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Abstract. The \5797 Diffuse Interstellar Band has recently
been observed in emission at several positions in the Red Rect-
angle, with band shape typical of molecular rotational struc-
tures of an electronic transition. However, the rotational tem-
peratures required to explain the observed band widths depend
on the change of the rotational constant, AB/ B, of the transi-
tion but are always significantly higher than those expected for
the hydrogen gas. We address the question of whether such a
suprathermal rotation can be understood. Assuming that a free
PAH molecule or ion is the carrier of this DIB, we investigate the
physics of the rotation of such a molecule in order to interpret
the observational characteristics of this emission in the RR: (i)
a band structure indicating a rotational temperature larger than
450K at 6 arcsec from the central star; (ii) a decrease of this
temperature with distance from the star as »~!. We consider
different processes of angular momentum exchange with a free
PAH. We show that only an efficient rocket effect (H-atom or
H, molecule ejection) can lead to the suprathermal rotation re-
quired by (i) and that its competition with radio emission can
explain the power-law behaviour (ii). Using observational con-
straints for the gas and radiation densities in the RR, we build
a model and show that there is a range of molecular parameters
that leads to both a good fit of the observed bandwidth and its
spatial variation. Finally, we compute the bandwidth of the tran-
sition in the diffuse ISM and in Reflection Nebulae, using the
same molecular parameter range. We find that they are consis-
tent with the observed width of the A\5797 DIB in the ISM, but
that the fit with RN observations narrows this range and implies
a rotational constant change AB/B = —2% and a PAH size of
about 40 carbon atoms.
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1. Introduction

Recently, a series of spectroscopic observations of the circum-
stellar envelope around the Red Rectangle (RR) have given a
new impulse to the long standing question of the Diffuse Inter-
stellar Bands (DIBs): for the first time DIBs in emission were
likely evidenced (Scarrott et al., 1992). Sarre, Miles & Scar-
rott (1995b) have plotted the positions and widths of 3 major
bands in emission as a function of the inverse of the distance to
the RR central star(s). They obtained a remarkable agreement
between the extrapolated curves at 1/d=0 and major DIBs in
absorption (A5797.1, A5849.8 and \6613.7), both for position
and width. A chance coincidence cannot be strictly excluded,
but it is our opinion that this is highly unlikely. For instance,
considering the A\5797.1 plot, the extrapolation to 1/d=0 gives
the position: 5997.5 & 0.5 Aand FWHM: 1A+ 1A. In the in-
terval 5790-5810 A, there are 4 DIBs with positions (FWHM):
5789.1 (1.1), 5795.2 (4.1), 5797.1 (1.0), 5810.0 (2.6); the 2nd
and 3rd one are the strongest by a factor of 4 or more (Jenniskens
& Désert, 1994). The only DIB which characteristics are within
the error bars (4 1o) is the A5797.1 (1.0) and it is an intense
band. The nearest other candidate is 5 ¢ away in position and 4
o in width, pointing out the low probability of a chance coinci-
dence. Scarrott et al., concluded to the identification of these RR
emission features and to the molecular nature of their carriers,
as the shift in position and width could be easily explained by
rotational structures of the emission bands, a conclusion sup-
ported by the recent detection of a fine structure in two DIBs
in absorption (Sarre et al., 1995a). Indeed, the observations of
the RR emission bands revealed two specific characteristics of
the features: a) a redshifted and asymmetric band profile, well
explained by the rotational structure of an electronic transition
with a variation of the rotational constant between initial and
final electronic states, By # Bj (Schmidt & Witt, 1991); b) a
deduced rotational temperature decreasing with distance from
the star as T, (r) o< 7! from 6 to 18 arc-sec.

The interpretation of those observations raises two ques-
tions: i) one can show that a change in the rotational constant
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induces an observed bandwidth of A(hv) < kT x AB/B.
Since AB/ B can hardly be larger than 3%, the data of Scarrot
et al. indicate a rotational temperature in the RR larger than 450
K at 6 arc-sec of the central star. As we show in the following,
this is a temperature much larger, by one order of magnitude,
than what is expected for the gas of the envelope. A question is
then raised: what physical processes can lead to such a high tem-
perature? ii) The observed radial dependence of the rotational
temperature for the DIB features in the RR is not that expected
for the gas either, whatever is the gas heating mechanism that
we have considered (see Sect. 3); now a new question appears:
can this dependence be understood? As we will see, answering
this second question is even more constraining than the first one.

In this paper we investigate the possibility that the carrier of
the DIB in emission studied by Scarott et al., A5797, is a free
PAH molecule or ion. This hypothesis (van der Zwet & Alla-
mandola, 1985; Léger, d’Hendecourt, 1985, Crawford, Tielens
& Allamandola, 1985) is plausible because the carrier of this
DIB is known to be a free molecule (see above) and PAHs are
among the most abundant interstellar ones, possibly because
they can resist the harsh UV field that illuminates the diffuse
interstellar medium.

In a former paper (Rouan et al., 1992; thereafter paper I),
we have studied the rotational motion of free PAH molecules,
with a fixed size of Nc = 80 carbon atoms, in two different
interstellar environments: a Reflection Nebula and the Diffuse
Interstellar Medium. Here, in order to investigate the case of
the Red Rectangle where many environmental parameters are
poorly known, we propose to extend the calculations of Paper 1
to more relevant astrophysical situations. The goal of the present
paper is thus two-folds: i) to generalize the calculation of the
rotational temperature T'; to different sizes and intrinsic prop-
erties of a PAH (in Paper I we were dealing only with an average
molecule of 80 carbon atoms with 1 Debye dipole moment) and
to different sets of physical conditions (density, radiation field);
ii) to investigate the consequences of the rotation in the case of
a circumstellar environment, with the specific aim to model the
conditions of the Red Rectangle.

The paper is organized as follows. In Sect.2 we com-
bine different observational constraints in order to build a self-
consistent model of the Red Rectangle that we use to determine,
or put limits on, the local conditions of radiation and density
that rules the PAH rotational temperature in the envelope. In
Sect.3 we investigate the question of the gas temperature in
the envelope around the Red Rectangle and we show that ther-
mal equilibrium with the gas probably cannot explain the ob-
served rotational temperature of the DIBs nor its dependence
with distance to the central star. In Sect.4, we establish the
general formulation of the exchange of angular momentum for
the different processes listed in Paper I, generalizing the results
of this paper. We finally investigate in Sect.5 and 6 the case
of the Red Rectangle, the diffuse ISM and Reflection Nebulae
(RNs), allowing variation of several parameters shows that only
a restricted region in the phase space of the molecular parame-
ters can account for the observations. The corresponding set of
molecular parameters sounds plausible and gives a satisfactory
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Fig. 1. Sketch of the funel geometry adopted in the model of the scat-
tered light in the Red Rectangle

fit both to the observation of the DIB in the ISM and those of
Schmidt & Wittt and of Scarott et al. in the RR, providing us
with valuable pieces of information on this DIB carrier.

2. A self-consistent model of dust and photons in the Red
Rectangle

Since several of the physical processes which constrain the ex-
change of angular momentum with a PAH molecule depend on
the gas and radiation density, we need an evaluation of those
two quantities along the whiskers of the RR where the A5797
DIB width has been measured. The intensity of the scattered
light on a given line of sight through the envelope, is directly
proportional to the product of the radiation flux by the dust den-
sity, integrated along the line of sight. A simple model of the
observed scattered light can thus constrain the flux density for a
given gas density law, and vice-versa, if we assume a classical
dust to gas mass ratio, but allow grain sizes different from those
in the ISM. The model is required to explain the wavelength
dependence of the scattered light. The following assumptions
are made:
i) For the gas density radial distribution, we examined two cases:
one that follows the classical law ng o r~2 characteristic of a
stationnary mass-loss and another one deduced from our own
observations at the 3.6 m CFH Telescope in December 1993
(Rouan, Le Coupanec & Léger, 1995), using the spectrometer
MOS-SIS in a long slit mode. On Fig. 2, we have plotted the
intensity at 5000 A along the NW whisker, resulting from these
observations. At this wavelength, the intrinsic emission of the
envelope, i.e. the fluorescence associated to the so-called Ex-
tended Red Emission, is negligible and it is essentially the light
scattered on grains which is seen. Its intensity follows a r—2:6
power-law in the range of angular radius studied. If the enve-
lope is optically thin on the line of sight, one shows that this law
would be characteristic of a density varying as ny oc 1.

ii) For the central exciting star, two cases have been exam-
ined: a 10 000 K B9-A1 (Cohen et al., 1975) and a 7500 K star,
as derived more recently from spectroscopic observations by
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Fig. 2. Radial variation of the scattered light intensity at 5000 A, along
the NW whisker of the Red Rectangle nebula. The data were obtained
at CFHT, using the MOS-SIS spectrograph in Nov 1993. The log-log
scale shows that a power-law of index -2.62 gives a good fit.

Waelkens et al. (1992). We cannot exclude that there is a hid-
den companion star to HD44179, that would actually be at the
origin of the bipolar outflow, as suggested by several observa-
tions (Waelkens et al., 1996; Van Winckel et al., 1995, Roddier
et al., 1995, Tessier et al., 1990); this might be what makes the
RR so specific. In any case, since the spectral properties of the
light illuminating the whiskers are derived from the scattered
part of the spectrum on which emission features are observed
(see vi) hereafter), we can safely assume that there is no extra
illumination that we would miss.

iii) A Kurucz model (1979) is used for the spectrum of the stel-
lar light injected in the envelope. We prefer using a synthetic
model for the photospheric emission of the star rather than the
measured one, because any measured spectrum, even in a small
diaphragm centered on the peak brightness of the nebula, will
necessarily be affected by circumstellar matter absorption and
contain an additional component of scattered light that cannot
be disentangled from the pure stellar emission.

iv) As we want to consider only scattered light, we have taken
into account only the 3400 A— 4200 A range to avoid the Ex-
tended Red Emission (ERE) that becomes dominant beyond
5000 A(Warren-Smith, Scarrott & Murdin, 1981).

v) The grain model is a mixture of graphite and silicate (Draine
& Lee, 1984), with n(a) « ¢~ (MRN distribution), but with
amax left as a free parameter. Note that one could consider a
model with only carbon grains, since it is generally admitted
that the RR is a C-rich envelope (strong 3.3 pm feature), but
this would hardly change the conclusion because the optical
properties at those wavelengths are essentially dominated by
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the carbon component.

vi) Concerning the structure of the envelope, as in the model of
Yuseph-Zadeh, Morris & White (1984) and of Lopez, Mékarnia
& Lefevre (1995), we assume that the matter is essentially con-
centrated in a funnel, and that there is a void bicone along the
main axis (South-North), so that the whiskers are nothing but
the wall of the cone scattering the light that propagates easily in
the funnel. Fig. 1 sketches the geometry of the model. In order
to explain the colour of the scattered light which is redder than
expected from an unreddened 7500 K star, we assume that an
extinction occurs very close to the star in a thin shell; the rest
of the biconical envelope, i.e. the region extending beyond, say,
one arcsec, which is accessible to observation, is supposed op-
tically thin: we will see a posteriori that this hypothesis is not
fully justified, but should not change drastically the conclusion.
We do not try to derive the extinction in the inner shell directly
from photometric measurements on the star because it can be
different towards the observer — where a disk is probably present
— and towards the biconical nebula. We derive it from the colour
properties of the scattered light as follows.

Mie computation of < Qexy > and < ¢(0) X Qga > 1S
performed, where ¢(6) is the phase function of scattering ; the
bracket symbol means that the average is done on a MRN dis-
tribution. The extinction of the light in the inner shell is given
by exp(—C{Qext)), where C is a quantity proportional to the
gas column density; the intensity of the light scattered towards
the observer is proportional to (¢(f) X Q.), where 6 is the
scattering angle. For the sake of simplicity, we assume that all
photons have suffered a scattering at right angle (8 = 90 deg),
because, on a given line of sight, most of the scattered photons
come from the points closest to the star where both the highest
dust density and the highest incident radiation are found.

With these hypotheses, at a given wavelength, the expres-
sion of the ratio of scattered to intrinsic stellar light is:

R= FNeb/F* X <¢(0 =90 deg) X Qsca> el’p(7C<Qexl>)

The ratio R(\)/R()\;) depends only on the stellar spectrum
and on the grain optical properties, but not on structural param-
eters such as the density. Since brightness measurements of the
scattered light are available at different wavelengths (Warren-
Smith et al., 1981), we look for the dust model that gives the
best fit of the observations: an,x is adjusted so that a single value
of C' can be found for all wavelengths between 3800 and 4300
A then, the value of the optical depth in the shell is derived:

Text = C<Qext>

For a star with an effective temperature T¢ir = 7500K, the
best fit is found for ap,x ranging from 0.05 to 0.1 pm, implying
Text(V) = 1.26, a value consistent with the bolometric to visible
stellar flux ratio that requires Ay < 2.7. For a star with an
effective temperature 7, = 10000K, the derived extinction is
too large, and we have therefore rejected this case. One notes
that, within this range of anax, Text remains almost constant: the
model is not sensitive to the exact value of apax.
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Since Texy and Q.. are now constrained, we can estimate
the ratio R = Fen/ F. With the hypothesis of an optically thin
line of sight, one can show that the expression of R reads:

R = 6.03107*D Js(a2/9)nHmHGle:rp(—Text)

3.0 107% (D/1kpe) o5(a?/0)nuGrexp(—Tex) (1)

where o, is the equivalent scattering cross section of grains
per unit mass, is expressed in cm’g~! and ny in cm 3. D is
the distance of the Red Rectangle, « is the angular size of the
diaphragm in which the scattered light is measured, 0 is the an-
gular distance from the star to the point where scattering light is
measured and (7} is a dimensionless geometric factor depend-
ing on the conical structure of the envelope, whith value close
to 1. Note that the canonical ISM value of 100 was taken for the
ratio of gas to dust masses.

The above expression of R(\) fits the observations in the
whole range 3800-4300 A.

In the expression of the ratio R = Fyeb/Fy, Fi refers to
the intrinsic flux from the star, the one that would be mea-
sured if there were no extinction between the observer and
the star. To evaluate this flux, we use the star’s bolometric
flux, 3.0 1077 ergecm~2s~!, from Schmidt et al (1980) and the
model of stellar atmosphere from Kurucz (1979). One finds
F, =59710""% ergecm™2s~! nm~! at A\ = 5000 A, for a star
of effective temperature Tei = 7500 K.

Concerning the scattered light, we used the data on Fig. 1
of Schmidt et al. (1980). Using information from their paper,
the ratio of visible to bolometric flux is Fys/Fyol = 1/12 and at
5000 A, the ratio of fluxes measured in two diaphragms, one at
10 arcsec from the star and one on the star itself is 1/1300, one
finds Fep = 5.24 107 % ergecm =2 s~ 'nm ™.

Observational data lead then to R = 8.78 10~>. We can now
derive ny(6 = 10”) from Equ.1:

nu(d = 10”) = 2.34 10%exp(1.127y)(D/1kpe) ! em™

On the other hand, the radiation density in the envelope is
given by:

Un(r) = LV exp(=7y)/(@m ¢ 1?)

where the A\ dependence of L,(\) is given by the Kurucz
model for T, = 7500 K and that of 7, by our grain model
scaled with 7y = 1.26. Taking into account the visible-UV
cross-section, x(\), of a typical PAH, measured by Joblin et al.
(1992), we are now able to compute the number of UV photons
absorbed per unit of time by a given PAH:

nyy = / Ux(r)h~'x(MAd),  h being the Planck constant.

To summarize, the characteristic parameters of the RR
whisker that we will use in the model are:

Upv(@) = 4.0(6/10")% eV cm™?
nu(d) = 1.6 10* (D/1kpc)~" (0/10”)~"6 cm ™3
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T, = 7500 K
Ty = 35K
Ay = 1.7

where Uyy, given in eV cm~3 is the integral of Uy over the
wavelength range where PAHs absorb.

3. Kinetic temperature of the circumstellar gas in the Red
Rectangle

The first natural idea to explain the observed PAH rotational
temperature in the RR is that the molecule is in collisional equi-
librium with the gas, this one being hot, and its temperature
decreasing with the distance to the star simply because of the
dilution of radiation. To test the validity of this hypothesis, we
consider the two classical mechanisms for the gas heating: col-
lisions with the grains and photo-electric effect on aromatic
molecules. Our two criteria to check the validity of the process
are: the absolute value of the temperature obtained, say at 10 ",
and its dependence upon the distance to the star.

3.1. Heating by collisions with grains

Grains in the envelope can be efficiently heated by the photo-
spheric emission of the central star and, in turn, can become a
source of energy to heat the gas by collision. However, a well
established fact is that the thermalization on grains can be effec-
tive only when the gas density is quite large: in other words, the
gas temperature is much below the grain temperature (T, < Tj)
aslong asny < 1078 cm™3 (e.g. Spitzer, 1978). This is be-
cause the cooling of the gas in the far-infrared through emission
in C* lines is very efficient as long as the optical thickness of
the cloud at those wavelengths is below unity. The equation of
equilibrium between C* cooling and grain heating, when the
gas density is below say 10® cm™3 (we have seen in Sect. 2 that
the density at 10 ” is in the range 10* — 10° cm™?3), reads, in
CGS units, (Spitzer, 1978):

s B _ —33 a -
79107 ny do exp(-92K/T) = 1351077 ()
( Pa

2 goms) TR T (@ = D)

where a, Ty and pq are respectively the radius, temperature and
mass density of the dust grain; d¢ is a coefficient expressing the
efficiency of the cooling through C*. Solving this equation gives
a gas temperature which is always below 20 K, even for grains
as hot as 10000K, as long as ng < 10°~8 cm™3. On the other
hand, the maximum grain temperature one can expect at a given
location in the envelope of the RR would be for zero extinction
and low-emissivity (e.g. graphite) grains: those conditions lead
t0 TGraphie = 110 K at @ = 10”. Then, if only heated by grains,
the gas temperature would be ~ 10 K at § = 10”.

Second, we note that, if we assume Qs A~ ! and, as
strongly suggested by observation (Sect. 2), that extinction in the
nebula, along a radial path towards outside, becomes negligible
beyond, say, the first arcsec, then Ty o< ~2/5, a behaviour which
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is quite different from the much steeper r ~! law observed in the
RR by Scarott et al.

3.2. Photo-electric effect

Because of the low ionization potential of PAHs, electrons are
easily extracted from those abundant IS molecules by UV pho-
tons, and have a kinetic energy that can efficiently heat the gas
(d’Hendecourt & Léger, 1987). Using the evaluation by those
authors of the photo-electric heating rate, and balancing it with
the cooling through C* infrared lines, one obtains:

7.9 107% nf do exp(—92K/T) = f] ¢ Inu(1 — B3) @ , (2

H Nc
where f is the fraction of cosmic carbon in PAHs, [ the fraction
of ionized PAHs and ),/ N¢ the heating rate per carbon atom in
the molecule which is proportional to the UV density. Note that,
if ny varies as r 2 in the gas envelope of the Red Rectangle, as
one expects in a steady-state mass loss, and Uyy as 7~ because
of the geometrical dilution of radiation (no extinction in the
upper part of the nebula), then both sides of the equation contain
a r~* dependence that cancel out. The gas temperature would
then be independent of the distance to the star. To calculate
this temperature, we have first to know the degree of ionisation,
0, of PAH molecules. Using the evaluation of the ionization
and recombination rates R;,, and R.. from d’Hendecourt &
Léger (1987), and scaling them to the UV flux (Uyy), electron
temperature (7,) and gas density in the RR (see 2), we find:

6 — Rion
Rion + Rrec

9.65 103(Uy,/.08eV)
9.65 108(Uyy /.08eV) + 2.9 109(T. /80)!/2(ny/10)
= .016

The PAH are thus almost totally neutral (3 =~ 0). To evaluate
the temperature from Equ. 2, we use f = 0.15, [g] =410"*
and the evaluation done by d’Hendecourt & Léger for Q,/N¢
in the Interstellar Radiation Field, scaling it to the case of the
Red Rectangle (Uyy = 4(8/10")72eV cm ™3, see Sect. 2); this
leads to exp(—92/T) = 7.1 1073, or T" = 35K, independent
of .

A strong conclusion is thus that, if we assume classical heat-
ing mechanisms, the gas temperature i) should be much lower
than the observed DIB rotational temperature and ii) does not
follow the v~ law.

An independent evaluation that supports this conclusion is
obtained by simply scaling the gas temperature in IRC+10216,
estimated or measured by other authors (Keady, Hall & Ridg-
way, 1984), to the situation of the RR. Taking into account the
differences in distances and luminosities of the central stars in
both objects, we find Ty = 50 K and T, = 10 K at a radius cor-
responding to # = 10” in the RR. This is consistent with our
estimate of the gas temperature.

One cannot exclude that the gas is heated by another mech-
anism, specific of the mass-loss process (compression in shocks
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that would be regularly distributed in the whole nebula?) - mea-
surements of the actual gas temperature in the Red Rectangle
by any technique would be extremely useful - however we as-
sume in the following that this is not the case and we use a gas
temperature of 30 K and look for a more efficient way to heat
the rotational motion of the molecule responsible for the A 5797
DIB.

4. Rotational temperature 7); of a PAH molecule

In Paper I, we have computed the rotational temperature of a
90 atoms PAH molecule considered as the “average” aromatic
molecule found in the ISM. In the same paper (Sect.9) we
computed the rotational temperature of a classical grain, i.e.
a non-planar particle, versus its size. The processes that ex-
change angular momentum with the molecule and that we took
into account are:

— collisions with the gas: elastic or inelastic when a H-atom
binds to the molecule, with subsequent:

— ejection of H or H; species, for instance as a consequence
of a UV photon absorption; a peculiar and important case
is an asymmetric ejection that leads to a systematic rocket
effect

— absorption of UV photons

— emission of IR photons after such an absorption

— emission of radio rotational photons

The main results of Paper I can be summarized as follows:

— The angular momentum of an interstellar PAH with IV, = 90
(=~ 78 C atoms) is mainly built-up by the emission of IR ro-
vibrational photons, through a random walk (AJ = £1)
with an asymmetric probability.

— The resulting distribution of J, is pseudo-thermal with
kT; = hv,/6, where A\, = c¢/v, is the average wave-
length of the IR photons emitted during the cooling phase
that follows the absorption of a UV photon. Typically,
T; =~ 120K for a molecule with 90 atoms.

— The Interval Vibrational Rotational Energy Transfer
(IVRET, Mc Clelland et al., 1988) is an extremely effi-
cient mechanism that forces the large inertia axis of the
molecule to be distributed around the angular momentum
J with the same temperature as the vibrations (for a sym-
metric top molecule, T = Ty;p). This axis is either almost
isotropically distributed and suffers frequent changes just af-
ter the absorption of a UV photon (7yi, >> T;) or aligned
along J during the cold periods in between thermal spikes
(Toin << Ty).

— Collisions with the gas are marginally significant even for
densities typical of Reflection Nebulae

In this section we propose to extend the analysis done for
a planar PAH, from 78 carbon atoms to other sizes, using as a
guideline Paper I - Sect. 9.
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The construction of J can be considered as a random walk
in a potential well with a minimum at J = J where the net
systematic rate of change of .J is zero:

O -rtan; =0,

where 7; is a characteristic time between two events of process
1. AJ has two components: (1) A;J generated by the asym-
metry of the process, e.g. that due to the > dependence of the
Einstein coefficient of spontaneous emission; (2) A,J gener-
ated by the random walk itself and estimated as follows. At
each event, J becomes J + 6J, with §J randomly oriented;
after N events, without systematic effect, the mean modulus
would be J = N2 §J; the mean increase per event is then:
AyJ = ; 6J)? /J. ' The resulting distribution of J has its
maximum at J. In the following, we will thus establish the
quantities T[lAJ for each process that exchanges angular mo-
mentum with the molecule.

4.1. Contribution of IR emitted photons

A burst of emission of IR photons follows, during a few seconds,
the transient heating by absorption of a UV photon by a PAH.
The change of angular momentum is then £/ per IR photon, or
oJ = +1.

The asymmetry terms in the J change per emitted IR photon
are (Paper I Sect. 9.1 and above remark):

_ 1 J _ JR
JrR JR J
1

2J’

A1JIR = )

Ay =

with Jr = (kTj/ B)l/ 2, where B is the rotational constant
and 1.5 x 7Tj the rotational temperature when emission of IR
photons is the dominant mechanism for building the angular
momentum.

We establish now the dependence of B and T'; upon Ny.

For a planar particle with the same density as graphite, the
relationship between its number of atoms N, radius a and
geometrical surface S are: Ny o a*> and S o N, thus
B x (Ma*) " NaTz.

We have shown (Paper 1) that kT; = hv,/6 where v, is
the average frequency of emitted IR photons, defined as

vl = 1 niv;!
o - N %9 ’
J

or A\, =< A > ; this expression put weights on long wave-
length photons which are emitted when the molecule tempera-
ture is rather low. Therefore, we use a simple model for “large”
molecules, valid at low temperature (' < 6p, when 0p
is the Debye temperature): i) the long wavelength emissivity
of the molecule is continuous and Qus(A) oc A~! (Léger,

' Note that the term A,J was uncorrectly omitted in Paper I
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d’Hendecourt and Défourneau, 1989); ii) the heat capacity is
C(T) o< T?.

The average wavelength of the emitted photons at a given
temperature 7' is, with the above assumptions:

_ J BaQavs(MAA
T [ BaQuns(Nd

During the period of time where the molecule cools by dT, the
number of “average” photons emitted is:

A = (T/5280 K)~' um

AN = C(T)/hvy dT o T dT

The mean wavelength of photons emitted during the complete
cooling is:

[ArdN Jordr

JdAN [Te4(T/5280 K) dT

(Theak /10560) ™" im

<At >

3

We derive T7 = he (6k < X, >)"' = 0.23 Tpeax for large
molecules (N, > 100).
Now, the behaviour of T}e.c with Ny is ruled by the heat

capacity law and the energy Eyyv of the absorbed UV photon:

Theak
Eyy = / c(ydr ,
0

or

Tpeak Na? 13

Combining the previous relations leads to:

—1/3
x (Nal /

k'TJ 1/2
) N2
at

5 )2 NO

Jr = (
Taking into account the proper emissivity and heat capacity, one
can show that this relation holds within a factor 2 even for small
PAH.

The variation in J per IR photon emitted is:

1 J 3 J
(AN =— . ( R

Jr Jr 2 J)

with Jgr = 270 (N./ 78)5/ 6 where the normalisation has been
done relatively to the 90 atoms (78 carbons) molecule of Paper 1.

The rate of IR photons emission, T&l, varies with the size
of the molecule because of the increase of its UV cross section
and because the average wavelength of IR photons changes with
peak temperature:

1. 1 AR
TIR _TUV/\ )
uv

T Nl/3 or:

P
with 75y o< Ny and A\g - o peak at s

N,
TRt = 107%( 7§)4/3,
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and:
_ s J Nc _
'A = 37107 173
(T AR [270( 3 )
3270 Ne s,
2 g (g s

This last equation shows that the process is self-regulating,
and would lead, if alone, to the value J = 1.22Jg atequilibrium.
One must note that the pull-back effect to J = 1.22.Jyg is tight
(see Fig. 3 of Paper 1) and will clamp the rotational temperature
to Tir = 100K if the UV density is high enough .

4.2. Contribution of H, ejection

We assume that the ejection of hydrogen is mostly molecular
(H,) (Paper I, Sect. 4.2.2). The associated “rocket effect” exists
only if there are hetero-atoms or pentagonal cycles (Paper I,
Sect. 4). We assume that the systematic orientation of this ejec-
tion versus its random one can be described by a parameter
Orasym giving the ratio of hydrogen ejections that produce a sys-
tematic torque to those with a mean zero torque, when averaged
over a large number of events. We assume in addition that cagym
does not depend on the size of the PAH (typically one can ex-
pect aiaym < 0.1). The resulting change of J is dominated by
(A1 J)rocket Whenever aagym # 0, or:

(AD)rocket = *JmHaz/I + aasym(mHazEej)l/z

where the first term corresponds to the friction due to sticking
H-atoms, and the second one to the systematic rocket effect.
Taking into account the dependence upon N of I and a reads:

(A )rocket = —(Ne/78)71J/250 +2 x (N¢/78)'/?
On the other hand, the rate of ejection of H,, half the rate of
collisions with H atoms, is:

Tej_l nHvazz

1.66 107%(N¢/78)(ng/10°cm ™)
x(T,/100 K)'/?(3/.98) s~!, and
1.66 107°[—J/250 +2(N¢/78)*/?
X (Qasym /0. 1)(Eej /0.1 eV)!/?
x(T,/100 K)'/2(3/.98) s~

(T~ ! AD)rocket =

4.3. Radio rotational photons

If the molecule has a non-vanishing static dipole moment , its
rotation generates spontaneous emitted radio photons. A likely
possibility for ¢ # 0 is the presence of hetero-atoms in an
aromatic molecule.

We admit that the radio emission power of a PAH molecule
is of the same order of magnitude as that of a linear species
with the same electric dipole and a rotational constant equal to
that around the disk main axis (C' = B/2). Such an emission
corresponds to a systematic decrease of J, AJ = —1, with
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a probability given by the Einstein coefficient A;_,;_ ;. For
J >> 1, and using hv = 2CJ, this coefficient is (Herzberg,
1968; Townes and Schawlow 1975):

2567
W B+

Aj_j =
J=I=1= a4

L3
J,
2J ) ’
Since B NaTz, there is, for a given u, an extremely fast
dependence of A;_, ;_; with the molecule size:

Ay o< NOu? g3

This will drastically limit rotational temperature of small par-
ticles because they will cool very efficiently by radio emission.
Unlike in Paper I, the contribution of emitted radio rotational
photons cannot be neglected in the building-up of J, since we
do not exclude here that small molecules can be responsible of
the observed DIB.

4.4. Resulting most probable J and rotational temperature

The budget of the differ_ent contributions, that determines the
most probable J, noted J, is, when including elastic collisions:
(T_IAJ)IR + (T_IAJ)rocket + (T_IAJ)radio + (T_IAJ)COH =0,
where the subscript coll designates elastic collisions only, the
inelastic ones are included in the term describing the rocket

effect. This equation reduces to:

- aradioJ3 - (bIR + bfriction)J + Crocket T (dIR + dcoll)t]71 =0 (4)

with:
radio = 1.9 1071 ( )—6 (lDeb 6)2,
b= 3107 C)71/3(50 e(\]/UZm—3)’
Dfriction = 1.8 1077 (o " ) (10(§K)]/2
Crocket = 1.8 107 6( )3/2 (103710}111173)(10T0gK)1/2
«Q E
( Ssylm) G. 1ejv)l/2
dr = 310" 2( )4/3 (50 e[\J[UZm% ),
o = 681070 )2(1032Hm—3)[§ (1O§I<)1/2
“G. 1CJV) bo 1051()3/2 (1 -5,

Where 3 and ¢ are the ionization and deshydrogenation fractions
of the PAH.

We show in Appendix A that this equation has a unique
positive real solution.
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Fig. 3. Rotational temperature of a PAH molecule in the Red Rectan-
gle, as a function of the angular distance to the central star. The solid
and dotted lines are the observed a r~' law, when assuming AB/B
= 3% and 1%, respectively. The other curves correspond to the tem-
peratures calculated with our model, for different sizes of the PAH,
they are labelled with the number of carbons. The set of parameters is:
Qaym By* = 3eV!/2, Ay =2.0, T, = 10( l(f,,)*-7 K, st = 3.0 Debye.
We note a reasonable agreement between observed and theoretical data
for PAH from 25 carbons (AB/B =3%) to 40 carbons (AB/B = 1%).

5. Rotational temperature in the Red Rectangle

Taking into account the parameters evaluated in Sect. 2, we solve
now Eq. 4 in the case of the Red Rectangle.

In the following, we compare the observed radial depen-
dence of the rotational temperature deduced from Scarrott et al.
(1992) to the one found with our model. We plot the tempera-
ture for different sizes of PAH particles ranging from 15 to 120
carbon atoms. Different conditions and values of the parameters
have been explored, within certain limits. The most important
parameters are: Nc, Qtasym Eelj/ 2, B, 1 and T,. We have found a
set of parameters giving a rather good fit. This set of parameters
and especially the gas and radiation densities, is fully consistent
with the observed level of scattered light in the Red Rectan-
gle. The parameters giving this fit are: ovasym E;j/ ?=03ev!/2
Ay =2.0,T, = 35K, 1o = 3.0 Debye. Fig. 3 shows this best fit.
Although we cannot assert that it is unique, all the other differ-
ent sets of parameters we have considered have given definitely
unacceptable fits (Fig. 4, 5 and 6)

It is important to stress that our model gives a rotational
temperature , whereas the observational constraints give band-
withs. The relationship between the two quantities depends upon
the change of the rotational constant, A B/ B, during the electr.
trans.: Ahy = 2.5kTq X AB/B (see Sect. 6). Scarrott et al.
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0 (arcsec)

Fig. 4. Same as Fig. 3, but with cuym EL/” = .03 eV'/?: there is no
acceptable fit of the slope wathever the PAH size is.

(1992) have considered AB/B = —3% that gives a good fit to
the band profiles and leads to T;,, = 450K at 6 arcsec. From
molecular physics considerations, this is probably a maximum
value for AB/B, but smaller values, e.g. AB/B = —1%, give
also correct band profiles fits and lead to quite different tem-
peratures, e.g. 1350 K at 6 arcsec. Therefore, considering the
Red Rectangle alone cannot yield a molecular size (Fig. 3). The
radial dependence of the temperature is actually a more useful
criterium for parameters adjustment.

5.1. Rocket effect

The effect of reducing cvasym Eelj/ 2 from 0.3 (Fig.3)t00.03 ev!/2
is shown on Fig. 4: no fit can be found for any molecular size.

This is also true as long as cagym Eelj/2 is lower than 0.15 eV'/2.
A first and important conclusion is that an important rocket ef-
fect is mandatory to obtain an acceptable fit of the Red Rectan-
gle data, with high enough temperatures. Of course one cannot
disentangle the respective role of the energy of ejection and of
the asymmetry. A possible share between the two processes is

Eej =1 ¢V and aym = 0.15.

5.2. Role of radio emission

If the molecule has a small dipole moment p, then the slope of
Tiot vs 6 remains flat, as illustrated on Fig. 5. This is because
the other dominant effects (infrared emission and rocket effect)
are all linearly dependent either on ny or on Uyy which, both,
are varying as 62, this dependence cancelling then out. We
conclude that the radio cooling is needed to obtain an efficient



D. Rouan et al.: Suprathermally rotating PAH: carrier of DIBs in the RR?

> | hopooooa

L

g -
g o< C(}(}(}(}CCCC(}CCCCQC{/‘C X
E\E I |
YOOI L LCLCOLEECELEECCTEEeaeeeaassecdss
g
15
Y
S

1 1 f L L I i
70’
0 (arcsec)

Fig. 5. Same as Fig. 3, but with ¢z = 1.0 Debye: there is no good fit of
the slope wathever the PAH size is.

decrease of the rotational temperature with distance. Quantita-
tively, a dipole moment of ~ 3 Debye is required. There is a
certain coherence in the need of a rather large dipole moment
and of a high asymmetry factor cem, both properties being
probably connected.

5.3. Exchanges with the gas

Despite our result that the kinetic gas temperature is likely below
30 K everywhere in the envelope, we have considered the case
of higher values (Ty,,= 100 K at 10 arcsec), varying with the
distance to the star according to a v~ 1.7 1aw, as modelized in the
case of IRC10216 (Keady, Hall & Ridgway, 1984; Goldreich
& Scoville, 1976). This is shown on Fig. 7. We can check that
the decrease of Ty, with radius helps for fitting accurately the
observed [-1] slope of Ti, vs 6, but one can show that this
process, alone, is not sufficient and, we repeat it, unlikely.

5.4. Exchanges with the radiation field

Therole of the UV field is important, because if the UV intensity
is too large, then the IR emission would clamp the temperature
to Tir =~ 150 K, as shown in Paper I, and illustrated on Fig. 6
where Ay = 1.4. The opacity of the envelope appears thus as
one of the parameters most constraining the model; however it
is worth noting that the range of Ay giving an acceptable fit, i.e.
Ay = 1.7 - 2.3, is within the one that agrees with observational
constraints on the scattered light (Sect. 2).

As a conclusion, from the observational constraints on the A
5797 DIB observed in emission in the Red Rectangle, we cannot

R PP et

40 hE

10°

107
8 (arcsec)

Fig. 6. Same as Fig. 3, but with Ay = 1.4: the IR emission imposes the
temperature, which is lower than the observed one; the slope is also
very different.

deduce a carrier size because of our ignorance of the value for
AB/B.

6. Rotational temperature in the diffuse ISM and Reflection
Nebulae

In order to test our model, we now consider two cases where
physical conditions are different enough from the Red Rectangle
to lead to predictions by our molecular model that can differ
significantly from those in the Red Rectangle.These two cases
are the Diffuse Interstellar Medium and a typical Reflection
Nebula.

6.1. Case of the ISM

The physical conditions that we consider for the diffuse ISM
are the same as in Paper I (Table 1), namely:

Upy = 0.08eV cm ™3
ny = 30 cm ™3
Tes = 100 K

6 =0.1

From the most recent observations of the A 5797 DIB
(Ehrenfreund & Foing, 1995; Westerlund & Krelowski, 1988,
Sarre et al., 1995), one derives a FWHM of the band of 2.3
cm~!. Because of this small width, we can no longer assume
that the broadening is due solely to the asymmetric rotational
structure induced by A B # 0, as already discussed in the begin-
ning (see also Schmidt & Witt 1991), but that the broadening by
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Fig. 7. Same as Fig. 3, but with a gas kinetic temperature higher and
varying as 6~ ": the decrease of rotational temperature with radius is
only slightly increased.

the P,Q,R separation (which depends on the temperature) must
also contribute. Using a comparison with results published in
the literature on theoretical band profiles of various species (Ed-
wards & Leach, 1993; Cossart-Magos & Leach, 1990; Scarrott
et al., 1992), and using also an approximation by the linear
molecule, which fits remarkably well the cases of benzene and
of coronene, we have derived the following empirical relation
between temperature and width of the band:

A(hv) = 2.5kTyo1 X AB/B +4(BkTyo)'/?.

Assuming, as previously, AB/B < 3. 1072 and B Ngz,
we can solve this equation for different values of N¢. The re-
sulting T; ranges between 18 and 35 K when N varies from
15 to 30 atoms. Contrary to the case of the Red Rectangle, the
rotationnal temperature appears now largely infra-thermal.

Taking into account all the processes described in Sect. 4,
and the above listed characteristics of the ISM, we can solve
Equ.4 for different values of the molecular parameters, and com-
pare the resulting theoretical T to the observed one.

We have allowed variation of the molecule size and of the
dipole moment within the respective ranges found in the case of
the RR; the poorly known dehydrogenation fraction and the UV
flux have also been varied. The results are presented on Fig. 8
where the computed rotational temperature is plotted vs the PAH
size for three different set of parameters. One can see that, for
small PAHs in the range 20 - 30 atoms, there is a good agreement
between the predictions of the model and the observations, when
using the molecular parameters best fitting the data in the RR.
We reach thus the important conclusion that our model can
reproduce with the same set of molecular parameters, the case
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Fig. 8. Computed rotationnal temperature versus the molecule size
(in number of carbon atoms) in conditions typical of the diffuse ISM.
Short-dash: nominal conditions (see text); long-dash: ny = 30 cm™ 3
dash-dotted: Uyv(0) = 0.24eV cm~>. The two horizontal lines (solid
and dotted) correspond to the rotational temperature deduced from
observations whenA B/ B = 3% and 1% respectively.

of the ISM and of the RR, despite the very different physical
conditions.

6.2. Case of Reflection Nebulae

The physical conditions that we consider for the typical Reflec-
tion Nebula are the one of NGC2023, i.e. as in Paper I (Table I),
namely:

Uyy = 50.eV cm ™3
nyg = 10® cm ™3
Tos = 100K

6 = 0.98

Using those parameters, we compute the rotational tempera-
ture for different sizes of PAH. The result is displayed in Fig. 9
for the nominal set of parameters and for two other cases, one
where the UV flux is divided by a factor of 3 and one where the
gas density is increased by a factor of 3. The most important
characteristic is that the predicted temperature remains in all
cases close to 100 K and is almost independent of the PAH size.
This is a direct illustration of a remark we have made in Paper I:
as soon as UV irradiation becomes important, the number of IR
photons emitted is large and dominates the exchange of angular
momentum with the PAH molecule: the rotational temperature
becomes then locked at a temperature of ~ 100 K, almost in-
dependently of the size of the molecule. This is an important
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Fig. 9. Computed rotationnal temperature versus the molecule size
(in number of carbon atoms) in conditions typical of a reflection neb-
ula. Dash-dotted: nominal (see text); long-dash: ny = 3 10°* em—3;
short-dash = Ugy(f) = 15eV cm™>. The two horizontal lines (solid
and dotted) correspond to the rotational temperature deduced from ob-
servations whenA B/ B = 3% and 1% respectively.

prediction of our model: in RNs the width of the DIB, when
dependent on the rotational temperature, must be in agreement
with a typical temperature of 100K. The straightforward con-
sequence of this prediction is that, provided that the conditions
of strong illumination are actually met, the width due to the
rotational structure must give directly a fair estimate of AB/B.

To compare this prediction with observations, we used the
data from Josafatsson & Snow (1987) who specifically ad-
dressed the question of a possible relation between the DIB band
structure and the excitation of the carrier in regions of high ra-
diation field. They observed 37 stars known to be in reflection
nebulae with different E(B-V) color excess. We have examined
the few cases for which the spectrum was available (Fig. 1 of
latter paper) and the extinction not too large, in order to have a
good chance that the medium in which the line is formed is also
well irradiated by the star, but of course, this may not be actually
always the case. It is possible to derive a FWHM for half a dozen
of such stars and we find an average width of 1.1 A with a small
dispersion. This value seems significantly higher than the 0.75
A width observed in the diffuse ISM (Westerlund & Krelowski,
1988), even if one considers the medium spectral resolution (0.4
A) of those spectra. It is unlikely that this difference be due to
Doppler broadening by several clouds on the line of sight, those
stars being rather close and clearly associated to the cloud where
the extinction takes place; this is confirmed by the fact that the
shape of the band looks very much as the one observed in the
ISM, especially the red tail. We propose to interpret this larger
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bandwith, as compared to the ISM, as due to larger rotational
temperature in the RNs than in the ISM. Translating this width
to Ao = 3.3 cm~!, we derive then AB/B =~ —.02 a value
which is not unrealistic.

If our interpretation is correct, then we have found an almost
completely determined solution in terms of molecule size, with
the following steps of reasoning: i) the temperature in the Red
Rectangle and the ISM, strongly dependent on the PAH size,
constrains a range of size, directly dependent on the range of
AB/ B; ii) the rotationnal temperature in RNs, independent on
the molecule size, imposes the value of A B/ B. Now, this obser-
vational constraint has an important implication: it removes the
degeneracy in the product A(hv) = kT;oq X AB/B. As kT
is determined in our model, independently from the molecular
size, the measurement of A\ = 1.1A, or Ahv =3.3 cm™! fixes
AB/B ~ —2%.

7. Conclusion

In order to interpret the width of the rotational structure of the
A5797 DIB observed: a) in absorption in the diffuse ISM and
Reflection Nebulae; b) in emission in the Red Rectangle, we
have explored a model that assumes that the carrier of the DIB
is a free PAH molecule, and we have calculated its rotational
temperature. We stress that the derivation of a temperature from
the width of the band depends essentially on the value of AB/ B,
the relative variation of the rotational constant between the two
levels of the electronic transition, a parameter which is unknown
but whose modulus should be less than 3%, when compared to
other molecular species.

One of the strongest observational constraint comes
from the high rotational temperature in the Red Rectangle
(Tt > 450K at 0= 6 arcsec), and its dependence with ra-
dial distance to the star (Ty,, o< r—'). Firstly, we have shown
that, if there is no gas heating mechanisms other than grain col-
lisions and photo-electric effect, the gas temperature is much
too low to explain the implied molecule rotational temperature.
In a second step, a self-consistent model of the gas density and
radiation structure in the Red Rectangle is derived from obser-
vational constraints, mainly based on scattered light intensity
data; this model has then been used to compute the rotational
temperature and its radial dependence, taking into account all
the processes exchanging angular momentum with a PAH. A
reasonable range for each parameter has then been explored,
leading to several conclusions:

a) We show that a very efficient rocket effect based on the ejec-
tion of H atoms or molecules from peculiar sites of the molecule,
is needed to get the observed supra thermal rotation in the RR.
If one cannot disentangle the respective roles of the asymmetry
and of the energy of ejection, however, one can quote as typical
values: F; = 0.3eV and aiym = 0.3, a set which is consistent,
for instance, with the ejection of a Hy molecule just after it forms
on a peculiar site of the PAH, using a fraction of the formation
energy.

b) Among all the invoked physical processes, the emission of
radio photons is needed to explain the decrease as —! of the
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temperature, constraining the size of the carrier of the DIB to
be a rather small molecule that would feature typically 20 to 50
atoms, for a reasonable range of A B/ B. All the other processes
considered lead to a flat behaviour of the temperature with dis-
tance. A dipole moment of several Debye is needed in order to
obtain a clear decrease of T}, with radial distance.

c) It is pointed out that only a rather narrow range for each
parameter can be found to obtain a satisfactory fit to the obser-
vational data, generally much less than one order of magnitude:
in other words, the acceptable volume in the phase space of pa-
rameters is a narrow one, but for A B/B and consequently N,
when the Red Rectangle alone is accounted for.

It is not clear, however, if this last result should be consid-
ered as a support of our model — this may explain for instance
why the Red Rectangle is a very unique object > — or as an ar-
gument against it because the model may appear as an ad hoc
one. This is why, in order to check the consistency with other
observations in the Interstellar Medium, we have, in a second
step, used the molecular parameters (size, asymmetry, dipolar
moment, etc.) found for our “best DIB carrier” in the Red Rect-
angle, to compute the rotational temperature, that would fit DIB
in absorption, in the ISM, and typical Reflection Nebulae, where
the physical conditions are quite different from those in the Red
Rectangle. In the former case, we find a good fit between the pre-
diction of the model and the observed rotational temperature of
the interstellar DIB, especially if we take into account the fact
that a large variation of physical conditions along the line of
sight may affect the comparison with the model. Moreover, we
show that varying largely the physical conditions of the environ-
ment (gas and radiation density) does not change significantly
the rotational temperature: we argue that this would explain the
well known fact that the observed width of DIBs is essentially
constant in all directions in the galactic plane, but for Doppler
broadening (e.g. Herbig & Leka, 1991). In the case of the Re-
flection Nebulae, our model predicts that the PAH temperature
must be locked onto a value of the order of 100 K —essentially set
by the emission of IR photons that dominates the angular mo-
mentum exchange —, practically independently from the PAH
size. Indeed we note that the width of the A 5797 DIB observed
in stars illuminating Reflection Nebulae appears significantly
broader, typically by 40%, than in the diffuse ISM and we inter-
pret this by an actual difference in the rotational temperatures
reached in those two different environments. This interpretation
then removes the underdetermination of AB/B and leads to a
value ~ - 2%, for this carrier, and, in turn, to a derivation of
the size of the \ 5797 DIB carrier: ~ 40 carbons, a molecule
somewhat larger that ovalene.

We feel that the consistency of predictions by our model for
so different environments as those found in the ISM, Reflection
Nebulae and in the RR, can be considered as a support of our
proposal that a free PAH, with typically 40 atoms, is the car-
rier of this DIB; anyhow, the very precise characteristics of the
proposed carrier lead to observational predictions, for instance
2 We have searched, without success, up to now, for DIBs in emission
in several reflection nebulae

D. Rouan et al.: Suprathermally rotating PAH: carrier of DIBs in the RR?

on the measurement of DIBs in Reflection Nebulae with a high
signal to noise ratio, that will allow a check of our model.
8. Annex A
Equ. 4 can be written as:
4 2
radiod” + (bR + Diriction)J

—Crocket — (AR + deoll)
0

y())

where all quantities (aradio, OIR ; Dfriction s Crocket, AR and deopp) are
positive. Taking the derivative of y(J) and looking for the roots,
leads to a third order polynomial equation that can be solved
exactly. Because the coefficients of J* and of J* are of the
same sign, one can show that only one solution of this equation
is real: there is then only one extremum of y(J). On the other
hand we can check that y(0) is negative, because dig + dcon
is positive, and y(J — £00) is positive: this means that y(.J)
must cut the J axis at two points which are the two real roots
of y(J) = 0. Finally, we know that in a polynomial equation,
the coefficient of J°, here —(dig + dcon), is the product of all the
roots times (—1)Neot; here y(J) having 4 roots and two of them
being conjugate complex, i.e. their product being positive, we
conclude that the two real roots are of opposite sign: only one
root is positive and thus has a physical meaning in the problem
we are dealing with.
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