the ERE have been pro-
posed, over the years, to meet these demanding observa-
tional constraints. They include gas phase molecules such as
Polycyclic Aromatic Hydrocarbons (PAHs) (Léger et al. 1988)
and fullerene (Cgo) and its derivatives (Webster 1993), as
well as some solid state components of the interstellar dust,
namely various carbonaceous compounds (Duley 1985; Sakata
et al. 1992; Seahra & Duley 1999) and pure silicon nanopar-
ticles (Witt et al. 1998; Ledoux et al. 1998, 2001). Each of
these hypotheses shows some apparent drawbacks: gas phase
fullerenes and derivatives cannot easily reproduce the observed
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continuous spectral variation of ERE; PAHs would necessarily
produce the so-called Unidentified Infrared Bands (UIBs) in
the near and medium infrared along with ERE, while ERE and
the 3.3 um UIB have been observed not to be always spatially
correlated (Perrin & Sivan 1992; Furton & Witt 1992); silicon
nanoparticles, due to the very strong dependence of both the
quantum efficiency and the peak wavelength of their PL on the
size of the crystallites (Ledoux et al. 1998, 2001), would re-
quire a very narrow, finely tuned size distribution in order to
match ERE in different environments; finally, various flavours
of HAC seem to be able to reproduce the full range of PL po-
sitions and have the right spectral shape, but not to simultane-
ously match both the spectral distribution of ERE and the re-
quired photon conversion efficiency needed to account for the
observed ERE in the diffuse ISM, estimated to be near 10% by
Gordon et al. (1998). Specifically, HAC needs to be highly hy-
drogenated to have a high enough PL quantum efficiency, but
then its spectrum, as measured on laboratory samples, peaks
blue-wards of the observed ERE. This leaves us, to date, with
no really compelling solution for the ERE enigma.

However, in our previous summary, we emphasised what
we believe to be a rather fundamental flaw in the comparisons
of the PL by carbonaceous materials and ERE: in stark contrast
with the remarkable work on silicon nanoparticles by Ledoux
et al. (1998, 2001), in most of the above cited literature labora-
tory PL measurements on interstellar analogues were made on
macroscopic samples or thin films. Interstellar dust is a diluted
dispersion of grains of sizes comparable to, or smaller than, the
wavelength of the emitted light, probably with a complex struc-
ture (core-mantle, fluffy etc.) (see e.g., Mathis & Whiffen 1989;
Li & Greenberg 1997). Regardless of their actual shape, such
small particles are bound to have optical properties that are
very different from those of the bulk material they are made of.
Therefore, any attempts to quantitatively compare PL signals
from interstellar particles with such experimental data must
carefully take into account the effect of particle size and opti-
cal properties: the difference between the PL properties of bulk
samples and those of a small particle may be about as large as
that between the respective extinction properties, just for the
same reasons. In particular, PL. will undergo self-absorption
and scattering within the material before leaving it, and this
effect will be just as different between a dust grain and a bulk
sample as absorption and scattering are (Malloci 2003; Malloci
et al. 2004). Unless one is considering dust grains that are ut-
terly non-absorbing at the wavelength of the PL, this effect
must be properly taken into account and therefore a straight
comparison between the spectrum and efficiency of PL in a
bulk sample and ERE will yield possibly misleading results.

On the other hand, some theoretical works, such as that
by Seahra & Duley (1999) calculate the PL from a very
small HAC dust grain as given by the simple superposition of
the PL of the constituent aromatic platelets, neglecting any self-
absorption effects. While this may be appropriate, some more
detailed study is in order to assess whether this is indeed the
case.

In Malloci et al. (2004), hereafter Paper I, we presented a
mesoscopic theory of the PL by small dust grains which en-
ables one to extrapolate laboratory results obtained for bulk
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samples and obtain the expected PL from small particles made
of the same material, very much in the same way as absorp-
tion and scattering properties of small dust grains are usually
computed using bulk optical “constants”.

With specific reference to the ERE phenomenon, we here
present a “proof of concept” application of the simple imple-
mentation of the above model for homogeneous spheres to a
specific HAC flavour obtained as an organic refractory residue
produced by UV irradiation of an ice mixture, as described in
Jenniskens (1993). The detailed treatment of self-absorption
renders the luminescence spectrum dependent both on the size
of the dust particle and on the angle between exciting light
and the direction of observation, the latter dependence being
described by an analytical formula.

Section 2 recalls from Paper I the physics and equations
relevant for the present application. In Sect. 3 we discuss the
astrophysical implications of the above results, their impact
on current hypotheses on the carriers of the Extended Red
Emission and their further relevance in testing the rotational
properties of interstellar dust particles. Finally, Sect. 4 draws
the main conclusions of the present work.

2. The model

In the model developed by Malloci (2003) and Malloci et al.
(2004) the elementary PL emission inside a dust particle is
represented as an incoherent, unpolarised density of oscillat-
ing electric dipoles. This density is assumed to be given by a
functional of the energy locally absorbed from the exciting ra-
diation field in the neighbourhood of the position of the emit-
ting dipoles. We are here interested in modelling the emission
by carbonaceous materials such as HAC, for which the excita-
tion and subsequent luminescence are known to be effectively
confined to a single graphitic platelet (Robertson 1996; Seahra
& Duley 1999); hence, we will restrict ourselves to the local
limiting case as described in Malloci (2003) and Malloci et al.
(2004). We recall here only the relevant equations.

The PL power d‘;;‘l, emitted by a dust grain per unit
solid angle and unit frequency interval upon excitation by a
monochromatic radiation flux I(w), can be written as

APy dCp
dQdw’ dQdw’ ),

= I(w)(

where dggﬂ), is the differential cross section for PL as defined
in Paper I, computed for the assumed geometry of the parti-
cle. For the particular case of a homogeneous sphere the above

reference provides the following expression:
dniap

o _ Aw, o, a,6,09)
Qde  dQde @50,

where % is the experimentally measured PL yield and

A(w, ', a, 0,6y) is given by

)]

1
Alw, o', a,8,60) = ~ ) yia,w,0)P(cost). ()
g(w, ') 4
The experimentally measured PL yield d‘;;’;;), is the ratio be-

tween the measured PL power per unit solid angle and unit
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Fig. 1. Schematic description of the experimental setup to measure the
PL yield dz(‘f:;, on a bulk sample and hence obtain pj,.(w,w’) in the
local approximation. The sample can be seen as a portion of a sphere

of very large radius, represented by the dotted outline.

frequency in a given direction, as shown in the experimen-
tal configuration depicted in Fig. 1, and the power absorbed
by the sample from the monochromatic incident exciting light
beam. The dependence of A(w, ', a, 8, 63) on the specific lab-
oratory setup used to measure the PL yield is explicitly rep-
resented here by the angle 6y (cf. Fig. 1). In the above equa-
tion g(w, w") is a correction factor, which depends on the exper-
imental setup in which dgcll;b) was measured, and takes into ac-
count self-absorption and scattering within the laboratory sam-
ple. The factor A(w, ', a, 6, 84), which has the dimensions of
an area, provides the link between the laboratory measure d‘;;’éf) v
and the expected PL for a small, homogeneous sphere. Each P,
is the Legendre polynomial of degree ¢, and the 6 appearing in
its argument is the angle between the direction of propagation
of the exciting radiation and the direction of observation of the
resulting PL emission. The coefficients y, depend on the com-
plex refractive index at w and «’ and on the sphere radius a.
The exact definition of g(w, w") and y; can be found in Paper I.

The computed numerical values of the factor
Alw, ', a,b,0q) presented here include only primary PL
(see Paper I). We computed them using the optical properties,
reproduced here in Fig. 2, of the processed organic refractory
residue given by Jenniskens (1993).

In Paper I the general behaviour of A(w,w’,a,0,6y) is
shown for a sample of frequencies of exciting light and grain
sizes, as well as for a different set of optical constants. This
demonstrates the impact of particle size effects in modulating
the spectral distribution of the PL observed in laboratory exper-
iments performed for bulk samples.

While for a more thorough discussion of the general prop-
erties of A(w, w’,a,d,04) we refer the reader to Paper I, we
here summarise the most interesting points from the point of
view of ERE interpretation. A(w, &', a, 6, 83) shows a marked
dependence both on the wavelength A’ = 27¢/w’ of the emitted
radiation and on the angle 6 between the direction of inci-
dent light and the direction of observation. The first depen-
dence is clearly a consequence of the behaviour of the assumed
refractive index N, which causes increasing self-absorption
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Fig. 2. Real and imaginary part of the refractive index of the processed
organic refractory residue, taken from Jenniskens (1993).
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Fig. 3. Form factor A4, A, a, 6, 84): incident wavelength A = 220 nm,
sphere radius a = 10 nm (size parameter x ~ 0.3, close to the Rayleigh
limit).

at smaller wavelengths (see Fig. 2); the second dependence
can be seen, in a naive intuitive way, as an indication of
the varying path length that the outgoing light must travel
in the absorbing medium before escaping the particle. Both
of these dependences display an interference pattern superim-
posed on a smoother overall behaviour. The interference pat-
tern is strongly dependent both on excitation wavelength and
on particle size (see Figs. 3 through 6 in the present work and
Figs. 3 through 10 in Paper I), hence it will tend to average
out and disappear if one considers either a broad distribution of
particle sizes or of exciting wavelengths, or both.

In particular, for an astrophysically relevant example, we
here use Eq. (27) of Paper I, assuming monochromatic exci-
tation at 220 nm (near the well known strong absorption fea-
ture of carbonaceous materials), a distribution of particle sizes
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Fig. 4. Form factor A(4, ', a, 0, 8,): incident wavelength A = 220 nm,
sphere radius @ = 230 nm (size parameter x ~ 6.6).
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Fig. 5. Form factor A(4, ', a, 0, 63): incident wavelength A = 220 nm,
sphere radius @ = 310 nm (size parameter x ~ 8.9).

n(a) o« a3, with 10 nm < a < 1000 nm (see e.g. Mathis
et al. 1977) and using the complex refractive index (repro-
duced in Fig. 2) of the processed organic refractory residue
taken from Jenniskens (1993). Figure 7 shows the resulting ef-
fective A(w, ', 6, 6;). From the comparison between Figs. 3
through 6 and Fig. 7, we see that, as expected, the interfer-
ence pattern was washed out and, at first sight, the behaviour
is apparently very similar to the one in the Rayleigh limit (see
Fig. 3). This is not unexpected, since the chosen distribution is
dominated by smaller particles. However, upon closer inspec-
tion, we see that A(w, w’, 6, 63) retains a marked dependence on
the angle 6, which is absent in the Rayleigh limit and is instead
inherited from larger sizes. The use of a distribution n(a) with a
different spectral index in the range from —3.3 to —3.6 does not
qualitatively change the resulting A(w, ', 6, 63). Changing the
range of sizes, instead, can change the slope of A(w, w', 6, 64)
with respect to wavelength, if a large ay,;, is chosen, while still
retaining its smooth appearance. This is clearly demonstrated
in Fig. 8, in which Alw, ', 0, 04) was computed for the same
size distribution but with 150 nm < a < 1000 nm. For further
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Fig. 6. Form factor A(4, X', a, 0, 64): incident wavelength A = 220 nm,
sphere radius a = 1000 nm (size parameter x ~ 28.6, near geometric
optics limit).
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Fig.7. Form factor A1, A, 6, 6,): incident wavelength 4 = 220 nm,
weighted average over a size distribution n(a) « a3 with 10 nm <
a < 1000 nm.

clarity, Fig. 9 shows bi-dimensional excerpts from the surface
plots in Figs. 7 and 8 for the forward (6 = 0°) and backward
(8 = 180°) directions.

3. Astrophysical implications

Interstellar particles are obviously non-spherical, as evidenced
e.g. by the observed polarisation of starlight; moreover, they
are very unlikely to be homogeneous, as a consequence of their
life-cycle which cyclically experiences very different ambi-
ent conditions, being subjected to the deposition (inside dense
clouds) of frozen mantles, energetic processing by UV radia-
tion and cosmic rays, sublimation of volatile components (in
the diffuse medium), and grain-grain collisions leading to ac-
cretion and shattering.

Nonetheless, since a distribution of spherical, homoge-
neous dust particles does successfully reproduce many of the
main observational characteristics of the interstellar extinction
curve (see e.g. Mathis et al. 1977), we do expect our simple
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Fig. 8. Form factor A4, A', 6, 6,): incident wavelength 4 = 220 nm,
weighted average over a size distribution n(a) o« a=>° with 150 nm <
a <1000 nm.
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Fig. 9. Excerpts of Figs. 7 and 8 illustrating the spectral behaviour
of A(w, w’, 0,64) respectively at 6 = 0°, § = 180° and averaged over
angles. Both boxes refer to a weighted average of A(w, w’, a,6) over
a size distribution n(a) o a=>?, the top one with 0.01 ym < a < 1 um,
the bottom one with 0.15 yum < a < 1 um.

model to exhibit, to the same extent, the main qualitative ef-
fects of dust grain geometry, self-extinction and self-absorption
on their PL properties. Of course, more detailed and realistic
models will be needed for their more precise quantitative eval-
uation, but still the present one is a first, important step in the
right direction.
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3.1. Dust patrticle rotation

Some of the astrophysical implications of the results of our
simplified model are strongly related to the explicit angu-
lar dependence of the PL spectrum which we have ob-
tained in our formulas. One basic question relevant from the
astrophysical point of view is: “how much does a dust particle
rotate in the time interval it spends between the absorption and
the subsequent emission processes?”. If the above rotation A6
is large, the dust particle will lose all memory of the direction
the exciting photon came from; in this case, the outgoing PL
will be modulated by the angular average of A(w, ', a, 6, 6y).
If, on the other hand, this rotation is very small, the parti-
cle can be considered to be essentially “frozen” between ab-
sorption and emission, and the outgoing PL will be modulated
by A(w, ', a, b, 64), including its full angular dependence. In
intermediate cases, one should consider a weighted angular av-
erage of A(w, ', a,d,6;) over the distribution of rotation an-
gles of the particle between absorption and emission.

To answer the above question, we may estimate the order
of magnitude of the average A8 from the relation:

A8 = Wrot T, (3)

where 7 is the typical decay time of an electronic transition
involving emission of radiation, and @ is the characteristic
angular frequency of rotation of such a dust particle in inter-
stellar conditions. In turn, we may estimate ;o considering
the particle as a rigid rotating body with momentum of iner-
tia / in thermal equilibrium with the kinetic temperature of the
gas Ty

1.,
Elwrm = kB TgaS7 (4’)
where kg is the Boltzmann constant. The expression of the mo-
mentum of inertia of a homogeneous sphere in terms of its
radius a and its density pg is given by:

8mpo
Lsphere = F a.

If we combine the above equation with Egs. (3) and (4), we
obtain:

. 15 \"2 (kpTos |2
A0 = Oy T=|—— B T,
4mpg a’

which can be approximately expressed (in radians) by:

AD ~ 128.4( L™ " Taas 1/2(@)5/2(1).
“\ po K a S

If we assume a temperature of the order of 7 = 100 K for
the diffuse interstellar medium, a particle density of the or-
der of 1 g/cm?, and a decay time of the excited state of the
order of 1078 s, we get for AB values of about 2.3 x 1079,
7.3 x 1075, 2.3 x 10~* radians, for a ranging from 2, to 0.5
and 0.05 um, respectively. In all these cases, the estimated A8
is much smaller than the scale of the detailed angular structure

f %, hence these particles can be considered to be effec-
tively immobile between absorption and emission. In this case,



926

Aw, ', a,d,0y), with no angular average, will be the func-
tion modulating the outgoing PL. We remark that the above
still holds even for temperatures as high as T ~ 10* K, since
A8 o« T'2 hence for a very wide range of physical condi-
tions where the ERE is observed. For extremely small sphere
radii, namely 0.005 ym =5 nm, we obtain for A8 a value of
about 7 radians which does produce a strong angular mixing in
the emission process such that any memory of the direction of
the exciting light is lost. However, such small particles will be
in the Rayleigh limit anyway, for any reasonable optical con-
stants; hence, in this specific case, A(w, &', a, 6, 83) shows no
angular dependence anyway, and dust grain rotation makes no
difference as far as the resulting PL is concerned.

Summing up, in a typical interstellar environment spherical
particles in the range of sizes between 0.05 and 2 um should
not rotate appreciably between the absorption and subsequent
emission of a photon, provided that their rotation is in thermal
equilibrium with the kinetic temperature of the gas. In such a
situation a memory of the direction of the incident radiation
is conserved in the emission process, and an explicit knowl-
edge of this dependence is fundamental in the application to
PL phenomena originating from interstellar dust particles such
as the ERE. Indeed, one of the properties of the ERE is that
its spectral shape is observed to be different even in different
positions of the same object (Witt & Boroson 1990; Perrin &
Sivan 1992). Our work suggests that this effect may be at least
partly due to the variation of the angle between the observation
direction and the direction the exciting radiation comes from,
something that was overlooked in previous analyses.

However, at least part of the dust grain particles have long
been thought to rotate much faster than thermally: Purcell
(1975, 1979) first thoroughly calculated the effects of the so
called rocket effect, whereby inhomogeneities of a particle lead
to torques which do not average to zero over time. A prototypi-
cal example of the rocket effect is dust-catalysed H, formation
(Rouan et al. 1997). This effect was long thought to dominate
suprathermal dust grain rotation, until Draine & Weingartner
(1996) first provided a thorough calculation of radiative torques
using the Discrete Dipole Approximation (DDA) for a model
anisotropic particle, showing that these latter torques may even
dominate those due to H, formation in the case of relatively
large dust particles and/or strongly anisotropic radiation fields.
More recently, T-matrix techniques were used to obtain the de-
tailed inertial response of fluffy dust grains, including radia-
tion pressure (Saija et al. 2003) and radiative torques (Borghese
2003). Other effects, such as birefringence with respect to dif-
ferent circular polarisations of light have been proposed as well
(Dolginov & Mytrophanov 1976; Lazarian 1995). The overall
balance of the effects which tend to spin up dust particles and
dissipative effects which tend to spin them down was studied
by Draine & Lazarian (1998). Summing up, the current state
of the art of theoretical work as to dust grain rotation in the
ISM seems to indicate that:

— very small dust particles (i.e. nanoparticles) may rotate sub-
thermally due to efficient damping via microwave emission
(Draine & Lazarian 1998);
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— particles smaller than ~0.1 ym will rotate thermally, since
neither radiative torques (Draine & Weingartner 1996) nor
catalytic H, formation (Lazarian & Draine 1999) are able
to significantly spin them up;

— particles larger than ~0.1 um will be driven by radia-
tive torques to rotational speeds which can exceed by a
few orders of magnitude those expected in thermal equi-
librium conditions (‘“suprathermal” rotation) (Draine &
Weingartner 1996).

In principle, therefore, for dust particles larger than ~0.1 ym
rotational speeds might be large enough to wash out at least
some of the angular dependence of A(w, ', a, 0, 64).

While such suprathermal rotation of interstellar dust grains
has a strong theoretical foundation and is believed to be impor-
tant in several astrophysical conditions, there is no direct obser-
vational evidence to date of its existence. Our model predicts
a direct consequence of suprathermal rotation of dust grains
in astronomical PL. phenomena such as ERE, which would be
amenable to direct testing.

3.2. Dust grain size effects

Apart from the dependence of the emitted spectrum on the an-
gle of observation, our model shows that both A(w, w’, a, 0, 64)
and its integral over angles have a strong dependence on the ra-
dius of the dust particle. In particular, A(w, w’, a, 8, 64) shows
two strongly different types of behaviour with respect to the
emission wavelength, depending on dust grain size:

— In the Rayleigh limit self-absorption in the dust particle is
negligible, whereas it is not negligible for the experimental
configuration assumed (64 = 30°, see Fig. 1). This means
that in Eq. (2) only yo # 0, and it shows a weak depen-
dence on the emission wavelength; this, in turn, means that
the behaviour of A(w, ', a, 6, 64) with respect to emission
wavelength is governed by g(w, w’), which expresses the
self-absorption in the laboratory sample and, in this case,
increases with decreasing wavelength. Summing up, in the
Rayleigh limit A(w, w’,a,d,64) is independent of # and
decreases with increasing emission wavelength.

— For somewhat larger dust particle sizes, self-absorption be-
comes more and more important in the grain, and reverses
the above behaviour, so that A(w, w’,a,0,0y) increases
with emission wavelength.

This behaviour is not limited to particles of specific sizes, but
remains very evident also for different distributions of particle
sizes, as clearly shown by the comparison of Figs. 7 and 8 and
of the top and bottom boxes of Fig. 9.

The above discussion hints that, for the adopted behaviour
of the complex refractive index, larger particles generally dis-
play a form factor A(w, &', a, 8, 63) which becomes larger for
increasing wavelengths, and therefore they are able to move the
observed PL peak red-wards, regardless of dust grain rotation.

In particular, one could therefore suggest, for example, that
the peak of the ERE in different regions of the Red Rectangle
(Witt & Boroson 1990) changes in part due to a variation in the
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distribution of particle sizes, with increasingly large particles
near the source which powers the nebula.

4. Conclusions

This overly simplified application of our model, even with
its acknowledged limitations, still provides a very important
improvement over neglecting particle size dependent self-
absorption effects altogether, as almost all studies comparing
the ERE with laboratory data on the PL of carbonaceous ma-
terials did so far. While we consider it would be hazardous to
draw definitive conclusions from the present indicative results,
nonetheless some rather strong points can be safely made:

— Self-absorption and geometric effects must be taken into ac-
count when comparing laboratory PL data taken on macro-
scopic samples with the observed PL from small particles,
since they can have an important effect.

— We suggest that the major objections against the hypoth-
esis of HAC as the carrier of the ERE, namely that it is
impossible to simultaneously match both the spectrum and
the efficiency of the observed PL, must be reexamined in
the light of the results presented here: either appropriate
laboratory measures should be made directly on small par-
ticles similar in size and structure to the ones believed to
be present in astrophysical environments, or a theoretical
model like the one we presented should be used to bridge
the gap between the macroscopic laboratory samples and
the interstellar dust grains. Indeed, our present work hints
that small particle effects would make the PL arising from
dust grains considerably redder, maybe enough to bring the
PL spectrum arising from highly hydrogenated HAC into
acceptable agreement with ERE observations, while still
preserving their high quantum efficiency. For a definitive
assessment of this possibility the present model will need
to be generalised to more realistic dust particles.

— Carbonaceous dust particles, which are included essen-
tially in all dust models, must be strongly photolumines-
cent in environments where they are hydrogenated, such as
in PDRs, and thus their expected emission must be at least
compatible with ERE, or the models will need to be revised
accordingly.
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