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A b s t r a c t . IRAS images of nearby molecular clouds show that the mid-IR emission from 
small particles in the size range 10 2 to 10 5 atoms is distributed very differently from the 
100 μπι emission from large dust grains. Variations in color ratios by as much as one order 
of magnitude are seen on all angular scales. We summarize observational properties of the 
color variations and argue that neither their large amplitude nor their morphology can be 
explained by changes of the excitation by the UV radiation field only. The color variations 
reflect considerable inhomogeneities in the abundance of small particles. We suggest that 
the abundance variations are related to the cycling of interstellar matter between the gas 
phase and dust grains. This interpretation entails that clouds with distinct IR colors differ 
in their density and velocity structure and that cycling of matter between gas phase and 
dust grains is more ubiquitous and rapid that generally thought. 
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1 . I n t r o d u c t i o n 

IRAS images of nearby molecular clouds at the four wavelengths 12, 25, 60, and 

ΙΟΟμπι provide a wealth of information on the composit ion of interstellar ma t t e r 

which has jus t begun to be analyzed. Part icles contr ibut ing to the observed emission 

differ from one wavelength to the next . While the 100μπι comes from large grains 

in thermal equilibrium with the radiat ion field, the 12 and 25μπι emission, and, 

probably, pa r t of the 60μπι emission is radia ted by particles with sizes in the 

range 0.5 to 10 n m for which the t ime between photon absorption is larger or 

comparable to the cooling t ime (Puget et al. 1985, Draine and Anderson 1985, 

Chlewicki and Laureijs 1988, Désert , Boulanger, and Puget 1990, hereafter D B P ) . 

These particles emit most of their emission at t empera tures close to the peak 

tempera ture they reach after photon absorption. Since this t empera tu re depends 

on the size of the particle, the spectral distr ibution of their IR emission is related 

to their size dis tr ibut ion (see Puget and Léger 1989). In their model D B P show 

that at least three dust components are needed to account for the IRAS d a t a : (1) 

large molecules or cluster of molecules with one to a few hundred a toms (near-IR, 

12 and par t of 25μπι emission), (2) very small dust grains wi th 10 3 to 10 5 a toms 

(25 and par t of 60μπι emission), and (3) dust grains with sizes larger t h a n 10 n m 

in thermal equilibrium (ΙΟΟμπι and sub-mm emission). In pract ice the IRAS color 

ratios Ä(12,100) = Ιν(12μπι)/Ιν(100μπι), Ä(25,100) = I„(25 μπι)/I„(100 μπι) 

and i?(60,100) = 1„(&0μπι)/Ι„(\00μπί) measure the relative abundances of these 

three families of particles. 

Early in the analysis of IRAS da t a on nearby clouds heated by the general 

interstellar radia t ion field of the Galaxy ( ISRF) , it appeared tha t the ra t io between 

mid-IR (12 and 25 μπι) and 100 μπι emission varies widely from cloud to cloud 
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(Boulanger et al. 1985, Leene 1985, de Vries and Le Poole 1985, Weiland et al. 1986, 
Boulanger and Péraul t 1988, Heiles, Reach, and Koo 1988, Laureijs, Mat t i la , and 
Schnur 1987, Laureijs, Chlewicki, and Clark 1988, Beichman et al. 1988). Later , 
Boulanger (1989), Boulanger et al. (1989) and Puget (1989) stressed the existence of 
considerable variations (up to one order of magni tude) in IR colors on scales as small 
as the IRAS resolution (a few ten ths of a parsec) within clouds in the complexes of 
Chamaeleon, Taurus , Ursa Major and Ophiuchus. Color variations within the first 
three complexes have been described in detail by Boulanger, Falgarone, Puget and 
Helou (1990, hereafter B F P H ) . Based on this work and preliminary comparison 
of IR images with molecular observations, we summarize observed propert ies of 
the color variations. Following B F P H we argue tha t the color variations reflect 
inhomogeneities in the abundance of small particles within and among clouds. 
Through the paper the dust model of D B P is used to discuss the excitat ion of 
small particles and quantify the abundance variations. 

2 . O b s e r v a t i o n a l P r o p e r t i e s 

2. 1. COLOR-BRIGHTNESS DIAGRAMS 

Much can be learned on the variations of IR colors in molecular clouds by sim-
ply looking at the color images and cuts presented by B F P H , Boulanger (1989), 
Boulanger et al. (1989) and Puget (1989). To quantify these da ta , B F P H measured 
the IR brightnesses at the four IRAS wavelengths for several tens of positions 
within Chamaeleon, Taurus , and Ursa Major. Along most of the selected lines of 
sight Av < 2mag. T h e colors computed at these positions are presented in fig-
ure 1 in three diagrams, R(12,25), R(12,100) and R(60,100) versus Ι^ΙΟΟμπι). In 
these diagrams /„(100μ7η) may be considered as a measure of the to ta l column 
density along the line of sight. Direct comparisons of /^(ΙΟΟμτη) wi th Av in Taurus 
and Chamaeleon show a good correlation for Av < 3mag with a slope of 5 - 10 
( M J y / s r ) / m a g , independent of the IR colors of the cloud. 

T h e main feature of the diagrams is the considerable scat ter of the R( 12,100) 
and R(60,100) colors at all /„(lOO/xra). Values of R(12,100) range from ~ 0.008 
to 0.2, 1/5 to 5 t imes the average value for atomic gas in the Solar Neighborhood 
(Boulanger and Péraul t 1988). Mat t e r with a high 12μπι emissivity, defined by a 
R(12,100) color higher t h a n the average Solar Neighborhood value is observed only 
in the external pa r t s of clouds. The ΙΟΟμπι br ightness associated wi th this ma t t e r is 
at most 10 M J y / s r which corresponds to an Av of 1 mag. This impor tan t property 
of the color variations t ranslates in the diagram of figure 1 by a general decrease 
of R( 12,100) with increasing 1„(100μπι). The median value of R(12,100) decreases 
from 0.14 for Ι„(100μπι) ~ 2MJy/sr, to 0.07 at Ι„(100μπι) ~ bMJy/sr, and 
0.03 for 7 l / (100/ im)between 10 and 20 M J y / s r . Values of R(12,100) larger than 
0.05 for /„(100μ?7ΐ) > 10 MJy/sr can all be ascribed to bright envelopes of Υλμπι 

emission. In each of these cases no Υλμπι emission is seen from the inner parts 
of the cloud, 1ν(\2μπί) is l imb-brightened and is minimal at the posit ion where 
ΙνζΙΟΟμπι) peaks. 
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R(60,100) is observed to vary from 0.05 to 0.3, the average Solar Neighborhood 

value being 0.2. This color appears roughly independent of /^(lOO/zm). Wi th in a 

cloud, variations in R(60,100) and R(12,100) are often correlated (Beichman et al. 

1988) but this is not a systematic feature (Laureijs, Chlewicki and Clark 1988). 

The correspondence between these two colors is clearly not universal : it varies 

from cloud to cloud. 

By contrast to the two other colors in figure 1, R( 12,25) is remarkably con-

s tant . Taking into account uncertaint ies on the measurements the real scat ter of 

R( 12,25) is abou t a factor of 2, one order of magni tude smaller t h a n tha t observed 

for R(12,100). This result suggests a close correlation between the populat ions of 

particles generat ing the 12 and 25/xm emission. This is not a trivial result since 

dust models predict tha t only half of the 25μπι emission is coming from particles 

giving rise to the 12/ira emission (Chlewicki and Laureijs 1988, D B P ) . 

2. 2. MORPHOLOGY AND PHYSICAL PROPERTIES 

In view of the IRAS images, without oversimplifying the d a t a we may distinguish 

three kinds of clouds. (1) Clouds with uniformly little or no 12 and 25μπι emission 

(e.g. C h a I and III in Chamaeleon, L1495 and 1506 in Taurus) , (2) clouds with 

an envelope of br ight 12 and 25μπι emission around more opaque pieces with no 

12 nor 25μττζ emission (e.g. G300-15 in Chamaeleon, Heiles 2, B5) , (3) clouds with 

randomly dis t r ibuted IR colors (e.g. Ursa Major, L1497 and 1541). In this last 

type of clouds the spread of IR colors is generally smaller t h a n the full range of 

colors observed between clouds of types (1) and (2). In Chamaeleon, m a t t e r with 

R( 12,100) larger t h a n the average Solar Neighborhood value accounts for 1/3 of 

the to ta l lOO^m emission of the complex. This emission fraction t ransla tes into a 

comparable (little smaller) fraction of the to ta l mass of the complex. In the two 

other complexes the different types of clouds are not separated enough to make a 

similar es t imate . 

Clouds of type (1) have no noticeable envelope with warmer IR colors. Prelim-

inary comparisons of CO and lOO^m emission in a few of these clouds show tha t 

CO is detected all the way to the edge of the ΙΟΟμττι emission (see figure 2). 

T h e peak column density through the envelopes with high R(12,100) characteris-

tic of clouds of type (2), as measured from / „ (100μΓη) or directly from star counts , 

corresponds to Av < lmag. Images and cuts ( B F P H , Boulanger 1989, and Puget 

1989) i l lustrate the variety of morphologies of regions of high R(12,100). Their lin-

ear projected size varies from 0.3 pc to 10 pc. Based on the 100μ?η brightness and 

the cloud geometry the density of the gas emit t ing strongly at Υλμπι is es t imated 

to be one to a few 100 Hcm~z. CO observations for several clouds in different com-

plexes indicate t ha t this gas is not seen in emission in CO (see example in figure 

2). For a few stars in Chamaeleon, absorption spectra were taken through this gas 

leading to the detect ion of CH (Boulanger et al. in prepara t ion) which indicates the 

presence of H2. Wi th in many clouds of type (2) the color t ransi t ion is unresolved 

by IRAS so t h a t the size of the transi t ion region is < 0.2pc. One example of such a 
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Fig. 1: (a) Plot of the color ratio #(12,100) = 1„{12μτη)/1'ν(100μτη) versus /^(100/im). The 
symbols are circles for Chamaeleon, solid triangles for Taurus, and crosses for Ursa Major. The 
dashed line shows the sensitivity limit for measurements of the 12/xm brightness. All data points 
near this line are upper limits on R( 12,100). For a few positions we measured the colors for 
two baselines: a global one defined for the whole cut and one defined locally from local minima 
of emission near the position of the measurements. The corresponding pairs of data points are 
connected by a dotted line (shown also on the R(60,100) diagram). The smaller value R(12,100) 
and R(60,100) always correspond to the local baseline. Error bars are only given for three data 
points selected as representative of points with low, average, and high Ιμ(100μτη). (b)Plot of 
R(12,25) versus /„(100/xm). Only data points with Ι„(25μτη) > Q.25MJy/sr are included. 
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Fig. 2: Ι^ημτη) (dotted line), /„(lOO/xm) (solid line), and W(1 3CO) (J=l-0) (dashed line) cuts 
across two clouds in Chamaeleon. Relative scaling factors between the three brightnesses are the 
same in the two figures. The molecular data was obtained with the SEST (Boulanger et al. in 
preparation). The first cloud (left figure) shows strong ΥΙμτη emission from the outer parts of 
the cloud with a minimum at the peak of the ΙΟΟμ emission. The molecular and IR data are 
consistent with all of the 1 3 CO emission coming from a central core of the cloud with no Υλμτη 
emission and a 100/xra/13CO emission ratio similar to that observed for the second cloud in the 
right figure. This cloud shows no 12μπι emission and 1 3 CO emission all the way to the edge of 
the ΙΟΟμτη emission. 
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sharp t ransi t ion is shown in figure 1 (cut 2) of Boulanger (1989). Other examples 

are LI34 and LI780 studied by Laureijs, Clark and Prus t i (1990). This sharpness 

may be a general feature only perceivable in clouds with a favorable geometry and 

or ientat ion with respect to the observer. Existing molecular d a t a and recent obser-

vations made with the SEST show tha t the color variations correlate with strong 

changes in gas density. Based on 1 3 C O J = 2 - l and 1-0, and CS J = 2 - l observations 

Boulanger et al. (in preparat ion) es t imate the density of the gas not seen at 12 

and 25μπι to be ~ 5 1 0 3 c m ~ 3 , a factor 50 larger t han tha t of the gas with high 

R(12,100). 

3 . E x c i t a t i o n b y U V Light 

On average over a whole molecular complex, the emission from small particles at 

λ < 25/ira is ~ 1 0 ~ 3 1 W per hydrogen atoms. This represents roughly 25% of 

the to ta l power radia ted by the clouds in the infrared and sub-millimeter. It is 

difficult to imagine a source of energy other t han s tar light which could contr ibute 

for any significant fraction of this emission. For example the energy per nucléon 

associated with turbulent motions is for a cloud of size D, using the line width -

size relat ion AV(FWHM) = (D/lpc)05km/s, Ec = \σ\ = 3 ( ^ / 1 0 ρ ο ) 1 0 " 2 1 J/H. 

If shocks associated wi th turbulent motions in clouds were at t he origin of the 

emission from small particles the turbulent energy will be dissipated in ~ 10 3 yr s . 

No known mechanism is able to re-supply the turbulent energy of clouds at this 

ra te . T h e emission from small particles is also higher t han the heat ing ra te of gas 

by photo-electrons by two orders of magni tude . Hence collisional excitat ion cannot 

be significant unless some unknown heat ing mechanism of the gas is active. Stellar 

light appears thus as the only possible source of excitation. 

T h e small particles which have been proposed to account for the near and mid-

IR emission from the interstellar medium absorb mostly in the ultraviolet (UV) 

(see Puge t and Léger 1989). T h e variations of the mid-IR to far-IR emission ra-

tio could thus result from changes in the ra te of excitat ion of the small particles 

related to anisotropy and intensity variations in the UV radiat ion field. Beichman 

et al. (1988), Chlewicki and Laureijs (1988), and Laureijs et al. (1989) suggested 

t ha t UV a t t enua t ion could account for the l imb brightening of the 12 μπι emis-

sion seen across some clouds. Models to test quant i ta t ively this idea have been 

presented by these au thors and DBP. Even in the most favorable case where large 

grains absorb a large fraction of their energy in the red due to the formation of 

mant les the decrease of R(12,100) with increasing /„(100μτ7ΐ) is only one t en th of 

the systemat ic decrease seen in figure 1 ( B F P H ) . T h e model predicts small changes 

in R(12,100) because the a t tenua t ion of the UV radiat ion field reduces the 12 and 

100/ira emission at roughly the same ra te . Since large grains absorb over the whole 

ISRF spec t rum, a t t enua t ion of the UV par t of the radiat ion field reduces their 

bolometric emission and t empera tu re . T h e t empera tu re decrease makes the reduc-

t ion in t he 100μπι emission larger t h a n tha t of the dust heat ing. This reduction 
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of the 100μ?τι emission predicted by the model and which is impor t an t to dismiss 
excitation changes as the cause of color variations is verified by 7„(100μτη) — Av 

comparisons. It corresponds to the reduction by a factor 2 to 3 observed in the 
Ιν(\00μπι)/Av ra t io between atomic gas and molecular clouds (Boulanger 1989). 
Thus , models which fail to explain the l imb brightening of the 12μ emission, do re-
produce the observed decrease in the slope of the ΙΟΟμπι — Av relation from atomic 
gas to molecular clouds (Chlewicki and Laureijs 1988, Bernard 1990). 

Changes in the ra te of UV excitation of the small particles are also inadequate 
in explaining the scat ter of R(12,100) observed in figure 1 at any given Ιι/(100μπι). 

Again, to increase or decrease the R(12,100) color of a cloud of a given opacity by 
some factor, the UV radiat ion field at its surface must be increased or decreased 
by a much larger factor because large grains emit t ing at 100 μπι also absorb in the 
UV. For example, in the calculations of Laureijs (1989) and D B P it is necessary 
to scale the UV par t of the ISRF by a factor of ~ 5 to increase R(12,100) by 50%. 
Such a change in the radiat ion field implies an increase of the ΙΟΟμπι emissivity 
per dust grain measured by the ra t io Ιμ(100μπι)/Αν of 3. T h e in terpre ta t ion of the 
scat ter in R( 12,100) at a given / ι / (100μ7π)ΐη Fig. 1 along this line would imply tha t 
the radia t ion field at the surface of the clouds varies by more t h a n one order of 
magni tude from cloud to cloud. Such large inhomogeneities in the UV radiat ion field 
are completely excluded for the Chamaeleon, Taurus , and Ursa Major complexes 
which are located far-away from any OB association. While shadow effects between 
clouds can create regions of a t t enua ted radiat ion field, UV radiat ion fields an order 
of magn i tude more intense t han the average ISRF, necessary to explain the high 
values of R(12,100), cannot be obtained without nearby Ο or early Β s tars . Fur ther , 
such an in terpre ta t ion would imply variations of /„ (100μ7τι ) /A v by more t h a n an 
order of magni tude , correlated with those of R(12,100), which are excluded by 
comparisons between Av and 1^(100μπι) ( B F P H ) . 

As for the R( 12,100), variations in the spec t rum and s t rength of the radiat ion 
field are inadequate in explaining the variations in the R(60,100) colors. For grains 
in thermal equilibrium the to ta l ampli tude of the R(60,100) variations corresponds 
to a change in the intensity of the radiat ion field by a factor of 20 ( D B P ) , larger 
t han what is believable for complexes located far away from OB associations and 
for clouds with modera te opacity to s tar light. T h e scat ter in R(60,100) could be 
due to the contr ibut ion of small particles to the &0μπι emission. Laureijs, Clark and 
Prus t i (1990) have suggested tha t the formation of mant les on small particles could 
make them big enough to reduce their t empera tu re fluctuation. For large grains 
the formation of mant les implies a change in optical propert ies and consequently in 
equilibrium tempera tu re which could play a role in the R(60,100) color variations. 

4 . A b u n d a n c e V a r i a t i o n s 

Since changes in the UV field are ineffective in affecting IR colors the R(12,100) 

and R(25,100) color variations must reflect changes in the abundance of small par-

ticles. T h e impor tance of this conclusion comes from the large amount of mater ia l 
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necessary to account for the mid-IR emission measured by IRAS. On average in 

the a tomic interstellar medium ~ 1 5 % of the cosmic carbon is in small particles, 

PAH's or others , wi th less t han a few hundred heavy a toms (Puget and Léger 

1989). Based on this es t imate , observed color variations imply tha t this fraction 

varies from place to place within molecular clouds from less t h a n ~ 5 % to more 

t h a n half of the cosmic abundance . 

It is not clear how one can explain such strong abundance variat ions. B F P H 

have proposed tha t they are related to the cycling of interstellar m a t t e r between 

the gas phase and grain surfaces. In their scenario small particles are a product 

of chemistry on grain surfaces. Regions of low R(12,100) correspond to pieces of 

clouds where small particles are condensed onto grains, while high R( 12,100) are 

found where small particles condensed on grains and those formed out of photo-

processed molecular ices are released to the gas phase through photo-desorpt ion by 

UV photons (Draine and Salpeter 1979) or as the result of localized heat ing (Duley 

1989). From the s t rength of the 3Λμπι feature in the direction of the Galactic center 

Tielens and Allamandola (1987) es t imate tha t 25 to 50% of the carbon along this 

line of sight is in organic mant les . T h e quant i ty of carbon observed to be in mant les 

is t hus comparable to the ampli tude of the cycling necessary to account for the color 

variat ions. 

T h e existence of abundance variations on small scales imply tha t the evolution 

time-scale regarding the abundance of small particles must be comparable to the 

mixing time-scale of m a t t e r by turbulent motions within clouds. This correspon-

dence is readily unders tandable in clouds where the density s t ruc ture is controlled 

by t rans ient compressions associated with turbulent motions. Recent observations 

at high angular resolution suppor t such a picture for clouds wi th modera te gas 

column density (Av < a few mag) (see Falgarone 1991 for a review). These ob-

servations have shown the existence, throughout clouds, of density peaks with 

η H ~ 5 1 0 3 c m ~ 3 , not massive enough to be bound by self-gravity. This density 

is also the one derived from molecular observations of modera te column density 

gas wi th no Υλμτη emission. For such a density, assuming a sticking probabil i ty of 

one, the condensation t ime scale of light molecules like H2O is 3 χ 10 5 yr . For PAHs 

the condensat ion t ime scale depends on their relative velocity wi th respect to dust 

grains. Assuming a relative velocity of a few 1 0 3 c r a s _ 1 (see Omont 1986) the t ime 

scale for condensat ion of PAHs is about an order of magni tude higher t h a n tha t of 

small molecules. For a sticking probabil i ty of one, it is comparable to the mutua l 

coagulation t ime scale among the smallest particles. T h e question which remains 

to be answered is to know whether the t ime spent by the gas in dense regions is 

long enough to permit significant condensation of gas species on grains. T h e answer 

m a y differ from cloud to cloud which would explain observed differences in colors 

between clouds. 

If t he IR color variations are related to the formation and destruct ion of mantles 

one expects t ha t the abundance of small particles will depend on the frequency at 

which m a t t e r cycles between dense and diffuse regions compared with the time-
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scales for condensation and de tachment . In a cloud where m a t t e r cycles from 

diffuse to dense regions quickly relative to the detachment time-scale bu t slowly 

compared to the condensation time-scale large mantles will build up on grains and 

the abundance of small particles in the gas phase will drop. This would correspond 

to clouds of type (1) described in the morphology section. In the case where cycling 

time-scale is large compared to bo th condensation and detachment time-scales the 

abundance of small particles will be low in dense regions and normal or high in 

diffuse pa r t s leading to the l imb-brightening of colors observed in clouds of type 

(2). Finally a r andom distr ibution of colors as in clouds of type (3) should indi-

cate t ha t all time-scales are comparable. This in terpre ta t ion of the d a t a predicts 

tha t the color morphology of clouds is related to the internal velocity and density 

s t ructure which m a y be tested by molecular line observations. Prel iminary com-

parisons between IR and molecular observations do suggest such a relation (see 

Observational Proper t ies) . Other observations which would confirm the existence 

of abundance variations and test the connection between color variations and the 

cycling and processing of interstellar ma t t e r on grains have been suggested by 

B F P H . If these observations demonst ra te this hypothesis it will imply t ha t cycling 

of m a t t e r between gas phase and dust grains is more ubiquitous and rapid tha t 

previously thought . 

Whichever it is, the physical process at the origin of the color variat ions needs 

to involve a large amount of mater ia l and to take effect on short time-scales to 

account for the observed propert ies . It is thus necessarily a key mechanism in the 

physical and chemical evolution of molecular clouds. IRAS images have revealed 

us a conspicuous sign of the evolution of interstellar ma t t e r in clouds which is very 

worth investigating further. 
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