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understanding of the physics and chemistry of the gas, the nature and evolution of
the dust grains and also the coupling between the gas and the grains. We review here
the ISO results on the cool and low-excitation regions of the interstellar medium,
where Tyas < 500 K, ng ~ 100 to 10° cm ™2 and the electron density is a few 1072,
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1. The cool interstellar medium

The interstellar medium (ISM) fills the volume of the Galaxy and
its evolution is mostly driven by the stellar activity. It is composed
primarily of gas and of a small amount (1% in mass) of submicronic
dust grains. In spite of their low abundance, dust particles play a key
role for the temperature and chemistry of the gas. Thus the evolution
of the interstellar gas through its different phases (from proto-stellar
cores to the diffuse medium and vice—versa) and of dust grains are
closely related. Although shocks and winds play an important role in
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the vicinity of stars (Blommaert et al., Nisiniet al., Peeterset al., this
volume), the ISM is primarily heated by stellar radiation. It then cools
off by continuum and line emission in the infrared (IR) and submil-
limetre (submm) range. Observations of the IR emission from the ISM
hence provide important clues on the gas state, the nature of the dust
particles, the interactions between the gas and the dust as well as the
dynamical processes affecting the gas.

In the course of its lifecycle, the ISM assumes a number of phases
described by the temperature Tg,s and proton density ny of the gas
as well as the electron abundance z.. Most of the ISM mass resides in
cool, mostly neutral phases - the cool or low-excitation ISM - where
Teas S 500 K, ng ~ 100 to 10°cm 3 and z, is a few 10~%. The cool
ISM encompasses photon-dominated regions or PDRs generated by the
far-ultraviolet (FUV) stellar radiation field, shielded regions that are
cold and molecular (the cold clouds), low-mass star forming clouds,
the outskirts of massive star forming regions and the general ISM (the
diffuse ISM seen in cirrus clouds). This medium is therefore widespread
in the Galaxy (some 10% in volume), and observed to be structured on
all scales (a few 0.01 to a few 10 pc, e.g., Falgarone et al. 1998, Miville-
Deschénes et al. 2003). The cool ISM is the subject of this review
while the more highly excited phases of the ISM, the regions around
YSOs and late-type stars are discussed in this volume by Peeters et al.,
Nisiniet al., Lorenzetti et al. and Blommaert et al., respectively.

The ISO mission (Kessler et al., 1996; Kessler et al., 2003) was
particularly well suited for ISM studies because of the complementarity
of its four instruments. The CAM (Cesarsky et al., 1996; Blommaert
et al., 2003) and PHOT (Lemke et al., 1996; Laureijs et al., 2003
instruments provided sensitive broad-band IR images at high angular
resolution (a few arcseconds for CAM to ~ 1arcminute for PHOT).
The former also had a spectro-imaging facility, the CAM-CVF mode
operating between 6 and 16 um with a resolving power R ~ 40 while
the latter was equipped with a grating spectrometer used in the PHOT-
S mode (two channels: 2.5-4.9 ym and 5.8-11.6 pm with R ~ 90 and a
24x24 arcseconds aperture). On the other hand, the SWS (de Graauw
et al., 1996; Leech et al., 2003) and LWS (Clegg et al., 1996; Gry et
al., 2003) spectrometers combined relatively higher spectral resolution
(R ~ 200 to 2000) and full spectral coverage (2.4-45.2 pm for the
SWS and 43-197 um for the LWS). The ISO instruments have detected
a great wealth of gas lines and dust spectral features in emission or
absorption. High spectral resolution measurements with SWS and LWS
have been performed mostly towards moderately to highly excited re-
gions (HiI regions, planetary nebulae, PDRs and active galaxies) while
less excited regions could only be observed by CAM and PHOT at
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low spectral resolution or in broad bands. Thus ISO has provided a
complete and unbiased IR spectroscopic census of interstellar matter
highlighting the nature and properties of dust, the physical conditions
of the gas as well as the major processes (UV stellar irradiation, shock
waves) driving the evolution of these species. While the results on the
Hs and H20O molecules (Habart et al., Cernicharo et al.) and the dust
features of silicates and ices (Molster et al., Dartois et al.) are discussed
in dedicated chapters of this volume, we focus here on the properties
of gas and dust in the cool ISM. We also refer the reader to the recent
review by van Dishoeck (2004).

2. The physics and chemistry of the gas

Combined observations of gas lines and dust emission proved to be a
unique tool to constrain the physics and chemistry of the gas in the cool
ISM (Section 2.1) and to quantify the importance of the interactions
between gas and dust. These latter are most directly studied in low-
excitation PDRs (Section 2.2) while gas dynamical processes are best
traced in the less excited, diffuse medium (Section 2.3).

2.1. PROBING INTERSTELLAR CHEMISTRY WITH SPECTROSCOPY OF
(GAS-PHASE MOLECULES

The wavelength range of the ISO spectrometers includes rotational and
ro-vibrational transitions of many light interstellar molecules. The ISO
spectroscopy data thus provided an important benchmark for models
of chemistry. Furthermore, analysis of ISO spectra with models pointed
at the dominant excitation processes and highlighted the structure of
the regions observed.

A wealth of molecular lines has been found towards the Galactic
centre. As detailed by Ceccarelli et al. (2002), the Sgr B2 region is a
massive molecular cloud close to the Galactic centre containing numer-
ous compact and ultra-compact HII regions and hot cores embedded
in a relatively dense and warm envelope (~ 100 K), while the entire
complex is surrounded by a hot (> 300K) envelope of diffuse gas
(nu ~ 103 cm™3). Sgr B2 is therefore an ideal target to detect molecular
absorption. The detection of new absorption features has strongly con-
strained the abundances and the physical conditions (gas temperature
and density) of the absorbing regions. Numerous rotational lines of
hydrides (OH, CH, HF, HoO, H3O0%, NH3, NHy, NH) and hydrocar-
bons (Cs, C4 or C4H) have been detected in absorption by LWS (see
Tables 4 and 5 of Goicoechea et al. 2004 for the complete list of lines and
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references). Light hydrides such as OH, CH and H2O were found at all
positions, indicating the widespread presence of these species in molec-
ular clouds. Lines of the HoO/OH/O" and NH3/NHs/NH sequences
were found to trace the importance of photodissociation processes and
shock respectively (Goicoechea et al. 2004). The HD molecule has been
detected by the LWS (Wright et al. 1999, Caux et al. 2002, Polehamp-
ton et al. 2002). A deuterium abundance of D/H ~ 0.2-11 107% has
been derived for molecular clouds in agreement with other determina-
tions in the Solar neighbourhood. The hydrogen fluoride HF has been
discovered through its J = 2—1 band at 121.7 um (Neufeld et al. 1997).
HF is the dominant reservoir of gas-phase fluorine and, assuming that
the absorption arises in the warm envelope, the derived abundance
(~ 3 x 10719) indicates a strong depletion of fluorine onto dust grains.
However, Ceccarelli et al. (2002) mentioned that this absorption could
also be due to the hot absorbing layer, in which case the abundance
would be an order of magnitude larger. This illustrates that the inter-
pretation of such data is not straightforward, since several components
with different physical properties can participate to the detected ab-
sorption, as exemplified in the work of Vastelet al. (2002) for the C*
and O° fine-structure lines.

Original results have also been obtained on hydrocarbons and carbon
chains. Cernicharo et al. (2002) have found a new line at 57.5 pm which
may be the first detection of C4 (another possible carrier is C4H). The
required abundance of C4 would make it the most abundant carbon
chain in interstellar and circumstellar media. Other polar carbon chains
such as cyanopolynes (HCg, 11N with n = 1 —5) were already detected
in the millimeter, but ISO has allowed the detection of pure carbon
chains through their low-energy bending modes which fall in spectral
regions totally absorbed by the Earth’s atmosphere. On the other hand,
ro-vibrational emission lines of HCN and CsHs have been found in
warm (a few 100 K) molecular cores with abundances ~ 107 and a
likely scenario is that these lines are pumped by warm dust IR emission
(Boonman et al. 2003). The methyl radical CHj3 has been discovered in
absorption toward Sgr A* with SWS through its 15 Q-branch at 16.5 pm
and the R(0) line at 16.0 um (Feuchtgruber et al. 2000). The relatively
high abundance of CH; (~ 107%) together with the low abundances
of other hydrocarbon molecules (CH, CHy and CsoHs) is inconsistent
with the results of published pure gas-phase models of dense clouds.
The authors suggest that models including diffuse and translucent
clouds or translucent clouds with gas-grain chemistry may resolve this
discrepancy.
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2.2. THE COUPLING BETWEEN GAS AND DUST IN LOW-EXCITATION
PDRs

PDRs (Photon-Dominated Regions) are ubiquitous in the Galaxy since
any interstellar cloud exposed to the ambient radiation field will develop
such an interface. More generally, PDRs dominate the IR emission
of galaxies and are used to trace their star formation activity (e.g.,
Forster—Schreiber et al. 2004). Early observations of bright, highly
excited PDRs (e.g., Harper et al. 1976, Melnick et al. 1979) have led to
detailed modelling where the thermal and chemical balance of the gas
is fully described. Physical conditions (radiation field intensity and gas
density, see below) in PDRs were then obtained from the comparison
between model predictions and observations (see the review in Hollen-
bach & Tielens 1999). These studies have pointed out the importance
of gas-dust interactions and the need to study them further. Among
these interactions, the most important are the photoelectric effect on
dust which heats the gas and the formation of the Ho molecule on
the surface of grains which triggers the chemistry'. The gas state thus
results from a balance between photon-driven processes (photoelectric
effect on dust, photodissociation of Ha,...) and density dependent reac-
tions (electron recombination, Hy formation on grains,...). Hence, the
excitation of PDRs is usually described with x, a scaling factor for the
intensity of the radiation field in the FUV?, and with the local gas
proton density ny. Observations - including the ISO mission - have
been primarily performed on nearby PDRs which can be spatially re-
solved. Among these regions, those with an edge-on geometry represent
ideal targets for the study of gas-grain interactions, dust evolution and
chemical stratification as a function of depth (or UV field intensity)
within the cloud.

PDRs have been extensively observed with the four instruments
of ISO, spanning a wide range of physical conditions. Thanks to the
sensitivity of the ISO instruments, the sample of observed PDRs has
been extended towards low-excitation regimes (y < a few 1000 and
ng < 10* em™3) allowing a detailed study of important microscopical
processes. In low-excitation PDRs, the gas thermal budget is amenable
to a few dominant processes (Kemper et al. 1999, Habart et al. 2001):
the heating is due to the photoelectric effect on dust and the cooling
occurs through the fine-structure line emission of Ct (158 ym) and

! Gas-grain and gain-grain collisions are also important. These processes, how-
ever, primarily affect the dust (size distribution, structure and composition) and
they are discussed in Section 3.4.

2 For x = 1 the stellar intensity is 4mvl, = 1.2107° VV/m2 at A ~ 100 nm, i.e.
the average interstellar value in the solar neighbourhood (Mathis et al. 1983).

Page 5



6 Abergel et al.

O° (63 and 145 pm). These lines, measured by ISO-LWS, have been
used to derive the efficiency of the photoelectric heating, assuming
thermal balance (heating = cooling). This efficiency, noted e, represents
the fraction of the stellar energy absorbed by a given dust population
that goes into gas heating. In practice, € can be determined observa-
tionally by correlating the gas cooling line to the dust emission. In such
a detailed study towards L1721, an isolated cloud heated by a single
B-star (x ~ 4 and nyg ~ 3000 cm~3), Habart et al. (2001) have shown
that the photoelectric heating is dominated by the smallest grains (of
radii <1nm and called PAHs, see Section 3) with epapg ~ 3 %. These
results have confirmed the theoretical treatment of the gas photoelectric
heating (Bakes & Tielens 1994, Weingartner & Draine 2001a) used in
current PDR models. Towards high-latitude, diffuse clouds (x ~ 1 and
ng ~ 100 cm™3), Ingalls et al. (2002) have found a statistical correlation
between the C* line and the far-IR emission of big grains (radii > 10
nm) as measured with IRAS at 60 and 100 gm which corresponds to an
efficiency of ~4.3 %. This latter value, about 1.5 times larger than the
theoretical predictions of Weingartner & Draine (2001a), suggests that
small grains (PAHs and VSGs, see Section 3.1) undergoing temperature
fluctuations contribute significantly to the IR emission.

Other studies made use of PDR models treating in detail the gas
thermal balance to analyse observed cooling lines. The [C*] 158 ym
and [0Y)63 yum dominant lines were successfully explained with the
current treatment of photoelectric heating (Timmermann et al. 1998,
Kemper et al. 1999, Liseau et al. 1999, Habart et al. 2001 and 2003,
Li et al. 2002, Okada et al. 2003, Schneider et al. 2003) confirming
independently the photoelectric heating rate used in models. These
studies have also shown that the major cooling lines are optically thick,
even in low-density PDRs (ng < 103 cem™3). In particular, the source
geometry and line transfer proved to be important for the O transitions
(Li et al. 2002, Okada et al. 2003). In most cases, the O emission line
ratio 63 um/145 pm cannot be readily explained (Liseau et al. 1999)
and recent work (Mizutani et al. 2004) has suggested absorption in
the [CT] 158 um and [0°] 63 ym lines and/or a quenched photoelectric
heating as the possible cause of this discrepancy. Finally, comparison
of spatial profiles of the C* and O° lines to model results has shown
that the abundance of PAHs is strongly depressed (by up to a factor 5)
in shielded regions (Habart et al. 2001 and 2003). A comparable result
has been found in the diffuse medium, traced by the emission of small
grains as seen by CAM (Section 3.4).

More indirect analysis of PDRs has also been conducted using the
[0°]63 and 145 ym and [CT] 158 um gas cooling lines detected in ab-
sorption and/or emission with LWS towards the Galatic centre, in
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SgrB2 (Vastel et al. 2002, Goicoechea et al. 2004). These observa-
tions have allowed to disentangle the contribution of the three layers
(C*/C*T-C%/CO) predicted by PDR models. The lines intensities of
the three lines indicate that xy ~ 10% — 10* and ng ~ 103 — 10* cm 3
in the PDRs (Goicoechea et al. 2004). The [C*] 158 um line is seen in
absorption, confirming that this main cooling line of the ISM can be
optically thick. Moreover, Vastel et al. (2002) show that atomic oxygen
is associated with the three layers. Less than 30% of the total O column
density (~ 3 x 10!Y em~2) comes from the external (C*) layers. On the
other hand, ~ 70% of gaseous oxygen is in the atomic form and not
locked up in CO in the molecular clouds lying along the line of sight.
This latter result is not explained by current PDR models. This may be
related to the low HoO abundance detected by the SWAS satellite and
which is not explained by current chemical networks (Roberts & Herbst
2002). More observations of 0% 05 and H,0 in molecular clouds are
necessary to solve this issue.

For the first time, the pure rotational bands of Hy have been detected
with SWS towards many PDRs providing a direct probe of the gas
temperature. In low-excitation PDRs, current PDR models failed to
account for this emission, suggesting an enhanced Hs formation rate.
Observations also suggest that small grains (radii < 10 nm) play an
important role in the formation mechanism. This issue is discussed in
the review on molecular hydrogen by Habart et al. (this volume).

2.3. NON-THERMAL GAS MOTIONS

Non-thermal motions can play an important role in exciting and mix-
ing the interstellar gas. Some of the underlying processes are directly
related to stars (outflows, winds) and are discussed elsewhere in this
volume (Nisini et al., Peeters et al.). We discuss here processes that
pervade most of the ISM, namely, motions resulting from magneto-
hydrodynamical (MHD) turbulence and motions driven by the ambient
radiation field.

MHD turbulence has been studied by Falgarone et al. (1999, 2004)
from SWS observations of the pure rotational lines of Hy in emission
along a deep sightline in the Galactic plane, sampling the cold diffuse
ISM (i.e., avoiding star forming region and molecular clouds). The de-
tected Ho excitation has shown the presence of a small fraction (a few
percents) of warm gas (a few 100 K). This confirms more directly earlier
absorption measurements of molecules (CHT, OH, HCO™) that can
only form in warm gas through endothermic reactions. As illustrated
in Figurel, collisional excitation by MHD turbulence (in shocks or
vortices) can successfully account for the excited Hs. In addition, the
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Figure 1. SWS Intensities (solid squares) of the pure Hy rotational lines in the
cold diffuse medium. J, is the upper rotational number of the transition. Left:
The contribution of background PDRs on the line of sight (upper solid line) con-
sists of: (1) 19 diffuse PDRs in the Solar neighbourhood (x=1, nu=30cm™* and
Av=0.3, lower solid line), (2) 5 diffuse PDRs in the molecular ring (x= 10, nu= 100
ecm™® and Av=2, dashed line) and (3) 7 dense PDRs in the molecular ring (= 10,
nu=10*cm 2 and Ay= 2, dotted line). The fluorescence contribution of low-density
PDRs is too low to account for the fluxes of the excited Hs rotational lines. Centre:
Residual H; line intensities once the PDR-type emission (see left panel) has been
removed (solid squares). Models of Hy lines emission from a few tens of MHD
shocks (dotted lines) at 8 (lower), 10 and 12kms™' (upper). Right: Same residuals
compared to the emission of about 10* magnetized coherent vortices of rotational
velocity 4kms™'(dot-dashed) and 3.5 kms™!(dashed). The dotted line releases the
assumption of statistical balance of the Hs level populations. Taken from Falgarone
et al. (2004).

required number of turbulent structures can also explain the observed
CH™ abundances. More recent studies with FUSE towards stars in
the Solar neighbourhood find similar fractions of warm gas (Gry et al.
2002). This suggests that turbulent motions occur with similar rates
throughout the inner parts of the Galaxy. In the near future, the spec-
trometer of the Spitzer Space Telescope will look at the Hy excitation
towards a wider variety of Galactic sightlines as well as in other galax-
ies. Turbulent motions have also been traced indirectly in cirrus clouds
through their impact on the dust size distribution (Section 3.4).

In the warmer environment of PDRs, non-thermal motions are dwarfed
by thermal processes and their signature is more allusive. For instance,
a possible explanation of the low ortho-to-para ratio of Hy observed
in the warm layers (a few 100 K) of several PDRs are advection mo-
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tions due to the propagation of photodissociation fronts (Habart et al.,
this volume). However, a quantitative estimate of the efficiency of this
process awaits a dedicated modelling effort.

3. The nature and evolution of interstellar dust grains

Observations of IR features in emission or absorption provide important
constraints on the nature, composition and properties (size distribu-
tion, structure) of the dust particles. Work prior to the ISO mission
(e.g., Sellgren 1984, Désert et al. 1990, Dwek et al. 1997) has shown
that interstellar dust comprises a population of small grains (radii a <
10 nm) that absorbs about half the energy radiated away by stars and
reemit this energy during temperature fluctuations. As discussed in
Section 2.2, small grains play an important role in the physics and
chemistry of the interstellar gas. These small grains are believed to be
predominantly carbonaceous (e.g., Draine 2003) and we will discuss
their size in terms of the number of carbon atoms they contain, Nc¢.
The smallest of them (¢ < 1 nm and N¢ < a few 100) are the carriers
of a family of IR emission bands between 3 and 13 um characteristic of
aromatic rings (Duley & Williams 1981) and we call these features the
aromatic IR bands (AIBs). To explain these bands, a family of large
aromatic molecules, the Polycyclic Aromatic Hydrocarbons or PAHs
has been proposed (Léger & Puget 1984, Allamandola et al. 1985).
As discussed below (Sections 3.1 & 3.2), the PAH model explains
the main properties of the AIB observations, but still lacks a precise
spectroscopic identification with terrestrial analogues. Dust emission at
mid-TIR wavelengths (e.g., in the IRAS 25 and 60 pum bands) has been
ascribed to somewhat larger carbonaceous grains (1 < a < 10 nm)
called Very Small Grains or VSGs (Désert et al. 1990). Finally, the
far-IR dust emission (A 2 30 pm) is ascribed to a mixture of large
graphite and silicated grains or big grains (a ~ a few 10 to a few 100
nm, e.g., Li & Draine 2001, Weingartner & Draine 2001b) which emit
while being in thermal equilibrium with the radiation field.

The ISO instruments have measured the IR emission of dust par-
ticles of all sizes in a wide variety of astrophysical environments. The
analysis, still ongoing, of this large database has already lead to im-
portant steps forward in our understanding of interstellar dust as ex-
emplified here and in other reviews of this volume. ISO observations of
the mid-IR dust emission spectrum have highlighted the properties of
PAHs and VSGs as well as their evolution in the interstellar lifecycle.
For the first time, direct evidence of important variations of the abun-
dance of small grains in diffuse and cold clouds has been found in deep
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photometric ISO data. These latter results point at the importance of
dust processing in the interstellar medium (see Section 3.4).

3.1. THE EMISSION SPECTRUM OF SMALL GRAINS AND ITS
IMPLICATIONS

One of the prominent results of ISO was to show the ubiquitous pres-
ence of the AIBs (at 3.3, 6.2, 7.7, 8.6, 11.3 and 12.7 um, see Figure2)
in the interstellar medium of the Galaxy (e.g., HII regions: Peeters et
al. 2002; planetary nebulae: van Diedenhoven et al. 2004, Uchida et al.
2000; PDRs: Cesarsky et al. 2000b, Verstraete et al. 2001, cirrus and
diffuse ISM: Boulanger et al. 1996, Mattila et al. 1996, Chan et al. 2001,
Kahanpai et al. 2003) but also in external galaxies (see the reviews by
Sauvage et al. and Verma et al. in this volume). Furthermore, the ratio
of the 7.7 pm band to the local continuum has now become a tool to
measure the starburst activity in galaxies (Lutz et al. 1998).

In the cool ISM, away from hot stars (of spectral type earlier than
B2), the 6-13 pm AIB spectrum has been found to be strikingly similar
considering the large range of excitation conditions spanned by the
observations (x ~ 1 to 10%, Boulanger et al. 2000, Uchida et al. 2000,
Chan et al. 2001, Verstraete et al. 2001). Conversely, the AIB spectrum
towards compact HII regions and circumstellar environments changes
significantly as shown in Hony et al. (2001), Peeters et al. (2002) and
van Diedenhoven et al. (2004). The authors argued that these variations
are due to composition changes in a population of PAHs including sub-
stituted and metal complexed species. In fact, newly formed PAHs are
expected to be found in the ejecta of evolved stars while in the general
interstellar medium (which includes the cool ISM), the population of
PAHs has already been processed by the ambient UV radiation field
and shocks over long timescales (~ 10% yrs). In the following we call
the AIBs observed in the interstellar medium, the IS-AIBs (interstellar
AIBs). We discuss below the IS-AIBs while the AIBs around stars and
Hi1 regions are discussed in Peeters et al. (this volume).

For the first time, most AIBs were spectrally resolved by the ISO
spectrometers. Individual AIBs have been found to be broad (\/FWHM
~ 30 to 80), smooth and in some cases clearly asymmetrical (the 3.3,
6.2 and 11.3 pm bands all show a prominent red wing). As shown
in Boulanger et al. (1998b) and Verstraete et al. (2001) the AIBs
are well represented with Lorentzian profiles possibly indicating that
the AIB carriers are large molecules. Other methods of decomposi-
tion have been applied to quantify the AIB intensities (Peeters et al.
2002, Uchidaet al. 2000) illustrating the importance of the AIB defi-
nition for the extraction of the underlying continuum. SWS data has

Page 10



The Cool ISM 11

~1

MJy sr

~1

MJy sr

~1

MJy sr

Il Il
6 8 10 12 14 16 18 20
Wavelength (microns)

Figure 2. Typical CAM (spectral resolution R ~40, top and middle panels) and
SWS (R~ 200, bottom panel, from Verstraete et al. 2001) spectra in NGC 2023
(from Abergel et al. 2002). For the CAM spectra, the aromatic lines are fitted with
Lorentzian profiles, while the S(1), S(2) and S(3) pure rotational lines of Hy are
adjusted with gaussian profiles. The continuum arises further inside the molecular
cloud than the AIBs (top panel).

clearly shown that the 7.7 pm-feature consists of several components
(Joblin et al. 2000, Peeters et al. 2002), including the two main features
at ~ 7.6 and 7.8 ym first reported by Bregman (1989). New features
have been added to the PAH family, like the 16.4 pm band (van Ker-
ckhoven et al. 2000, Moutou et al. 2000). This band has been assigned
by the latter authors to PAHs containing pentagonal rings, species
which are important in chemical networks of PAH and soot formation
(Moutou et al. 2000). The 16.4 ym band is also present in CAM-CVF
data but falls at the detection edge of the detectors (Figure2). Some
AIBs have also been detected in absorption (see Section 3.3). More
recently an emission band at 4.65 um has been assigned to deuter-
ated PAHs (Peeters et al. 2004). More features are expected to be
found in the ISO archive but also thanks to the Infrared Spectrograph
(IRS) now operating on the Spitzer Space Telescope. A recent study
on the PDR NGC 7023 reports new features at 6.7, 10.1, 15.8, 17.4 and
19.0 um (Werner et al. 2004). Features in the far-IR and submm range
could also be detected in the future by the Herschel Space Observatory
(Joblin et al. 2002).
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In the IS-AIB spectrum, the positions and widths of the major
bands (3.3, 6.2, 8.6 and 11.3 ym) are stable (within a few cm™?,
Verstraete et al. 2001), conversely to spectra towards HII regions and
circumstellar environments where significant shifts of the 6-9 pm bands
are observed (Peeters et al. 2002). To constrain the nature of PAHs,
detailed comparisons between the observed AIBs and the laboratory
and theoretical data on small (N¢ < 50), planar, aromatic molecules
have been carried out. Pech et al. (2002) have shown that the profiles
of the 6.2 and 11.3 pm bands observed in the planetary nebula IRAS
2128245050 can be explained with the emission of a mixture a medium-
sized PAHs (30 < N¢ < 80) having similar spectroscopic properties.
The band positions and widths arise then naturally from the molecular
anharmonicity during temperature fluctuations (see Section 3.2). Thus,
the strong variability of the vibrational spectrum of terrestrial PAHs as
a function of charge state, hydrogen coverage and chemical structure
(e.g., Hudgins et al. 2000, Pauzat et al. 1997, Langhoff 1996) is not
reflected in the IS-AIBs of the cool ISM where PAHs are expected to
be for instance neutral (y ~ 1 to a few 100) or ionized (x ~ a few 103,
Dartois & d’Hendecourt 1997). Furthermore, a precise, quantitative
assignation of major AIBs is still not achieved: the components of the
7.7 pm and the 8.6 um bands are not explained by the properties of
small terrestrial PAHs (Verstraete et al. 2001, Peeters et al. 2002).
Spectroscopic evidence (van Kerckhoven et al. 2000, Hony et al. 2001)
and modelling (Schutte et al. 1993, Li & Draine 2002) has pointed
out the importance of large PAHs (N¢ > 50) for the 6-13 pm AlIBs.
The vibrational bands of such large systems may be less sensitive
to the structure, shape, charge and surface state and provide a bet-
ter understanding of the observed AIBs. However, recent calculations
by Bauschlicher (2002) on the large PAH CggHay seem to challenge
this picture while laboratory measurements on large systems are still
awaited.

Another conspicuous aspect of the mid-IR spectrum of the ISM is the
presence of broad features (A\/FWHM ~ 10) and continua underneath
the AIBs. These spectral components are seen in the very excited envi-
ronments studied by Peeters et al. (2002) such as planetary nebulae but
also in the cool ISM (see Figure 2). The intensity of the broad features
around ~ 7, 10 and 12 um are best delineated in SWS data where all
AlIBs are spectrally resolved. Their detailed shape however is poorly
constrained (Verstraete et al. 2001). This emission has been discussed
in the past and proposed to be associated to the AIB spectrum but

Page 12



The Cool ISM 13

not directly correlated with the bands® (Cohen et al. 1985, 1986, 1989;
Roche et al. 1989; Bregman 1989). These broad features and continua
may arise from larger species (N¢ 2 a few 100) as suggested by several
CAM studies of the spatial distribution of this broad-band emission
relative to the AIBs in PDRs (Section 3.4). Here also laboratory and/or
theoretical spectroscopy of carbon clusters is needed to quantitatively
interpret these broad bands and continua.

3.2. EMISSION MECHANISM OF THE AROMATIC INFRARED BANDS
AND MODELLING

The high sensitivity and dynamical range of the ISO instruments has
provided detection of the AIBs from diffuse to bright regions. In par-
ticular, it has been found that the integrated flux of the AIBs globally
scales with the intensity of the FUV radiation field as long as y < 10%
(Boulanger et al. 1998a, Uchida et al. 2000). This strongly supports a
picture in which small grains are transiently heated to high temper-
ature each time they absorb a UV photon (Puget et al. 1985, Sell-
gren et al. 1985). It has also been shown that the AIBs can be excited
by visible photons (Uchida et al. 1998) and this is well explained by AIB
emission models, provided that PAHs are ionized or large (Li & Draine
2002). Studies of the visible, near-IR absorption cross-sections of PAHs
with different sizes and in different charge and hydrogenation states are
important, since, for instance, in the standard galactic radiation field
(Mathis et al. 1983), PAHs absorb about half of their energy in this
wavelength range.

On the other hand, the high spectral resolution of the SWS has
stimulated much work on the AIB profiles and on their formation mech-
anism. Indeed, this dedicated spectroscopy has provided a unique op-
portunity to compare to laboratory results. Specifically, detailed studies
of the IR emission spectra from small, gas-phase PAHs excited by UV
photons or thermally heated, have shown that the spectral profile (posi-
tion and width) of the bands depends on the internal vibrational energy
(or temperature) of the molecule (Kim et al. 2001, Cook et al. 1998 and
references therein, Joblin et al. 1995). The observed emission profiles
hence result from the sum of the individual lorentzian profiles formed
during the cooling of the molecule after UV excitation. The asymmet-
rical profiles of the 3.3, 6.2 and 11.2 um bands can thus be explained
with an intramolecular broadening due to coupling between vibrational
modes in PAHs (Pech et al. 2002). Assuming similar spectroscopic prop-
erties for a broad range of PAH size, the stability of the 6-13 ym IS-AIBs

3 The laboratory spectra of individual PAH molecules do not seem to present any
continuum (e.g., Joblin et al. 1995).
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is naturally explained by an emission during thermal fluctuations which
span a large range of temperatures. In this framework and from detailed
profile modelling, one can also infer a photodissociation threshold (in
terms of internal energy per carbon atom, a few 0.1 eV/C) beyond
which small PAHs are destroyed. The smallest PAHs (N¢ < 40) car-
rying the 3.3 pym band would then be “selected” by photodissociation
leading to similar distribution of internal energy. This would explain
why the profile of this AIB is so stable in increasingly excited PDRs
(Verstraete et al. 2001, van Diedenhhoven et al. 2004).

Finally, the mid-IR spectra observed by the ISO has allowed an
empirical definition of the size-dependent IR cross-sections of PAHs
and VSGs which have been used in recent quantitative modelling of
the dust emission (Li & Draine 2001).

3.3. MID-INFRARED EXTINCTION

The extinction curve is one of the main tool to study interstellar dust,
to correct the photometry of embedded sources and to convert the
measured extinctions into column densities. Before ISO, the mid-IR
extinction curve was thought to be relatively well understood, and
described with a power law Ay ~ A7 from ~ 1um down to a
pronounced minimum around 7 pgm due to the increasing contribution
of the silicate absorption feature at 9.7 um. It was explained by the
absorption of a mixture of graphite and silicate grains (Draine 1989).
The situation is now more controversial, as illustrated in the Figure 4 of
the recent review of Draine (2003). Using the measurements of hydrogen
recombination lines with the SWS, Lutz et al. (1996) and Lutz (1999)
have shown that the IR extinction towards Sgr A* does not decrease
with increasing wavelengths from 4 to 8 pum, and as a consequence
does not present any minimum near 7 gm. On the other hand, Rosen-
thal et al. (2000), using rovibrational lines of Hy detected by the SWS in
Orion, have found that the mid-IR extinction decreases with increasing
wavelengths and presents a minimum at ~ 6.5 um, as expected. The
IR extinction curve depends on the composition of dust grains and to
a lesser extent on their size distribution (for A < 2 pm) and may vary
from place to place. New observations are therefore necessary to clarify
this controversy.

The IR extinction curve also presents a number of faint features
detected with the SWS towards the Galactic centre and other sources
with large extinction (Schutte et al. 1998, Chiar et al. 2000, Chiar &
Tielens 2001, Bregman & Temi 2001). The ubiquitous 3.4 um band is
generally attributed to CH stretching in aliphatic hydrocarbons. The
asymmetrical deformation modes of CH at ~ 6.9 um have been detected
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before ISO with the KAO (Tielens et al. 1996), but the symmetri-
cal deformation mode at 7.2 yum has been found for the first time by
Chiar et al. (2000) with SWS data. The strengths of the 3.4, 6.9 and
7.2 pm features appear compatible with the hypothesis that Hydro-
genated Aliphatic Carbon (HAC) is the main carrier. Finally, the 3.3
and 6.2 um bands are detected in absorption towards several lines of
sight, and are attributed to C—H and C-C stretching modes in aromatic
hydrocarbons, respectively. However, as mentionned by Chiar & Tie-
lens 2001, the 6.2 um band is not detected in the diffuse medium, which
suggest that this absorption band is circumstellar in nature. At this
time the absorption of other aromatic bands have not been evidenced
in the SWS data. As mentioned by Bregman & Temi (2001), a calibra-
tion problem in the SWS data at 11.1 um may preclude the detection
of the 11.2 yum band in absorption. These authors have discovered an
absorption band centered at 11.2 pm from ground-based spectra of the
molecular cloud surrounding Monoceros R2IRS 3, and attributed this
band to the C-H out-of-plane vibrational mode of PAHs.

3.4. DUST EVOLUTION AND PROCESSING

The dense shells around evolved stars are known to form dust grains as
demonstrated by observations of the dust IR emission and absorption
features in these objects (e.g., Blommaert et al., Molster & Kemper and
Peeters et al. in this volume). The timescale of this stardust injection
is ~ 10? yrs. On the other hand, theoretical studies show that dust
grains are efficiently destroyed in supernova shocks (Jones et al. 1994)
with a lifetime ~ 10% yrs. Efficient mechanisms for grain growth must
therefore exist in the other phases of the interstellar medium, most
probably in dense, cold clouds where the rates of grain coagulation and
accretion of gas phase species are expected to be the largest.

High energy gas-grain collisions lead to erosion by vaporization (sput-
tering), while low energy collisions lead to the reverse process of gas
accretion onto dust (Jones et al. 1994). Collisions between large grains
(radii 2 100 nm) at velocities above a few km/s lead to fragmentation
into small grains (radii < 1 nm) or even grain destruction. By contrast,
coagulation occurs through low energy collisons (Jones et al. 1996). UV
irradiation can also play a major role by destroying dust grains in high
excitation regions (with typically x > 10*) and also photo-evaporating
condensed species. Evidence for photoprocessing of PAHs and VSGs
has been found towards HII regions where the 6-13 pym emission spec-
trum is dramatically different from the IS-AIBs (Roelfsema et al. 1996,
Verstraete et al. 1996). Such processing must leave specific signatures
in the dust size distribution and optical properties which in turn affect
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the gas thermal state and chemistry. As we discuss below, ISO has
brought important observational evidences of the evolution of the dust
size distribution in the ISM, from diffuse cirrus clouds to dense cores.

PDRs: Grain dynamics driven by the radiation field could play
a major role in the observed evolution of the mid-infrared spectrum
across PDRs. Size segregation in regions anisotropically irradiated by
stars may arise from radiation pressure and recoil forces (due to the
photo-ejection of electrons, the photodesorption of weakly-bound sur-
face species and the formation of molecular hydrogen, see Weingartner
& Draine 2001c). This process could strongly modify the size distri-
bution at the illuminated surface of PDRs. Furthermore, the gas in
PDRs is suddenly heated and ionized, and experiences a strong pressure
gradient. It flows supersonically from the molecular cloud surface to the
tenuous intercloud medium, carrying away dust grains. In this highly
turbulent flow, grain-grain collision might be strong enough to fragment
big grains. This process could explain spectro-imaging observations
with CAM across several low-excitation PDRs (NGC 2023, NGC 2068,
NGC 2071, NGC 7023, p Oph, see Abergel et al. 2002 and 2003b, Rapa-
cioli et al. 2004) showing that the ratio of the AIBs (especially around
7.7 pm) to the underlying continuum is higher in the photodissociated
interface than in more shielded regions.

Variations related to a transition in the charge state of PAHs are also
expected. Indeed, PAHs are predicted to be neutral inside dense clouds,
and positively ionised in the low-density regions facing the illuminated
surface of PDRs (e.g., Dartois & d’Hendecourt 1997). Laboratory data
and theoretical calculations show that the single ionization of PAHs
strongly enhances (by a factor of ~ 10) the emissivity of the C-C
stretching (6.2 and 7.7 um) and the C-H in plane bending (8.6 um)
modes, with respect to the intensity of the C-H out-of-plane bend-
ing features at 11.3 and 12.7 ym (Hudgins et al. 2000, Langhoff 1996,
Szczepanski & Vala 1993). Yet, as already discussed in Section 3.1 a
direct decomposition of the mid-IR dust emission spectrum shows only
limited variations of the AIB ratios in the cool ISM (factor 2 or less,
e.g. Uchida et al. 2000). Rapacioli et al. (2004) went one step further by
applying the singular value decomposition method to CAM-CVF data
in order to extract typical emission spectra for the different population
of small grains in PDRs. Three elementary spectra could be extracted
(Figure 3):

- The first two spectra are dominated by the AIBs and attributed
to neutral PAH and PAH cations. The differences between these two
spectra follow the expected changes due to ionisation (increase of the
(6.2-7.7-8.6 pm)/(11.3-12.7 pm) band ratio and blueshift of the 11.3 ym
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band in cations according to Hudgins & Allamandola (1999). The PAH
cation spectrum is dominant in the low-density gas surrounding the star
whereas the PAH neutral spectrum dominates at the interface with the
molecular cloud.

- The third spectrum contains a strong continuum and dominates be-
hind the illuminated edge of the PDR (far from the illuminating star),
and is attributed to very small carbonaceous grains. The fact that a
similar spectrum has been seen on a few pixels of the CAM map of the
illuminated edge of Ced201 (Cesarsky et al. 2000a) lends confidence
to the analysis performed by Rapacioli et al. (2004). Several features
visible in the spectrum indicate a possible aromatic nature of the carri-
ers. Interestingly, the 7.8 um component of the broad 7.7 um feature
appears to be carried by this population. The authors also argued
that these carbonaceous VSGs could be the progenitors of free PAHs.
Indeed, the drop of the VSG emission at the cloud edge appears to
be correlated with the increase of the neutral PAH emission. These
VSGs may be clusters of PAHs which photoevaporate at the surface
of clouds. This idea is consistent with the strong spatial variations
observed in the IRAS 12/100 um ratio at the surface of molecular
clouds (Boulanger et al. 1990, Bernard et al. 1993). The Spitzer Space
Telescope observations are underway to confirm these results on a larger
sample of objects (the CAM-CVF data suffer from stray light artefacts
which limit their useful dynamics, see Boulanger et al. 2004), and search
for new features at longer wavelengths which can be attributed to these
VSGs.

It should be emphasized that the question of the formation of PAHs
in the ISM is still open. Some PAHs could be formed in the outflows
of evolved carbon-rich stars in a chemical kinetic scheme based on
soot formation in hydrocarbon flames (Frenklach & Feigelson 1989,
Cherchneff et al. 1992). Cernicharo et al. (2001) detected C4Hsy, CgHa
and CgHg towards the proto-planetary nebula CRL 618, showing that
aromatic molecules can indeed be formed in such objects and that
energetic processes such as UV irradiation or shocks play an important
role in the chemistry of these species.

Cirrus Clouds: Important variations of the PAH abundance have
been observed in diffuse regions like cirrus clouds. Based on a compar-
ison between CAM-LW2 (6.7 pm broad band) and radio data, Miville-
Deschénes et al. (2002) have shown variations of the abundance of PAHs
by up to a factor 10 in a high latitude cirrus cloud. High PAH abun-
dances were found in regions with strong turbulent motions, while low
abundances were associated with regions of shallower turbulent motions
where CO emission is also detected (see Figure 4). This study highlights
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AbergelA_3.ps

Figure 3. Elementary spectra extracted from spectro-imaging CAM observations
of NGC 7023 (Rapacioli et al. 2004). These spectra are attributed to PAH cations
(upper panel), neutral PAHs (middel panel) and very small carbonaceous grains
(lower panel).

for the first time the important role of the gas turbulent motions on the
evolution of the grain size distribution. The depletion of small grains
observed in the denser parts of cirrus clouds is the first step of the dust
coagulation seen in cold clouds.

Cold Clouds: Depletion of PAHs and VSGs in the dense regions
of molecular clouds has also been shown by ISO data, suggesting the
importance of dust coagulation processes in the ISM. IRAS images
first showed that the emission from small grains at 12, 25 and 60 pm,
relative to that from big grains (in thermal equilibrium with the ra-
diation field) at 100 um, varies by one order of magnitude among and
within translucent clouds in the nearby ISM (Boulanger et al. 1990).
Standard model calculations predict that the FIR emission of dust in
thermal equilibrium with the radiation field follows a modified black
body with a spectral index (3 between 1 and 2 (e.g., Hildebrandt 1983,
Draine & Lee, 1984). The brightness per hydrogen atom can be written:

Iy = €y, X (%) x BA\(T) = 72 x BA(T). The dust opacity 7, can
be derived if the brightness, the column density and the temperature
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Figure 4. The L1780 cloud (from Miville-Deschénes et al. 2003). Left: IRAS 100 pm
(top) and 60 um (middle), and CAM 6.7 um (bottom) maps across L1780. Right:
Average emission as a function of right ascension. The 6.7 and 60 um emissions
were scaled to be compared to the 100 um emission. The spectacular decrease of the
6.7 pm /100 pm ratio cannot be explained by the attenuation of the radiation field.
The abundance of PAHs likely decreases, a trend which is spatially correlated with
the apparition of CO emission.
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of the emitting particles are known at a given wavelength. However,
the main unknown in our understanding of the big dust grains is the
FIR emissivity law, due to the observational difficulty to accurately
determine the temperature and ( independently, together with the
column density. FIR observations of a variety of mostly quiescent clouds
(i.e. no high mass star formation) have been used to solve this problem.

The longest wavelength that can be measured with PHOT and
LWS is slightly more than 200 gm, which is not sufficient to allow
an independent determination of 8 and T. On the other hand, the
wavelength coverage of the balloon-borne experiment SPM/PRONAOS
(A =200-580 pm) is extremely suitable for the determination of 3, but
PRONAOS is less sensitive to dust temperature (except in the coldest
objects, T' < 15 K, where the spectral energy distribution peaks around
the shortest PRONAOS band), so IRAS or PHOT must also be used.

For comparison with dust models, the FIR opacity needs to be
gauged against the extinction curve in either the visible or near- in-
frared. This can be done by determining the optical extinction directly
from colour excesses or from star counts. The former method is con-
strained to a limited amount of sightlines and a maximum extinction.
The latter method is also limited to a maximum extinction (of Ay < 8),
and suffers from higher uncertainties in the denser regions due to a lack
of statistical accuracy. A study by Arce & Goodman (1999) showed that
for low and moderate density regions (Ay < 4), the different extinction
estimates are reliable and give similar results. With the advent of large
stellar databases (e.g. USNO, 2MASS) it has become much easier to
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perform star counts over any area on the sky, providing valuable extinc-
tion information. Alternatively, one can estimate the visual extinction
from the total gas column density and assuming a ratio Ay /Nyqs.
This indirect method depends on the assumed ratio between gas and
dust and the conversion between molecular line strength and column
density. Recent observations by FUSE (Rachford et al. 2002) confirmed
that ratio between the total hydrogen column density and reddening
Nyim,/E(B — V) is constant up to E(B — V) ~ 1 and well described
by the constant presented by Bohlinetal. (1978) obtained from the
Copernicus satellite data. Very high extinctions can be measured from
near-infrared extinction of background emission, first noticed in the
ISOCAM images (Perault et al 1996, Abergel et al. 1996) and used to
study the very dense cores (Nisiniet al., this volume).

For the diffuse ISM associated with atomic hydrogen, Boulanger et al.
found a value of 3 close to 2.0 and a mean temperature of 17.5K
by correlating COBE data with Dwingeloo HI data. The derived FIR
emissivity 7(\)/Ny= 1.0x1072% (1/250 um)~2 cm? is close to the value
predicted by Draine and Lee (1984) based on a standard dust model.
This result suggests that spherical grains are more likely to occur in
the diffuse ISM than porous or fractal grains. Assuming Ry = 3.1, the
result by Boulanger et al. implies 7(\)/Ay = 2.9x107%(\/200 pm)~2.
We will use this value as a reference in the discussion below. In case
of grain processing towards fractal or porous grains, one would expect
an increase of the FIR emissivity and a corresponding increase in the
value of 7(\)/Ay (e.g., Ossenkopf & Henning 1994).

The first ISO studies of moderate density regions indicated dust
temperatures of 13.5+2 K assuming § = 2 (Laureijs et al. 1996, Lehti-
nenet al. 1998). The observed ratios 7(200)/Ay had large uncertainties
but were not inconsistent with the predictions for a standard dust
model. For increasing densities (in the range 100 to 10* cm™3) the
temperature is generally found to decrease from ~17.5K to as low
as 12K (Téthet al. 2000, Juvelaet al. 2002, del Burgo et al. 2003, Lehti-
nen et al. 2004).

The first strong indication that the FIR properties of the dust in
moderate density high latitude clouds might deviate from the diffuse
ISM was presented by Bernardetal. 1999 based on SPM/PRONAOS
and ISO observations of a cirrus cloud in Polaris. Bernardet al. find
cold dust at 13.0 K with 8 = 12.240.3. Since the cloud has a low visual
extinction (Ay < 1), only an anomalously low ambient radiation field
could cause such a low temperature, which is ruled out. It was therefore
concluded that the dust properties of the large grains have changed in
the cloud. The inferred ratio 7(200)/Ay=1743x10"* is more than
5 times the value for the diffuse ISM. Other PRONAOS observations
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combined with TRAS data of a dense filament in the Taurus molecular
cloud by Stepniketal. 2003 has evidenced temperatures as low as of
12.14£0.2K in the densest regions (with § = 2), together with an
increase of the FIR emissivity by a factor larger than 3 compared with
the diffuse ISM.

Assuming G = 2, del Burgoet al. 2003 have analysed a sample of
moderate density regions (Ay < 6) observed with ISO. The regions
have dust temperatures in the range from 13.5-15.6 K and one excep-
tional region with 7' = 18.9 K. Combination with extinction data from
star counts shows that the ratio 7(200)/Ay is systematically higher
than for the diffuse ISM. In fact, a trend was found where 7(200) /Ay in-
creases with decreasing temperature. A similar trend, although less ap-
parent, was found by Cambrésy et al. (2001) who correlated large scale
extinction measurements from starcounts with far-infrared DIRBE data
in the Polaris Flare region. They find 7(200)/Ay in the coldest regions
with T" < 15.5 K to be several times higher than in the diffuse ISM.

Lagache et al. (1998), using COBE data, and Téth et al. (2000), using
ISO serendipity mode data, found that the temperature of the dust
can be significantly below 17.5 K over large areas. In these areas, the
abundance of small grains is low, as inferred from the absence of 60 pm
emission. Earlier studies have revealed a strong anticorrelation between
the 60 pum emission and dense gas traced by the millimetre transitions
of 13CO (Laureijs et al. 1991, Abergel et al. 1994). In the dense molecular
cloud TMC2, a large scale cold component with a uniform temperature
of about 12.5 K is evidenced from PHOT data, while only the densest
cores show lower temperatures (del Burgo & Laureijs, 2004). The dust
spatially associated with the 60 pym emission is significantly warmer
(~19K with 8 = 2). In addition the morphology of this “warm” com-
ponent is different from the cold component suggesting that the cold
and warm components are spatially separate.

The evolution of dust properties with the gas density is believed to
be due to the process of gas accretion onto grains and grain coagulation.
Gas accretion forms grain mantles typically for Ay 2 2, mainly com-
posed of water ice and carbon oxides (e.g., Teixeira & Emerson, 1999).
However, Preibischet al. (1993) has shown that the presence of such
mantles on dust grains does not significantly increase the FIR emissiv-
ity. As the gas cools down and condenses, gas turbulent motions become
shallow leading to grain-grain collisions with sufficiently low energy to
enable grain sticking and coagulation, which can lead to the formation
of clusters with an enhancement of the FIR emissivity (e.g., Ossenkopf
& Henning 1994, Stepnik 2001, Stepnik et al. 2004) compatible with
the PHOT and SPM/PRONAOS observations. Such a scenario can
also qualitatively explain the observed trend in the extinction curve,
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i.e., an increase in Ry with the density (e.g, Cardelli et al. 1989). At
first order, the coagulation process appears to be compatible with the
dynamical and cloud evolutionary time-scales. The formation of ice
mantles is also believed to increase the sticking probability for coag-
ulation. The physics of grain-grain collisions, coagulation and growth
has been studied theoretically (Dominik & Tielens 1997) and in the
laboratory (Blum 2004) in the context of proto-planetary disks. How-
ever, the efficiency of these processes in the ISM still needs a dedicated
modelling taking into account the velocity structure of the ISM (e.g.,
turbulent and intermittent processes).

In the last decade, laboratory measurements (Agladze et al. 1996,
Mennella et al. 1998) have also indicated that, at low temperatures
(T <30K), the dust optical properties can change significantly, likely
because of low-energy structural transformations. A systematic analysis
of # from a large compilation of PRONAOS data by Dupac et al (2003)
has shown that ( is not a constant, but varies with dust temperature:
high indices (1.6-2.4) being observed in cold regions (11-20K) while
low indices (0.8-1.6) are observed in warm regions (35-80 K). Although
systematic variations in grains size and/or chemical composition as a
function temperature cannot be ruled out, the most likely explanation
is that the spectral index of dust can change with temperature due
to a solid state quantum process. Such studies allow a quantitative
understanding of the FIR emission of dust in our Galaxy and in outer
galaxies (a cold dust component has also been detected with PHOT
in non-active galaxies, see the chapter by Sauvage et al., this volume)
and pave the way for the scientific analysis of the Herschel and Planck
missions.

4. Structure of the cool ISM

The structure of the ISM strongly affects the chemistry and the star
formation activity. Observations of the IR dust emission is unique for
tracing interstellar matter over a wide range of physical conditions and,
in particular, across the atomic to molecular transition where neither
HI nor molecular millimetric lines are robust tracers, because of the
local variations of the abundance and the excitation conditions.

CAM broad-band mapping of molecular clouds has shown the spa-
tial distribution of the emission due to small grains with an angular
resolution two orders of magnitude better than IRAS at 12 um. The
images are, to first order, anti-correlated with the visible emission (e.g.,
Figure5), and contain small scale brightness fluctuations related to
illuminated edges of dense regions. For nearby objects with edge-on
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Figure 5. L1630 in the visible (35'x40’ field from the UK Schmidt Telescope and
extracted from the DSS produced at the STSI) and with CAM (blue: 5-8.5 pm, red:
12-18 ym) from Abergel et al. 2002. The central region (NGC2023) is saturated
because of the dynamic range.

geometry, IR filaments as sharp as ~ 10” (or ~ 0.02 pc at a distance of
400 pc) are detected due to the combined effects of steep density gradi-
ents and extinction in the dense regions (e.g., Abergel et al. 2003a in the
illuminated edge of the Horsehead nebula). Associated measurements
of the penetration length of the incident radiation field gives estimates
of the density just behind the illuminated edges. More quantitative
constraints on the density profiles can be derived from the comparison
of PDR modelling (e.g., Le Bourlot et al. 1993) with spatial profiles of
the AIBs as well as of cooling lines or molecular emissions taken with
ISO or from the ground (Habart et al. 2001, 2004, Pety et al. 2004).
However, caution should be exercised in analysing the spatial profiles
observed across PDRs because of the complex interface geometry seen
in the high angular resolution data of CAM (e.g., Habart et al. 2004).
This is also true of ground-based and of recent Spitzer Space Telescope
data.

The spatial structure of the cool ISM appears self-similar in a wide
range of scales. With PHOT images of cirrus emission at 90 pm, the
power law relation established from IRAS data (Gautier et al. 1992)
between the power of the fluctuations and the spatial scale has been ex-
tended to twice as high spatial frequencies, while at 170 um fluctuations
at arcmin scales are studied for the first time (Herbstmeier et al. 1998,
Kiss et al. 2003). The spectral index is found to vary from field to
field (—5.3 < a < —2.1), depending on the absolute surface brightness.
Higher values of « are found at 170 ym rather than at 90 um and are
attributed to temperature variations of dust. Compared to ISO, the
Spitzer Space Telescope has the sensitivity, the angular resolution and
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the mapping capabilities to extend significantly these studies (see the
first results by Ingalls et al. 2004).

5. Conclusions:

The ISO mission has provided an incredibly rich harvest of gas and
dust features in the general interstellar medium away from hot stars,
the cool ISM. These results have highlighted the physics and chem-
istry of interstellar matter and its evolution. Emission and absorption
lines of gas phase species were used to constrain the excitation pro-
cesses (shocks, stellar UV irradiation) of the ISM and represented a
major benchmark for the modelling. Similarly, spectroscopy of dust
features has allowed a detailed comparison to the properties of terres-
trial analogues of interstellar grains. These studies have pointed out
the importance of nanometric carbon clusters in space and the need
to build a laboratory and/or theoretical database of spectra for a large
size range of these species. The spatial distribution of the dust emission
observed by the photometers has clearly shown and for the first time,
the importance of evolution processes (e.g., photodestruction, grain
coagulation) affecting the dust size distribution. The joint observations
of dust and gas features have highlighted the gas-grain couplings (pho-
toelectric effect, Hy formation) and allowed quantitative studies of the
underlying microphysics. Furthermore, the quantitative understanding
of the gas-to-dust correlation for all dust components is a key issue
for the analysis of the extended emission in the future surveys to be
conducted with Spitzer, Planck and Herschel, allowing to disentangle
brightness fluctuations due to the ISM from those of the cosmic IR and
microwave backgrounds.
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