Astron. Astrophys. 359, 397—404 (2000) ASTRONOMY
AND
ASTROPHYSICS

UIB emission without UV irradiation
A case study: M 31

R. Papoular

Service de Chimie Moleculaire, CEA Saclay, 91191 Gif sur Yvette Cedex, France (papoular@scm.saclay.cea.fr)

Received 26 November 1999 / Accepted 17 April 2000

Abstract. The galaxy M 31isinteresting, in particular, becauselative intensities of the UIBs to change drastically from their
its diffuse interstellar medium emits the Unidentified Infraredalues in the case of neutral dust.
Bands although itis devoid of far UV radiation. This compelsus However, data accumulated over the last decade, especially
to seek an alternative to stochastic, transient, heating of dustoythe hands of Sellgren and coll., have consistently raised ob-
absorption of far UV photons. The alternative proposed hergégtions to this model. Thus, Uchida et al. (1999) have clearly
chemiluminescence, or the excitation of the vibrations of cheiliustrated and summarized these objections in their study of
ical bonds of carbonaceous dust by impact of gaseous H atot8©’s mid-IR spectra of Reflection Nebulae as a function of
This mechanism was studied numerically on several moleculds hardness of the exciting radiation flux, as measured by the
using standard chemical codes to simulate the molecular dffective temperature, .f, of the illuminating star, and of its
namics upon impact. It was found that this process selectivétyensity, as measured by the distance from the source: they
excites several IR-active modes, which fall in the astrononmabserved no systematic or stark spectroscopic differences with
cal IR bands of interest. After a brief transient redistributiovarying T.g between 3600 and 19000 K, nor with varying fluxes
these vibrational modes no longer exchange energy on the lavgr four orders of magnitude above that of the Galactic Diffuse
term and are expected to decay only through IR emission. Tinéerstellar Medium (DISM).
efficiency of this process was found to bé.3. The relative That UV radiation is necessary for the excitation of UIBs
intensities of the IR features do not depend on the ambient im-also contrary to the observations of M 31 by Pagani et al.
diation field. The far UV enters only indirectly, in as much as {{L999; thereafter P99). These authors obtained maps of the mid-
increases the density of ambient H atoms. IR emission in the spectral windows of the LW2 (548) and
A chemical kinetic model was built on this basis for th&W3 (12—-18um) filters on board the 1SO satellite, which in-
interactions of dust, H atomsghinolecules and far UV photonsclude a few UIBs. Using the 200 nm (UV) maps of the FOCA
inthe H1lregions of M 31. Itisin very good numerical agreemet000 baloon-borne telescope, they found no obvious correlation
with the observations of Pagani et al. (1999). between UV photons and mid-IR colours in most of the galaxy.
By contrast, the features are extremely well correlated with the
Key words: ISM: dust, extinction—1SM: Hi regions —infrared: neutral gas as shown by the H1 and CO maps.
galaxies — infrared: general — infrared: ISM: lines and bands  In this paper, | argue that these observations (in particular,
Fig. 9 of P99, reproduced here, by permission, as Fig. 1) can be
accounted for quantitatively by assuming that the excitation of
the UIBs results from the impact of H atoms upon carbonaceous
grains, a mechanism known as infrared chemiluminescence (Pa-

Quite understandably, most of the earlier Unidentified Infrard®ular 1999). Upon such impacts, the chemical energy of the H
Band (UIB) spectra were obtained from strongly illuminateggdical may be deposited in the grain (exothermicity), exciting
nebulae such as HIl regions and galaxies hosting active star féycharacteristic vibrations, which ultimately decay by emitting
mation regions. In these cases, the nearby young (O and B) stBr§ands. In this model, the intensity and hardness of the am-
radiate abundantly in the UV (110-240 nm) and even in the Fignt UV radiation can only enter indirectly by increasing the
UV (FUV; 91-110 nm). The excitation of UIBs has thereforéensity of H radicals in the gas and, hence, the frequency of im-
come to be ascribed to the absorption of UV photons. In tR&cts and the power emitted in the bands. No spectral changes
stochastic or transient heating model (see Allamandola et &€ expected in the UIBs as a consequence.

1989), FUV photons are even prefered for the dust to be raised Besides, the Himpacts may induce chemical reactions, pos-
up to the very high “temperatures” apparently observed. Mor@bly even liberating particles from the condensed phase (Bor-
over, theory and laboratory data predict that the stronger #§éani et all 1994). Itis precisely on these occasions that two H
radiation flux and the more energetic the photons, the higféPms can meet and recombine, a process which can only take
the probability for the dust to be ionized and, hence, for tidace in the presence of a third body (see Duley & Williams

1. Introduction
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range of T, around 10 K, a compromise between the neces-
sary atom mobility and the possible desorption;
— the Eley-Rideal mechanism, in which H atoms from the gas
phase react directly with chemisorbed ones; this is nearly
407 < < - ' 1 independent of the temperature and is more suitable to the
- temperatures, H-bond strengths and surface roughness of the
grains considered here (see Masel 1996, and Duleyi 1984).

w,/N(H) (mJy/pix.crn:)

Our model uses this latter mechanism, whose probability is
proportional to the hydrogen coverage of the grains and to the
sticking coefficientp, which defines the probability against the
impinging H atom being simply scattered away.

oy (1072 erg em™2 7" A7

_ _ . i . 2.2. Vibrational excitation
Fig. 1. The intensity in the LW2 filter (5.0-8,0m) normalized by the

total column density of neutral gas in the SW region of M 31 as@onsider the dust grain as a system of N balls of different
function of the uncorrected intensity of the UV light at 200 nm. Pixahasses, coupled binear springs in equilibrium. Think of the
size: 45 arcsec. Aweak correlation appears only above athreshold vadginging H atom as yet another, small, ball and hang it on one
of~210 " ergem s~ A~" arcsec . Reproduced from P99, with of the springs. This sets the whole system in seemingly disor-
permission dered motion. In fact, classical mechanics teaches us that this
motion can be broken down into 3N-6 elementary, coherent,

1996); some of the features of the vibrational and rotatiorfAPtions characteristic of the system and caliedmal modes
spectra of H in space, which cannot be ascribed to UV excitdVilson et al[1955). They involve all the balls (to different
tion, may also be due in partto these H/grain encounters (Draffg€nts) but, in the limit of small ball displacements, they are
& BertoldilI999). UIB excitation and kformation are thus in- m_depender?t. of each (_)ther: if all the balls were _S|multaneously
timately related processes. These processes are first discug¥&t velocities and displacements corresponding to one of the
in some detail (Sect. 2), explaining the underlying physics aféPdes, this mode would persist indefinitely and none of the
how the IR emission efficiency is obtained: this is then includ&ihers would be excited. , ,

in a kinetic model, from which predictions are deduced, that f the springs are slightlynon-linear (anharmonic), the
are shown to compare favourably with observations (Sect, Fjovements can still be discribed approximately with the same

Details of the numerical simulation are given in the Appendf}ormal modes as for linear springs, except that they are now
and elsewhere (Papoular 2000). “coupled” by “anharmonic coefficients”. As a result, the vi-

brational modes are shifted or split, and no longer separable
_ (quasi-modes). During a very short transient (usually not longer
2. Elementary constituents and processes than a few picoseconds) the initial energy distributioiirtis-

It is now firmly established that the UIBs are associated Wiy.r?rsiblyreadjusted over the molecule by Intramolecular Vibra-

the vibrations of a variety of carbon and hydrocarbon bonds lifn@! Redistribution (IVR) between quasi-modes (see, for in-
ance, Minehardt et al. 1999).

is also observed that UIB sources are always rich in atomic rﬁF X L ,
drogen, as in diffuse clouds and Photo-Dissociation Regions 1hereafter, a quasi steady state sets in, in which some en-
(PDRs). On the other hand, molecular hydrogen is alwa§%9Y isrecurrentlyexchanged between nearly degenerate states

present in these sources, even if not dominant. It is thereféi® S the case for coupled electric circuits (Fermi el al. 1965;

advisable to take these three constituents into account and ddfe"1991). These exchanges are extremely fast and are there-
sider their interactions. fore averaged out over the much longer IR radiative lifetime of

the vibrations. They are not to be confused with an irreversible
o energy decay or a long-term energy exchange between modes.
2.1. Hydrogen recombination For small, non-dissipative structures in the absence of interac-

It has long been known that H atoms can recombine intign with a thermal bath, such as frequent collisions with other
molecules only in the presence of a third body with which théjjolecules ata given temperature, there is no a priori reason for
can exchange energy and momentum (see Duley & Wi||ia,ﬁslwaxyvell-Boltzmqnn energy distribution to set in (as in the
1996). As discussed in Guillois et al. (1998) and Pironeli&rgodic” hypothesis of Allamandola et al. 1989), nor for en-
(1999), recombination on grains can proceed through two m&fgY to decay from one mode into another, and the only route

mechanisms, depending on the H coverage and the grain t&@f.deactivation must be through IR fluorescence.
perature, T: One experimental confirmation of this surmise is the work

of Williams & Leone [1995): they excited gaseous naphtalene
— the Langmuir-Hinshelwood mechanism which, for amomolecules with laser pulses, 10-20 nslong, at 193 or 248 nm (6.6
phous carbon was found to be efficient only in a narroar 5.3 eV) and monitored their subsequent IR emission spec-
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trum. The decay time of the total radiation energy in the C-elentually coalesce into diffuse clouds in the ISM. The ultimate
stretch band was 3@s, limited only by collisions between thesource of energy is thus the old, red stars. This is the case of
molecules. Thus, if any irreversible energy decay (like IR raditaint but extended UIB sources like those observed in P99. In
tion) or transfer to other vibrational modes within each moleculbis work, we call efficiencyy, the ratio of IR band energy to

is at work during this lapse, it has to be much slower thaps30 potential energy of the chemical system. This is determined by
While the IR decay time indeed ranges between about 1 ms amunerical simulation below.

1 s, no non-radiative decay is known to be slower than83®Be- Another possible source of energy for the UIBs is the FUV
sides, the authors attempted to simulate the emission spect(@hto 110 nm) of young (O and B) stars, which dissociates
according to the procedure used by Allamandola efal. {1988)e molecules and ionizes the atoms of the nursing molecular
based on the ergodic hypothesis: the model spectrum was foatwid to form PDRs. For luminous UIB sources like the Orion
to be clearly at variance with the measurements. Bar, M 17, etc., this is generally the main source of H atoms,

As the applied perturbation and and/or anharmonicity bethose number increases with the intensity and/or hardness of
come stronger, the energy “sharing” (“mixing”) increases ithe stellar FUV. Because this relationship is roughly linear, some
extent and the initial discrete modes are blurred intoesv authors took this to be a proof that the FUV photons were the
spectrum obandsof finite widths. These are located, roughlyexciting agents of the UIBs, in agreement with the transient
speaking, at the peaks of the density of the initial normal modesating model (Boulanger et al. 1998). It is shown below that
in the frequency spectrum, where, of course, interactions ahis need not be the case (Sect. 4).
mixing are strongest. This phenomenon is related to the appear-
ance ofisolated narrow layers of stochasticity phase space P -
(Lichtenberg & Liebermaf 1992, p.56: Nesbitt & Field 1906~ Cnemiluminescence efficiengy,

p.12741-12742). Here, again, energy is exchamgearrently Although IR chemiluminescence was demonstrated a long time
at very high ratesthis time between bandand the intensity ago (Cashion & Polanyi 1958; see later bibliography in Smith
fluctuations of the latter are averaged out on the long term. [1973) and is still under study (Watanabe ei al. 1996), little is

In a large and complex molecule, this spectral energy digaown about its efficiency, particularly in the case of H atoms
tribution can only be obtained by numerical computation (sé#eracting with hydrocarbons. With this target in mind, | used
Appendix). For the type and size of molecule we are interestg@ndard chemical codes (see Appendix) to perform extensive
in, such simulations show that excitation energies of from 1 tamerical simulations of the dynamics of these systems and sim-
10eV are sufficient to bring the system into this regime: thdate vibrational excitation of various molecules upon Himpact.
bands form shortly (a few picoseconds) after a sudden pertlihe main relevant results are summarized here for convenience.
bation and their energy content does not appear to change much;The codes follow the motions of all atoms together with
on average, afterwards (at least for 240 ps, the longest compth&ir charges and compute the electric dipole moment of the
tion time achieved here). | shall therefore assume again that Wigole particle as a function of time. A Fast Fourier Transform
only route to deactivation is through IR photon emission afffFT) can then be performed on this function to obtain the IR
the IR chemiluminescence spectrum will be given by the abowgectrum. Because the codes include anharmonic (non-linear)
non-Boltzmannian, energy distributioAs a consequence, thecoupling forces between atoms, the normal modes are, in fact,
IR spectrum does not depend on the intensity or hardness ofglwtomatically coupled, as explained in Sect. 2.1.
ambient radiation flux, but on the particulars of the H impact Vibrational excitation of the target particle by H impact is
and, of course, on the nature of the target grafso it will be  most effective when the target site is a dangling bond,C-, which
different than the absorption spectrum of the same moleculeultimately captures the H atom and all its chemical energy. It

It must be stressed that, in the chemiluminescent proc&gas found that the potential energy of the initial systers éV)
envisioned here, by contrast to VUV excitation, energy is dis-readily converted (partly) to kinetic energy, which is initially
posited a) locally o a C bond, b) directly to the nuclei whoseconfined to the site of impact. After a time of order18s,
vibrations we are interested in, and c) in insufficient amountshowever, this kinetic energy diffuses across Wiele particle
raise the molecule even to its first excited electronic state. Tim®n-radiative relaxation), exciting its characteristic vibrations,
relaxation, too, is therefore expected to differ notably. with the molecule in its electronic ground state.

Theoretical studies (1992) show that stochasticity and er- Although a large number of aromatic molecules were stud-
godicity increase with the number of degrees of freedom, iied in this way, it is desirable, for the present study, to focus on
the size of the studied system. It is therefore expected thatgitvetter model for IS dust. | therefore had recourse to models
larger grains, the excitation energy will “diffuse” in phase spacef coal (Speight 1994) and kerogene (Behar & Vandenbroucke
thus allowing a Maxwell-Boltzmann (thermal) distribution to fifL986) both of which materials had been shown in the labora-
nally set in between modes. But the corresponding temperattoty to mimic the UIB spectra acceptably well (Papoular et al.
will be low, and the IR emission unobservable. 1996). These disordered natural materials, which are similar to

In this model, the immediate source of energy for the UIBBe amorphous carbon produced in the laboratory but are more
is the chemical energy of the system, i.e. the potential enegaphitic, are essentially made of C and H with traces of O, S,
of the H radical with respect to the target grain. Such systefNs. Their structure includes condensed benzenicrings, aromatic
are to be found in the stellar winds of RGB and AGB stars, amhd aliphatic C-H bonds, as well as linear chains of cumulenes
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Fig. 2. A view of the model dust particle built with the Hyperchenfi9- 3. Power spectrum of the electric dipole moment excited upon H

code. Note the H radical near the middle of the figure; it is directd@Pact on the “Speight” molecule which was first stripped of one of

towards the molecule with a velocity 516ms . its H atoms; this leads to the formation of, and deposition of energy
in, a new C-H bond (Fig. 2). As a consequence, the molecule is set in
vibration. The spectrum is taken over the first 2.3 psec after impact.

(successive C=C bonds) and polyynes (alternate C-C ar@d C

bonds) in various proportions. The IR spectra of such materigdsestimated to bec=10-2! cm?/H atom (Spitzef 1978). For

were shown to be in agreement with the UIB spectra of nebul@sherical grains, the surface area available for interaction with

illuminated by luminous stars, such as Hll regions and planetafé gas atoms will be four times larger. If there aré~10'5)

and proto-planetary nebulae (Guillois et al. 1996). _ sites per crh of grain surface, then, the total number of sites
A molecule made of 101 C,H,O,N, and S atoms, followinger cn# is s1=s4 + 5+ s_=uXH,, whereH, = H + 2H.,.

Speight's models, was studied in particular detail (Fig. 2). Fig. 3 Consider the following set of most probable reactions
shows the energy spectrum of the IR-active modes which were

excited upon impact of an H atom on a dangling bond; it is H+si = Hy+s 1)
discussed in the Appendix. The simulation of the dynamics of H+s— Ho+s_ (2)
this relatively small system already exhibits features within the H+s_ — s+ hv(UIB) 3)

main UIB bands and, as expected, a high feature-to-continuym )

ratio although there are 297 modes in all! Further tailoring §1V<FUV> +Hy — 2H + hu(ir), (4)

the molecular structure can be undertaken on this basis in or@@lere h/(FUV) is a photon capable of dissociating, H

to fit the observed UIB spectra, but this is outside the scoperblecules, which requires that it falls in the range 91-110 nm
this paper. Most importantly, the relative intensities of the bluggsee Duley and William51996). The UV(200 nm) mapped in
bands are not too weak and the total IR efficiency is about 0399 does not satisfy this condition. Let F be the FUV flux
(cm—2s ') and a= F (s'), the rate of photodissociation of the
molecules, where is the cross-section of the process {m
Following Duley and Williams, we take this rate to hey,
The sources observed by P99 in LW2 are considered heremoere 3=5 10-'! s ! is its value in the DISM, correspond-
be nascent, diffuse, clouds formed by the ejecta of old stamg to =4 10~'8 cm?, andy is the factor by which the FUV
(RGB, AGB) or supernovae, and assumed to consist of hydrogetensity exceeds its value in the Galactic DISM. The other re-
gas and carbonaceous dust in the standard mass ratio (averag#dn rates are all determined by the sticking coefficienof
across the Galactic ISM). Based on observations of such diffusetoms on the grains; we shall assume that the rate coefficients
clouds by Savage et al. (1977), we shall take the number density all equal to a constant, % where v is the relative velocity

I’atiO, HQ/H, to be 105, Considering that this ratio is foundof the |mp|ng|ng H atom (Cm‘sl)_ In fact, Y andp (See Masel
to switch abruptly from this very low value up to1 only in 1996, and Duley 1984) are functions of the gas temperature.
molecular, dense, clouds (which are not known to be stropgre, for simplicity, we shall take= 1/3 (Masel 1996) and v=5

emitters of UIBSs). 10° cms 1, for a kinetic energy~0.1eV. The kinetics of the
For the dust, | used the Speight model described aboveplbblem are then described by the equations

is important for our present purposes to recognize the presence,

on the grain surface, of three types of sites (see, for instanée, = —bHs

Mennella et al [{1999): hydrogenated (GtHhormal (C-H)and s = —bHs+bHs, +bHs_

dehydrogenated (dangling bond, C-). Gall sands_,respec- . _ _ygs 4 bhHs

tively, their number per ciof space;H and H, the number - bH o F

densities of hydrogen atoms and molecules above the grain str- ~— St + 2aliy

face. In the DISM, the average projected surface area of grafls = bH(s+ + s) — aH> (5)

3. The nebular model
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4. Results (1975) in our Galaxy; thus, the approximations made above
The solution of system (5) is easier in the following idealizeﬁ]r.e warranted a!’ld_the relevance of the model is V|nd|qateq. n
cases is model, the I|m|teq range of values observed for R. implies
' that the H atom density does not vary much in the regions sur-
veyed and, hence, that the UIB intensity is simply proportional
4.1. Negligible FUV (diffuse ISM) to the exposed dust surface. As to the column densities, they
ere found to range between 1 and $416m?. For an average

The variations ofd are governed by the photodissociation an ~100 cnT, this corresponds roughly to 3-30 pc.

surface recombination rates, Zg bH s,.With the numerical
assumptions made above, their ratio can be expressed as r=6
10~2y. Thus, in the DISM ¢=1), photodissociation is negligi- 4.2. Weak FUV (diffuse ISM not far from O/B stars)

ble (2~0), and the H atom density decays exponentially W”Igagani et al. also observed the LW?2 signal from regions where

. 1 b
e}tlme constar_qg, of order 2 10 y. In the same approXima- . o" ey is no longer negligible. They plotted the values of
fuon, the solution of system (5) fqr;Hand the dust densmesR as a function of the UV flux at 200 nm (Fig. 1), taken to
is straightforward but the expressions are lengthy. They Canrl%%resent the FUV. Note. however. that while in the DISM
simplified by noting that the ratio of the characteristic decqy : ' ’ ' '

times of the dust and of the H atoms, respectively, is of ord ‘lOO nm)/F(200 nm)~1.6, this ratio is expected to rise in

. vicinity of nd B stars, which are hotter than the aver-
g;;N/QLE<<1.WearethereforeaIIowedtoconS|derthatthee cinity of O and B stars, ¢h are hotter than the ave

\;ues of the dust densities during the cloud life are close 0. DISM stars. Thus, the values in abscissae must be con-
S 1Sities dunng sidered as lower bounds to F(FUV). It is found that R starts
their limiting values at infinite time:

to exceed systematically its low-UV average, Bt F(UV)=2

6. =0, sros A~ St 10~'®; also, the excess is rougly equal tg Rr F(UV)=4
’ 2 108 ergcnmr?s~t A ~larcsec?. | interpret this behaviour as
The solution for H then turns out to be due to the contribution of the FUV to the production of excess
H atoms by dissociating thesHnolecules in the gas. This can
Hs = Hoo + %Ho [1 — exp(—bsyt)] be quantified by treating the small terms which then appear in

system (5) as a small perturbation of the equations used in the

where the subscript 0 designates the initial values; this increapegvious subsection. Callandh, the small increments induced
slowly, with the same time constant s Thus, for our present in H and H.
purposes, itis acceptable to assume fhand H, retain charac- Taking differences of the last two equations of (5),
teristic, constant, values during the time the cloud is observab%e — bhs, + 2aH
in the IR, and, therefore, thatHH remains very small. - 1 t 2

It is now possible to predict the observable IR radiation, = —bhs, — aHo (7)
intensity, b, in the pass band of filter LW2, in regions of very
low FUV flux (a=0). The rate of excitation events (reaction 3) islere, becauseé is so small with respect té/, equilibrium is
bHs_ =~ b%. An energye (exothermicity) is deposited in thereadily established and we can &et h,. Besides, since,,
grain upon each such event. On average, only a fragtiosf s ands_ are assumed constant, conservation of matter yields
this ends up in the UIBs which lie in the filter pass baf\d, Let h = —2hs. Hence,
D be the distance to the source, L its depth and S its projected 2aH,

H
area, both along the line of sight, the solid angle subtendedh = e hy = —%
at the telescope antithe number of radians per pixel of the 5t 5t
detector. Then, From (6), with the same numerical values as adopted above,
LS 6 Al h 80 H,; F(FUV)
I(LW2) = 141020 2 s f, g, S =27 6) —2= =020 V) _5107°F(F
(Lw2) 4 AN D2 © =TT owm # 5107 F(FUV) ®

where the first numerical factor converts Wthpm~=" into  Thus,Al,=l, for F(FUV)~2 10° cm~2s~!, or y~17, indepen-
mJy/pixel. As a rough estimate, we tal@ = 57, andn=1/3, dent of the value of;. Converted to the same units as F(UV),
the value found in Sect. 2. S, D andcancel out by definition with an average photon energy of 11 eV, this reads Sﬂlmr
and the pixel aperture is 45 arcsec (P99). Now, is equal to 14 times the corresponding UV flux. For a black body, Planck’s

the column density N(H) of P99. Hence, law sets an upper limit to this ratio: (200/106=16, which is
I(LW2) asymptotically reached in the limit of high temperatures5Q00
R= N(H) =10"%nH ~ 2.2107*'H onfirmation of the radiative contribution of nearby O/B stars to

the dissociation of molecules.

In the regions of M 31 devoid of FUV, this quantity lies inthe Besides, the rough positive correlation between R and
range 1-4 1022 (Fig. 1). If the model is correct, this impliesF(UV) is in keeping with the functional form of Eq. (8). Of
that, in the observed region&, ranges between about 50 anaourse, for a given, spatially limited nebula, there is an upper
200cnT3. This is very nearly the range determined by Jutaound to the IR emission, set by the (random) initial content of
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hydrogen atoms, § This explains, at least in part, the scattetemperature reached by the grain: a redder spectrum, with lower
ing of data points in Fig. 1. The positive correlation predicted byand-to-continuum ratio. When both chemiluminescence and
Eq. (8) has also been observed in PDRs at the edge of molecplaston absorption are at work, the interpretation of IR band
clouds, up to the highest values pf(Boulanger et al. 1998). intensity ratios is more intricate, of course.

The present work shows that this does not necessarily mean thafThe present model suggests that, in regions where the VUV
dust is directly “heated” by absorption of FUV photons. Giveimtensity is low, the UIB intensity is proportional to the prod-
enough matter, it may simply be that the number of H atorust of dust and atomic H densities. This is likely to peak at
produced increases with the FUV flux. This could be modelé¢ie interface between the cloud (high dust density and low H
quantitatively from first principles, usingalong the same lines density) and the near-by ISM (low dust density and high H den-
as above, provided the thickness and atomic H density weaity). Since the interaction of atomic H and dust surface is also
known for particular PDRs. responsible for the recombination of H atoms, which yields ex-
cited molecular hydrogen, the quadrupolar emission of the latter
near 2um must be correlated with the UIBs. This is borne out
by obsevations with high spatial resolution (see Guillois et al.

The whole argument of this paper rests on the efficiency of ttE296) and Zavagno & Ducci(1999)).

chemiluminescence process, which is deduced from numerical

simulations. It may be objected that the virtual lengths of thea@pendix: molecular dynamics simulations

simulations is very limited as compared with the IR decay time, ] ) )
about 103 to 1 s. Indeed, because of the limited computationa® conclusions of Sect. 2 are based upon extensive numeri-
speed of (chemically) accurate codes used here, the |ong*@§,tsimulation, using a commercially available, state-of-the-art,
simulation of the molecular dynamics of a “large” moleculgemi-classical code, PM3 (see Stewart 1989), included in the
(coronene) did not exceed 13 ps. Longer runs were comput@igst Hyperchem package from Hypercube, Inc. The computer
with another code (see Appendix), at the price of reduced ag& PC equiped with a Pentium(r) Il processor and MMX(TM)
curacy in absolute intensities and frequency of the modes. Bgghnology. The entirely classical molecular mechanics code,
that was so fast that the molecular dynamics of even the laf§¥2, was also used for qualitative analysis because it is so
“Speight” molecule could be followed during a maximum ofast; however, it is not quantitatively reliable as regards the ab-
240 ps: the same behaviour was observed as with the accup@igte mode frequencies and intensities.

code. Fortunately, even such short lengths are much longer thanS€veral molecular processes of interest to astrophysics were
the time needed for all the atoms to be set in motion, and mug@monstrated:

longer than any known vibrati_ona! decay time (see McGlynn gt physisorption on a graphene (coronene)

?l' 1969): If any were OPera“Ve’ it W‘,)u'd have shown up dur2_ chemisorption on a peripheral site of benzene, forming a
ing the simulations. As it were, no sign of secular decay was methylene group, CH

detected; only recurrent exchange; of energy were opservedfnrecombination of an impinging H atom with an H atom of
along, and averaged out, as explained in the Appendix. the target, resulting in the destruction of a C-H bond to form

_ It appears, thgrefore, that the only remaining route to vibra- afree, excited limolecule. This “abstraction” of an H atom
tion deactivation is IR fluorescence (as already recognized by from the target is an instance of the Eley-Rideal mechanism.

Allamandola et al. 1989). This is confirmed by Williams and 1o hronability of this process is higher when the target site
Leone’s experiment (Sect. 2.2) and it would be valuable if other is a CH, group, whose bonds are weaker.

expenment_s of _th's type were designed for I_arge_zr _moleculqﬁ vibrational excitation of the target, which is the main subject
and other vibrational modes. Because of the size limit set to the of this Appendix.
dust particles by energy “dilution” (Sect. 2.2), such experiments
would have to use nanometric particles in the gas phase or, atln such computer experiments, a virtual particle is first built
least, embedded in cryogenic matrices of rare gases. from a few tens of C and H atoms. The code then performs a
It should be clear that, in principle, the excitation processnall amplitude analysis to deliver the spectrum of all possible
described in this paper can coexist with other processes, smohmal modes of the particle, as well as their absorband®(or
as heating by absorption of photons (visible and IR only, intensity. Roughly, 1/10 to 1/5 of all modes have appreciable
the case of M31) by the grains themselves. Such absorptintensity.
is not likely to excite atomic vibrations directly, because only In a chemiluminescence experiment, a free H atom is di-
resonant photons can do so efficiently. It is more likely to headcted to the particle from a small distance (a few angstroms),
the mobile electrons of aromatic rings, which are responsibiéth a small velocity (1 to 1010cms™!). The Molecular
for the strong IR continuum observed in absorption spectidynamics code then follows the movement of all atoms, to-
This is a very inefficient process when it comes to the emissigather with their electric charges, so that the total instantaneous
of UIBs. However, it can contribute notably where atomic Hipole moment(t), can be computed by small steps (down to
density and VUV intensity are low but visible radiation is veryt0~'¢ s). The latter is then analyzed by a Fast Fourier Transform
strong, as in the vicinity of RGBs and AGBs. But, then, the UIBFFT) code into its power componentg,,, |?, taken over any
spectrum is expected to be a thermal spectrum at the equilibrilength of time. For a quantal harmonic oscillator (Wilson et al.

5. Conclusion
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1955), the corresponding band energy,, Favailable on decay with inhomogenous broadening, is likely to contribute substan-
into IR photons, is proportional tQ,,|?v,,2/1,, where |, is tially to the observed width of the UIBs (see Papoular 1999).
the associated IR intensity. As a result of the beats, the total energy in the IR spectrum

Finally, the code also allows the dynamic characterizationalfso undergoes fluctuations, but their amplitude decreases with
whatever mode is excited so that it can be assigned to a defimitereasing length of the time over which the FFT is effected.
functional group and compared, in frequency and type, with the From experience gained during this work, it appears that
observed UIBs. In one such experiment, a “Speight” molecutee spectrum delivered by the codes for a given target molecule,
(Sect. 2.3; Fig. 2) was first stripped of one of its H atoms and tees not depend notably on the details of the Himpact, provided
residue geometrically optimized into its ground level configur#-is taken after the transient and for a reasonably long time, both
tion. Afree Hatom was then placed near by and directed towattees being of order 1 ps. That these conditions are met can be
the dangling bond, with a velocity 5 1@m sL. It soon settled checked by comparing the results of successive runs on the same
in the vicinity of the latter, oscillating with a large amplitudesystem.
while the rest of the molecule was unaffected: this state is better
described as a “local” mode, rather than by any combination®gknowledgementsThanks are due to C. Angelie, O. Gu?llois,_P.O.
normal modes. After a transient period of order one picosecoh@d29€ and M. Sauvage, all with CEA (Saclay), for very fruitful discus-
the available energy was spread over the molecule and all PfS: ! @m also indebted to L. Pagani (IAS, Orsay) for communication

. ) of . and permission to publish, Fig. 9 of P99.

atoms on the screen were seen to vibrate: the molecule settled’in
a steady-state, vibrating in distinct modes of vibrations. Fig. 3
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limited by the unavoidable slowness of computations on large. .0\~ | Ticlens A. and Barker J.. 1989 ApJS 71,746
molecules; hence the unphysical width of the features in trﬁ\%har F. Vandénbroucke M., 1986 Rev.,lnst. Iér. Petrole’ 41,2

figure). During the experiment, thetal vibration energy of the pgortolani V., March N. and Tosi M., 1994, Interactions of atoms and
molecule, remained constant and equal to the exothermiQity, E molecules with solid surfaces, Plenum Press, New York
= 5.4eV, while the total energy carried by thdrared active Boulanger F., Abergel A., Bernard J.P., 1998 In: Star formation with
bands in Fig. 3 fluctuated aroundE,,~ 1.7 eV. The ratio of ISO (ASP Conf. Series 132), Yun J., Liseau R., (eds.) p. 15
these two numbers defines an IR efficiencg, 3. Cashion J., Polanyi J., 1958, J. Chem. Phys. 29,455

Moreover, the ratio of energies in bands around 3000 aR#&rine B., Bertoldi F., 1999, ESA SP-429
1300 cnt, respectively, is-1/4. If the exothermicity had beenPuley W., Williams D., 1984, Interstellar Chemistry, Acad. Press, Lon-
completely thermalized, the corresponding temperature would don
have been-700 K, assuming the specific heat to be 1000 Jkg Duley W., 1996, MNRAS 279,591

. . Fermi E., Pasta J., Ulam S., 1965 In: Collected Papers of E. Fermi, 2,
K1, asforthe parent materials. Then, according to Boltzmann’s 978 P

law, the spectral energies would have scaledasits— and - Gyiliois 0., Nenner 1., Papoular R. et al., 1096, Ap 464,810
the ratio defined above would have been 1/30, instead of 16iiillois O., Ledoux G., Nenner I. et al., 1998, in: Faraday Discussion
Clearly, thermal equilibrium did not set in, but the spectrum 109, Chemistry and Physics of Molecules and Grains in Space,
looks like that of a high-temperature blackbody emitter. The Royal Society of Chemistry, London, p. 335

That part of the exothermicity which is not reemitted in théura M., 1975, ApJ 197,575

IR bands is shared between the IR-inactive modes and the wk§RtENPerg A., Lieberman M., 1992, Regular and chaotic dynamics,
(but extended) continuum underlying the bands Applied Mathematical Sciences series 38, Springer, New York

In order to monitor the temporal behaviour of the ener Masel R., 1996, Principles of adsorption and reaction on solid surfaces,

. h IR band. it i - he f d 9y Wiley, New York
in each IR band, it is convenient to use the faster code, I\/”\/II\-'/'ICGIynn S., Azumi T., Kinochita M., 1969, Molecular Spectroscopy

which allows much longer simulation times (up to0 240 ps). It of the Triplet State, Prentice Hall, Englewood Cliffs, NJ
was thus possible to quantify the quick initial propagation @fiennella V., Brucato J., Colangeli L., Palumbo P. 1999, JApLett.
the perturbation throughout the molecule. It was also found 524,71

that, after this short transient, there is no long term decay Minhehardt T., Adcock J., Wyatt R., 1999, J. Chem. Phys. 110, 3326
band energies: no irreversible energy exchange is expectedsbitt D., Field R., 1996, J. Phys. Chem. 100,12735

tween modes before emission of the corresponding IR photoRiagani L., Lequeux J., Cesarsky D. et al., 1999, A&A 351,447 (P99)
However, because a substantial anharmonicity is built in tffgroular R., Guillois O., Conrad J. et al., 1996, A&A 315,222
chemical code, the normal modes are slightly coupled and thPoular R., 1999, A&A 346,219

- - “ - o poular R., 2000, Spectrochimica Acta A, submitted
gives rise to fast, “chaotic”, recurrent, variations of the barﬁﬁoneno V.. Chi Liu, Roser J.. Vidali G.. 1999, AGA 344,681

energies. These “beats”, whose ubiquity has long been knogl age B., Bohlin R., Drake J. et al., 1977, ApJ 216,291
in mechanics (Fermi et al. 1965; Uzer 1991), are observed in@ﬁvith ., 1%)73, In: Cc;rmier etal. (ed’s.) Chémiluminéscence and Bio-

the simulations. As a result, the energy continuously shifts to |yminescence, Plenum Press, p. 43
and fro between adjacent modes. Long runs accordingly yielgeight J., 1994, Appl. Spectr. Rev. 29,117
broader bands with notable wings. This phenomenon, together



404 R. Papoular: UIB emission without UV irradiation

Spitzer L., 1978, Physical processes in the interstellar medium, WilgVilliams R., Leone S., 1995, ApJ 443,675

New York Wilson E., Decius J., Cross P., 1955, Molecular Vibrations, Mc-Graw
Stewart J., 1989, J. Comp. Chem. 10,209 Hill, New York
Uchida K., Selllgren K. and Werner M., 1999, ApJ (in press) Zavagno A., Ducci V., 1999, (submitted)

Uzer T., 1991, Phys. Rep. 199,73

Watanabe K., Uetska H., Ohnuma H. et al., 1996, Appl. Surf. Sc. 99,
411



	Introduction
	Elementary constituents and processes
	Hydrogen recombination
	Vibrational excitation
	Chemiluminescence efficiency, $eta $

	The nebular model
	Results
	Negligible FUV (diffuse ISM)
	Weak FUV (diffuse ISM not far from O/B stars)

	Conclusion

