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ABSTRACT 
A large-scale study of the infrared emission originating in the solar neighborhood, based on the analysis of 

IRAS data, is presented. Basic properties of the infrared emission from the interstellar medium are derived 
from this study. 

Away from heating sources and outside molecular clouds the infrared emission from the interstellar medium 
is well correlated with the column density of H i gas. This correlation proves that the interstellar radiation 
held and the dust abundance are roughly uniform on scales of the order of 100 pc. Dust in molecular clouds 
not associated with H n regions is heated by the external radiation field; on average, embedded stars have a 
negligible contribution to their IR emission; these clouds have an infrared-luminosity-to-mass-of-gas ratio of 
0.6 LQ/MQ: about one-third of the value measured for atomic gas. Away from internal sources of heating the 
100 fim emission from molecular clouds is correlated with the column density of gas up to of ~ 3 mag. The 
infrared emission from H n regions and diffuse ionized gas is also analyzed. Results of the correlation between 
infrared emission and gas column density are used to discuss the extinction in the polar caps. 

The origin of the infrared emission from the solar neighborhood is investigated. We show that stars younger 
than a few 10 yr are responsible for two-thirds of the infrared emission from the solar neighborhood, but that 
most of this emission comes from interstellar matter not associated with current star formation. A study of the 
Orion region emphasizes this result by showing that only a small fraction of the luminosity of an OB associ- 
ation is locally converted into infrared radiation. 

By comparing the distribution of infrared and radio-continuum emission around Orion we show that the 
correlation between infrared and radio-continuum fluxes of galaxies breaks down on the scale of a few 
hundred parsecs around regions of star formation, which implies that the relationship between infrared and 
radio fluxes seen in external galaxies originates on a larger scale. 

We show the existence of 12 and 25 fim emission from the Galaxy at |h| > 10°, and demonstrate that this 
emission comes from dust heated by the average interstellar radiation field of the Galaxy; we find that the 
emission between 7 and 35 /mi represents ~40% of the power radiated at 2 < 120 /mi. This result proves the 
pervasive existence of grains small enough to be heated to a few 100 K when they absorb a single photon. 

After subtraction of the zodiacal light and the Galactic emission we find at 100 /mi a residual background 
in the range 1.2-1.8 MJy sr we suggest several explanations for this emission. 
Subject headings: infrared: general — interstellar: grains — interstellar: matter — interstellar: molecules 

L INTRODUCTION 
By providing the first extensive set of data on the infrared 

emission originating in the solar neighborhood, the Infrared 
Astronomy Satellite (IRAS) has opened the way to new studies 
of interstellar matter. The sensitivity of IRAS observations was 
sufficient to detect emission from clouds with column densities 
as low as a few 1019 H atoms cm'2 (Boulanger, Baud, and van 
Albada 1985). With such a sensitivity, IRAS observations may 
be used to probe the spatial distribution of dust and gas and to 
study the properties of dust grains in the different phases of the 
interstellar medium. 

Within a few kiloparsecs from the Sun the different com- 
ponents of the interstellar medium—neutral atomic gas, molec- 
ular clouds, and H n regions—can be observed and studied 
separately. For each of these components we can identify the 
heating source of the dust and understand the origin of the 
infrared emission because we know the interstellar radiation 
field and the distribution of stars. The detailed analysis of the 

infrared emission from the interstellar medium which can be 
done in the solar neighborhood can answer fundamental ques- 
tions about the infrared emission of the Galaxy and external 
galaxies—for example, the contribution of young stars to 
the heating of dust, the origin of the mid-infrared emission, 
and the nature of the correlation between infrared and radio- 
continuum emission (Puget 1985; Pajot et al 1986; Ghosh, 
Drapatz, and Peppel 1986; de Jong et al 1985; Helou, Soifer, 
and Rowan-Robinson 1985). 

In this paper, basic properties of the infrared emission of the 
different components of the interstellar medium within 1 kpc of 
the Sun are derived from a large-scale comparison of infrared, 
H I, CO, and radio-continuum observations. Subsequently, 
these properties are used to discuss the origin of the infrared 
emission from the solar neighborhood and dust properties. 
The extension of this study to the inner parts of the Galaxy is 
presented in a second paper, Pérault et al (1987, hereafter 
Paper II). 
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The observations used in this investigation are described in 
§ II. Section III is focused on the infrared emission from H i 
and diffuse ionized gas. A study of the infrared emission of 
molecular clouds is presented in § IV. We discuss the emission 
of H ii regions in § V. The results of the three preceding sec- 
tions are used in § VI to discuss the origin of the infrared 
emission on the scale of the whole solar neighborhood and 
individual star-forming regions. In § VII we show that the cor- 
relation between infrared and radio-continuum emission seen 
in galaxies breaks on the scale of a few hundred parsecs around 
star-forming regions. The observations presented in this paper 
provide informations on interstellar dust which are discussed 
in § VIII. The main results of the paper are summarized in 
§ IX. The paper has three appendices. Appendix A describes 
the subtraction of the zodiacal light; the question of the exis- 
tence of a residual background at 100/mi is addressed in 
Appendix B; Appendix C summarizes data on the OB associ- 
ation and the interstellar medium in the Orion region. 

II. PRESENTATION OF DATA 

Our investigation is based on a large-scale comparison of 
IRAS observations outside the Galactic plane with H i, CO 
and radio-continuum data. The data used in these investiga- 
tions are presented in this section. 

a) Infrared Data 
All-sky maps of the Galactic emission at 12, 25, 60, and 

100 /mi were built from the zodiacal history file, a 0?5 
resolution, time-ordered data set containing all three sky 
coverages of the IRAS survey (IRAS Explanatory Supplement 
1985, hereafter the Supplement). The subtraction of the zodia- 
cal light was done on a scan-by-scan basis before the projec- 
tion of the data onto an all-sky grid (Appendix A). When a 
resolution better than 0?5 was needed, we used sky brightness 
images sampled every 2' built from the IRAS survey observa- 
tions (Sky Flux Images, see the Supplement). 

Uncertainties on the absolute photometric calibration of 
IRAS observations are estimated to be of the order of 5% at 12 
and 25 pm, and 20% at 60 and 100 pm (Supplement). The 
noise in the maps of Galactic emission comes mainly from the 
subtraction of the zodiacal light; the root mean square disper- 
sion is estimated to 0.1, 0.2,0.4, and 0.5 MJy sr-1 at 12, 25, 60 
and 100 pm, respectively (Appendix A). The zero level of the 
Galactic emission was determined by forcing the intercept of 
the infrared-H i correlation in the polar caps to be zero (see 
below, § IIIc, Fig. 5). This determination of the zero level 
assumes that there is no emission from ionized gas in the holes 
of H i emission. If the H i holes are not regions of low column 
density of ionized gas, our reference is above the true zero level 
of Galactic emission; for an emissivity similar to that for the 
neutral gas we expect the 100 pm emission from ionized gas to 
be 0.6 MJy sr "1 in average at high latitude (see § Hid). Results 
presented outside §§ Hid and III/ and Appendix B do not 
depend on this uncertainty on the zero level of the Galactic 
emission. 

Throughout this paper, the IRAS in-band fluxes are 
expressed as monochromatic flux densities, Iv, at 12, 25, 60, 
and 100 pm, under the assumption of a v-1 spectrum within 
each band. The sum of 47rv/v over the four IRAS wavelengths is 
for the spectrum of the inner Galaxy a good approximation of 
the infrared emission integrated from 5 pm to 1 mm (Paper II); 
this sum is used throughout the paper to derive total infrared 
fluxes from the IRAS measurements. 

b) H i Data 

The surveys of Heiles and Habing (1974), Weaver and Wil- 
liams (1973), Henderson, Jackson, and Kerr (1982), and 
Colomb, Poppel, and Heiles (1980) were used to construct an 
all-sky map with 0?5 resolution of the H i emission integrated 
in velocity, on the same grid as the infrared maps. Data from 
the Berkeley survey of the northern sky (Weaver and Williams 
1973; Heiles and Habing 1974) were scaled by 1.15 to get the 
brightness temperature of the H i emission; enough overlap 
enabled us to scale the two other surveys to match the Berkeley 
observations. Since these surveys are significantly contami- 
nated by “stray” radiation in the direction of weak H i emis- 
sion (Lockman, Jahoda, and McCammon 1986), we used the 
lower resolution H i survey, made with the horn reflector of the 
Bell Laboratories (Stark et al. 1987), to discuss the correlation 
between infrared and H i emission in the polar caps (§ III// 
Column densities of atomic hydrogen were derived from the 
H i data, assuming that the emission is optically thin. 

c) CO Data 
The comparison between infrared and CO emission (§ IV) is 

based on CO observations obtained with the northern and 
southern 1.2 m telescopes of the Goddard Institute for Space 
Studies and Columbia University; these observations have 
been put together in a single Galactic map by Dame et al 
(1987). 

d) Radio-Continuum Data 
For the infrared-radio-continuum comparison (§ IV) we 

used the 408 MHz all-sky survey of Haslam et al (1982). The 
resolution of this survey is comparable to the resolution of the 
IRAS all-sky maps. Following Phillipps et al (1981) an extra- 
galactic background of 6 K was subtracted from the data. 

III. INFRARED EMISSION FROM ATOMIC AND DIFFUSE 
IONIZED GAS 

The far-infrared emission of the Galaxy above \ b\ > 10° is 
characterized by largeTscale filamentary structures, resembling 
terrestrial cirrus clouds (Low et al 1984), superposed on a 
continuous background (Hauser et al 1984). From Galactic 
latitude profiles we demonstrate in § Ilia the existence of 
Galactic emission above 10° of latitude at 12 and 25 pm. We 
show in § III6 that most of this emission in the mid-infrared 
comes from the interstellar medium. The correlation between 
far-infrared and H i emission is presented in § IIIc. We discuss 
the contribution of ionized gas and molecular clouds to the 
high-latitude emission in §§ Hid and IIIc. The 100 pm observa- 
tions are used in § III/ to measure the extinction in the polar 
caps. The infrared luminosity coming from interstellar matter 
not associated with current star formation is derived in § III#. 

a) Cosecant Laws 
Galactic latitude profiles of the infrared and H i emission are 

presented in Figure 1. The profiles were built by averaging the 
pixels of the all-sky maps within 50 latitude bins with a width 
A(l/| sin b\) of 0.1; data in the direction of the Magellanic 
Clouds, the main nearby molecular clouds and OB associ- 
ations, and a few bright point sources were discarded when 
computing the profiles (see Table 1). At 60 and 100 pm the 
latitude profiles follow a cosecant law from 10° to the poles; 
the 12 and 25 pm brightness vary linearly with 1/| sin b | from 
10° to 30° and are constant above 30°. The absence of emission 
above 30° in the 12 and 25 pm profiles results directly from the 
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b TABLE 1 
Regions Discarded for Computing the Galactic Latitude Profiles 

Region Limits in Galactic Coordinates 
Carina   

Cepheus   

Chamaeleon    

Large Magellanic Cloud 

Lupus-Ophiucus  

Orion    

Perseus-Taurus   

Sagittarius   

Small Magellanc Cloud . 

245° < / < 275° 
— 20° < b < -10° 

98° < / < 141° 
10° < 6 < 22° 

290° < / < 305° 
— 20° < b < -10° 
273° < / < 286° 

— 38° <b < -30° 
315° < / < 360° 
10° < ¿> < 30° 

190° < / < 220° 
— 22?5 < b < -10° 

150° < / < 170° 
— 32?5 < b < -10° 

0° < / < 50° 
10° < è < 20° 

300° < / < 307° 
—47° < b < —43° 

assumption made in the subtraction of the zodiacal light, that 
the Galactic contribution to the 12 and 25 /mi emission is 
negligible at high latitude (see Appendix A); consequently, the 
profiles of Figure 1 do not imply that there is no Galactic 
emission at 12 and 25 /mi up to the Galactic poles. 

The latitude profiles of Figure 1 prove the existence of 
Galactic emission outside the Galactic plane at all IRAS wave- 
lengths. From the slopes of the cosecant laws, we derive the 
spectrum of the emission at | h | > 10° presented in Figure 2 
and listed in Table 2. The qualitative similarity between the 
energy distribution derived from the cosecant laws and the 
infrared spectra of nearby molecular and atomic clouds 
(Boulanger, Baud, and van Albada 1985, Weiland et al 1986) 
suggests that the emission measured by the latitude profiles 
comes from the interstellar medium. This proposition is 
demonstrated in the following subsections. 

b) Emission from Stars 
The subtraction of the zodiacal light is not accurate enough 

to make a pixel-by-pixel correlation between the 12 and 25 /mi 
emission and the distribution of interstellar dust, over the 
whole sky. However, one can indirectly prove that the 12 and 
25 pm emission comes from the interstellar medium by 
showing that stars and circumstellar dust shells account for 
only a small fraction of the observed emission. 

Counts of 12 pm point sources in different latitude strips, 
based on the IRAS catalog are presented in Table 3. From 
these counts we find that, at |h| > 10°, sources brighter than 
0.7 Jy account for ~8% of the 12 pm flux measured by the 

Fig. 1—Profiles of infrared and H i emission for absolute latitudes larger 
than 10°. Data in the direction of the Magellanic Clouds and in the vicinity of 
the main nearby molecular clouds and OB associations and a few point 
sources were discarded when computing the infrared and H i profiles (see 
Table 1). A representative error bar on each individual infrared data point is 
plotted on the bottom-right corner of the infrared profiles. The uncertainties in 
the infrared profiles come mainly from the subtraction of the zodiacal light; the 
amplitude of these uncertainties was estimated by comparing the northern and 
southern half of the profiles after a rough subtraction of the Galactic emission 
associated with atomic gas. 

© American Astronomical Society Provided by the NASA Astrophysics Data System 
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Fig. 2.—Infrared spectrum of emission at | | > 10° normalized per hydro- 
gen atom. This spectrum is derived from the slopes of the cosecant laws pre- 
sented in Fig. 1. 

TABLE 2 
High-Galactic-Latitude Spectrum 

Slopes3 
4nvlv

h 

(10"31 W [H atoms]'1) 

12 /¿m .. 
25 fim .. 
60 /un .. 

100 fim .. 
Hi   
Total IRC 

0.11 ± 0.03 MJy sr" 
0.14 ± 0.04 MJy sr" 
0.55 ± 0.03 MJy sr' 
2.6 ± 0.1 MJy sr" 

167 ±5 K km s" 

1.1 ±0.3 
0.7 ± 0.2 
1.1 ± 0.06 
3.2 ± 0.12 

6.1 ± 0.7 
a Slopes from the cosecant laws. For the infrared wavelengths the slopes 

refer to Iv ; for the H i, to the brightness temperature integrated in velocity. At 
12 and 25 /mi only the data at 161 < 30° is used to measure the slopes. b The normalization per hydrogen atom is done by dividing the slopes of 
the infrared cosecant laws by the slope of the H i cosecant law. 

c Sum of 4tcv/v over the four IRAS wavelengths. This quantity is, for the 
spectrum of the inner Galaxy a good approximation of the infrared emission 
integrated from 5 /mi to 1 mm (Paper II). 

late the counts. Therefore, we can conclude that the 12 and 
25 jum emission seen outside the Galactic plane comes almost 
entirely from the interstellar medium. A similar analysis led 
Ghosh, Drapatz, and Peppel (1986) to the same conclusion for 
the 12 and 25 /mi emission from the Galactic plane. 

c) Correlation between Far-Infrared and H i Emission 

cosecant law; about one-third of this contribution comes from 
photospheres, two-thirds from stars with circumstellar dust 
shells. At 25 /un, point sources account for 2.5% of the 
observed brightness; this small contribution comes almost 
entirely from circumstellar dust shells. As essentially all stars at 
high latitude with circumstellar dust shells were detected by 
IRAS at 12 and 25 /nn, counts in Table 3 are complete for dust 
shells. However, the counts need to be extrapolated to fainter 
sources to get the overall emission from photospheres. On the 
basis of a deep survey at b = 30°, Hacking and Houck (1987) 
found that the number of sources per decade of flux, dN/ 
d log S, from 10 to 500 mly follows a power law with an index 
of 0.76 ± 0.11. Using this last index to extrapolate the counts 
of photospheres to fainter stars we find that point sources 
account for 10% ± 2% of the 12 /¿m flux seen at |h| > 10°. 
This result depends only slightly on the index used to extrapo- 

Various examples of infrared cirri have been identified with 
local interstellar clouds (Low et al 1984; Boulanger, Baud, and 
van Albada 1985; Terebey and Fich 1986; Weiland et al 1986; 
de Vries, Heithausen and Thaddeus 1987) and regions of faint 
diffuse optical emission (de Vries and Le Poole 1985). These 
identifications suggest that the structure of the infrared emis- 
sion is associated with interstellar clouds, heated by the inter- 
stellar radiation field of the Galaxy. We further investigate the 
origin of the infrared cirri by comparing, after subtraction of 
the large-scale Galactic latitude gradient, the 60 and 100 /mi 
observations with the H i all-sky map. We computed for each 
pixel of the 60 /mi, 100 /mi, and H i maps the difference 
between the map value and the average brightness at the 
Galactic latitude of the pixel. A pixel-by-pixel comparison of 
these differences is presented in Figure 3; this figure shows a 
clear correlation between small-scale structures present in the 

TABLE 3 
12 fim Point Sources at High Galactic Latitude 

Area3 /tfn)d Iv{25 /zm) 
Galactic Latitude (sr) Ntot

h N * N2
h N3

h if (Jysr"1) (Jy sr"1) 

9?75 < 161 < 10?25 ... 0.073 605 369 230 6 -0.97 ± 0.11 5.1 x 104 3.2 x 104 

14°5 < 161 < 15?5 .... 0.143 703 481 216 6 -0.95 ± 0.04 3.6 x 104 1.6 x 10 
27?5<|6|<32?5 .... 0.885 1933 1606 312 15 -0.93 ± 0.03 2.1 x 104 9.1 x 10 
\b\> 70°   0.758 676 612 46 18 -0.92 ± 0.05 7.4 x 103 2.6 x 10 

a Area over which sources were counted. In each latitude strip we discarded the same regions as for the computation 
of the cosecant laws in order to allow a direct comparison between the fluxes derived from these counts and the cosecant 
laws (see Table 1). x c \ 

b The sources are sorted according to the following definitions: Photospheres 5^(12 /im) > 2.5 d„(25 /zm), or 
S (25 /zm) is an upper limit. Dust shells—Not a photosphere, and the source is detected at 60 and 100 /zm, and 
Sv(60 /zm) > S^lOO /zm). Galaxies—Not a photosphere or a dust-shell. Ntot is the total number of sources brighter than 
0.7 Jy ; N,, nJ, and N3 are the number of photospheres, dust-shells, and galaxies, respectively. 

c Index of a power-law fit to the number of sources per decade of flux; dN/d log S is fitted by Sn from 0.7 to 45 Jy. For 
these fits we did not separate photospheres from dust-shells. 

d Brightness at 12 and 25 /zm from point sources brighter than 0.7 Jy at 12 /zm. These values were computed by 
dividing the total flux from the point sources by the area over which sources were counted; they must be compared to 
the cosecant laws (0.12 MJy sr" l)/sm( 161 ) and (0.14 MJy sr" ^/sini 161 ) at 12 and 25 /zm, respectively. 
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infrared and H i maps which proves that most infrared cirri 
have a counterpart in the distribution of the H i emission. 

The straight lines on the 60 fim H i and 100 fim H i dia- 
grams represent the infrared emissivity per H atom derived 
from the cosecant laws; the fact that these lines approximately 
follow the major axis of the distribution of points implies that 
the smooth background arises mainly from dust associated 
with neutral atomic gas. The scatter of the points around the 
lines derived from the cosecant laws is ~2 times larger than 
what is expected from the uncertainties on the infrared and H i 
data. Part of the observed dispersion results from the presence 
of molecular clouds at high Galactic latitude (§ Hie), and poss- 
ibly from structures in the distribution of the ionized gas 
(§ Hid). A significant fraction of the scatter is also due to the 
fact that the infrared emission per H atom varies from place to 
place in the solar neighborhood. 

We investigated the variations of the ratio between infrared 
and H i emission by comparing 60 and 100 fim observations 
with H i data over limited regions of the sky. In this compari- 
son, lines of sight crossing molecular clouds were avoided on 
the basis of the CO observations presented by Dame et al 
(1987). Figure 4 illustrates the correlation between the far- 
infrared and H i emission in Orion, Figure 5 the correlation 
between 100 fim and H i emission at | h | > 50°. Similar com- 
parisons were also made in the Auriga and Lupus constella- 
tions chosen as examples of low and high ratios between 
infrared and H i emission. The results of linear least-square fits 
between the infrared and H i data are listed in Table 4. The 
good correlation observed within each field proves that, on 
scales of the order of 100 pc, the interstellar radiation field and 
the dust abundance are reasonably uniform. On the other 
hand, we find variations of the far-infrared emission per H 
atom by a factor of 3 from one field to the other. The fact that 
the highest values of the emissivity are observed in the vicinity 
of OB associations, while low values are seen in the direction of 
the anticenter suggests that changes in the infrared emission 
per H atom are mainly due to variations in the intensity of the 
interstellar radiation field. The 60/100 fim color ratio is close 
to the average value of 0.21 obtained from the slopes of 
the cosecant laws for all fields except the polar caps where 
we measured a higher ratio. Since in the polar caps the 
Jv(100 nm)/NH ratio is similar to the value derived from the 
cosecant laws we do not see any clear explanation for this color 

difference. For the other fields, assuming that variations in the 
Jv(100 /xm)/iVH ratio trace primarily changes in the intensity of 
the radiation field, the constancy of the 60/100 /un color sug- 
gests that small grains heated transiently by individual 
photons account for a significant fraction of the 60 /un emis- 
sion (see § VIII). 

d) Emission from Diffuse Ionized Gas 

Observations of Ha emission at high Galactic latitude (Sivan 
1974; Reynolds 1984) and dispersion measurements in the 
direction of pulsars (see, e.g., Harding and Harding 1982) indi- 
cate that a significant fraction of the gas outside discrete H n 
regions is ionized; dispersion measures imply that the local 
surface density of ionized hydrogen outside H n regions is of 
the order of 1.2 M0 pc-2, which represents 20% of the total 
density of neutral plus ionized hydrogen; this value is a lower 
limit if the scale height of the ionized gas is more than ~ 1 kpc 
because there are essentially no pulsars to probe the distribu- 
tion of electrons above this height (Kulkarni and Heiles 1986). 
Therefore, unless there is a difference in dust abundance 
between ionized and neutral gas, dust associated with the 
diffuse ionized gas accounts for ~ 20% of the infrared emission 
measured by the cosecant laws; for an emissivity similar to that 
for the neutral gas we expect the emission from the ionized gas 
to be 0.6 MJy sr-1 in average over the polar caps. The ratio 
between 100 fim and H i emission at h > 50° and b < — 50° 
was derived in § IIIc from the correlations shown in Figure 5 
(Table 4). If we scale the latitude distribution of H i emission 
by this number we get a latitude profile which differs from the 
profile of infrared emission by much less than the 20% contri- 
bution expected from diffuse ionized gas (Fig. 6). As the H i 
and 100 /un profiles agree closely at all latitudes, this problem 
cannot be solved by simply changing the zero level of the 
Galactic emission (§ II). We see two possible explanations to 
this result: (1) the diffuse ionized gas is deficient in dust; (2) the 
distribution of the ionized gas is correlated with the distribu- 
tion of the H i gas. In this last case the infrared emissivities 
derived from the correlation in Figure 5 include the contribu- 
tion of the ionized gas. Note about this point that at | h | > 50° 
there is hardly any large-scale variation of the emission with 
the Galactic latitude and that the correlation observed in 
Figure 5 is a correlation between localized structures in the 
infrared and H i maps. 

TABLE 4 
Infrared-H i Correlation 

Limits in Galactic 
Region Coordinates /v(60 /mi)/iVH

a /v(100 /mi)/NH
a /v(60 /im)//v(100 /mi) 

Cosecant Laws  
Auriga   

Lupus   

Orion   
b = 30°   
b = — 30°    
Northern galactic cap 
Southern galactic cap 

\b\ > 10° 
Í150° < / < 170° j 
1 15° < b < 30° i 
{330° < / < 345° 1 
1 10° <b< 20° J 

Í 200° < / < 230° \ 
| — 30° < b < — 20° j 

27?5 <b < 32?5 
— 32?5 <b < -ITS 

b > 50° 
b< -50° 

0.18 ±0.01 
0.107 ± 0.014 

0.55 ±0.10 

0.27 ±0.04 
0.26 ±0.08 
0.20 ±0.05 

0.26 ±0.06 
0.24 ±0.07 

0.85 ± 0.05 
0.51 ± 0.05 

2.4 ±0.5 

1.3 ±0.1 
1.4 ±0.2 
1.1 ±0.1 
0.92 ± 0.14 
0.79 ± 0.06 

0.21 ± 0.02 
0.21 ± 0.02 

0.23 ± 0.01 

0.21 ± 0.01 
0.19 ± 0.03 
0.18 ± 0.03 
0.29 ± 0.05 
0.30 ± 0.08 

a The infrared emission to H i column density ratios are in units of MJy sr 1 (IO20 H atoms) 1 cm2. In each case two linear 
regressions were done using the infrared and H i data as the independent variable, respectively ; the error bar covers the two values 
derived from these fits. Values obtained from the slopes of the cosecant laws (Table 2) are listed for comparison. 

b These colors are derived from a direct correlation between the 60 and 100 /im fluxes, and not from the results of the 
infrared-H i correlation. 
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972 BOULANGER AND PERAULT 

6-Galactlc lat,tade Pro61« °f ‘he 100 pm emission at t < -20° and b < -20°. In each plot, the histogram drawn with a solid line represents the nrofile of 
hv the im1 T/H ?n ,the dotted ''O6 rePrefntS the profile of the integrated H i emission derived from the survey of the Bell Laboratories; the H i profiles are scaled W«, ‘ Ia 05 denved

1
fro1"the 100 /tm-H . correlation at b > 50° and h < - 50° (Table 4). In each plot the continuous line represents à leas“ ~s fit of 

by th^H Purvey ofriie BenLaboratorie's1“0' ^ S°Uthern pr°fileS’100 m and H were comPuted by averaging data only over the part of the sky which is covered 

e) Emission from High-Latitude Molecular Clouds 
Weiland et al. (1986) and de Vries, Heithausen, and Thad- 

dens (1987) have identified several infrared cirri with high— 
Galactic latitude molecular clouds and measured a ratio 
between 100 gm and CO emission of 1.0 ± 0.5 MJy sr-1 (K 
km s V t. This ratio can be put together with the CO survey 
of Magnani, Blitz, and Mundy (1985) to estimate the contribu- 
tion of dust associated with high-Galactic latitude molecular 
clouds to the infrared emission of the local interstellar medium. 
Magnani, Blitz, and Mundy estimated the total CO emission at 
I f> I > 20° to be 0.10/e (K km s'1) sr, where e is the fractional 
completeness of the survey. Assuming e = 0.5, we find that the 
total 100 gm emission at | h | > 20° coming from high-Galactic 
latitude clouds is of the order of 0.2 MJy, which represents 
0.6% of the total 100 gm emission observed over the same 
range of latitudes. This small fraction simply results from the 
fact that the small molecular clouds seen at high Galactic lati- 
tude represent a negligible fraction of the interstellar gas in the 
solar neighborhood; the surface density is of the order of 0.1 
IWo/pc2 while the surface density of H i gas is ~5 M0 pc2. 

/) Infrared Emission in the Polar Caps 
Gray-scale maps of the 100 gm emission around the north- 

ern and southern Galactic poles are presented in Figure 7. The 
latitude profiles of Figure 6 and the scatter diagrams of Figure 
5 show that there is a good correlation between the distribu- 
tion of the 100 gm and H i emission in the polar caps 
(I f> I > 50°). The average /v(100 gm)/NH ratio of 0.85 MJy sr'1 

for IO20 H atoms cm“2 is equivalent to a /v(100 gm)/Av ratio 

of 15.9 MJy sr 1 mag'1 for the standard AJNH ratio of 
5.3 x 10 22 mag cm2 (Bohlin, Savage, and Drake 1978). These 
numbers can be used to convert the 100 gm brightness to gas 
column densities or visual extinctions. For these numbers, the 
sensitivity limit of IRAS at 100 gm corresponds to the emis- 
sion associated with a column density of gas of a few 1019 H 
atoms cm 2 or an Av of 0.01 mag.; however, the uncertainties 
on absolute measurements are larger due to uncertainties in 
the subtraction of the zodical light, estimated to ~0.5 MJy 
sr'1 (see Appendix A), which corresponds to Av « 0.03 mag, 
and due to uncertainties in the zero level of the Galactic emis- 
sion if there is any ionized gas in the holes of H i emission (see 
§ Hid); we estimate this last uncertainty to 0.6 MJy sr'1 (§ II). 

To study the distribution of the extinction in the polar caps 
we made a histogram of the 100 gm emission at | ¿ | > 50° (Fig. 
8). The histogram peaks at 1.6 MJy sr'1,20% of the points are 
below 1.3 MJy sr 1 and 80% below 2.4 MJy sr'1 ; the median 
value is 1.7 MJy sr 1. Converting these numbers to visible 
extinctions, we get a median extinction Av = O.lliggf mag; 
20% of the polar caps have Av < 0.08mag, and 80% have 
Av < 0.15 +o'o3 ; regions of low extinction can be readily identi- 
fied on the maps of Figure 7. The visible extinction is 0.05Í 
and 0.07îo;o3 al the northern and southern Galactic poles, 
respectively. The uncertainties in these measurements are too 
large to completely settle the existing debate over the existence 
of windows free of obscuration in the polar caps (Sandage 
1973; de Vaucouleurs and Buta 1983). De Vaucouleurs and 
Buta derived their estimate of the extinction at the pole from 
the slope of a cosecant fit to the latitude distribution of the 
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lv (lOOyLim) MJy/sr 
Fig. 8.—Histogram of Galactic emission at 161 > 50° 

extinction at | è | > 20°. The validity of this procedure may be 
tested with the IRAS data. Linear least-square fits to the 
100 /mi latitude profiles at h > 20° and b < -20° (Fig. 6) give 
the following cosecant laws : 

7V(100 /mi) = (3.4 ± 0.2)/| sin (b)\ 

— 1.7 ± 0.25 MJy sr-1 for b < —20° , 

/v(100 /mi) = (2.1 ± 0.2)/| sin (b) \ 

— 0.4 + 0.2 MJy sr-1 for b > 20°, 

while the 100 /mi emission at the northern and southern 
Galactic poles is 1.1 ± 0.5 MJy sr"1 and 1.3 ± 0.5 MJy sr“1 if 
there is no 100 /mi emission from ionized gas in the holes of 
H i (§ II). Within this assumption we find that the polar bright- 
nesses are significantly smaller than the slopes of the cosecant 
laws. However we could be underestimating the 100 /mi emis- 
sion at the poles by -0.6 MJy sr“1 if the 100 /mi emissivity of 
the ionized gas is similar to that of the H i gas, and if the holes 
of H i emission are not also holes in the distribution of ionized 
gas (see § Hid). 

g) Contribution to the Infrared Luminosity of the 
Solar Neighborhood 

In Table 2 we estimated the bolometric emission of dust by 
summing v/v at the four wavelengths (Paper II) and derived an 
emission per hydrogen atom of 6.1 x 10“31 W(H atom)“1; 
-60% of this radiation is radiated between 8 and 120/mi, 
i.e., within the range of wavelengths covered by IRAS. The 
infrared emission per hydrogen atom corresponds to 
an infrared-luminosity-to-mass-of-neutral-atomic-gas ratio, 
Ar/^hj °f 1-9 Le/Me; if the diffuse ionized gas at high lati- 
tude has an infrared emissivity similar to that for neutral 
atomic gas (§ Hid) the infrared emission per nucleon is 
4.9 x 10"31 W(H atom)“1 equivalent to an LIR/MH ratio of 1.5 
Lq/Mq. This ratio measures the average emissivity of the 
interstellar medium away from OB associations, within a dis- 
tance of - 500 pc from the Sun. By scaling this emissivity by 
the local surface density of H i and H n gas, 6 M0 pc“2, we get 
an infrared luminosity per unit surface of 9 L0 pc“2. This 

luminosity is compared with the contribution of H n regions 
and molecular clouds in § VI. 

The amount of stellar light absorbed by interstellar dust 
may be calculated from the interstellar radiation field (ISRF) 
spectrum, the extinction curve, and albedo measurements; 
using numbers tabulated by Mathis, Mezger, and Panagia 
(1983), we find that interstellar dust absorbs —4.6 x 10“31 

W(H atoms)“1 a number which is in close agreement with the 
total infrared emission per nucleon derived from the IRAS 
data. 

IV. INFRARED EMISSION FROM MOLECULAR CLOUDS 

Dust in molecular clouds is heated both by embedded stars 
and the interstellar radiation field of the Galaxy (ISRF). We 
discuss in § IVa the heating of molecular clouds by the external 
radiation and show that it places a lower limit on the ratio 
between infrared luminosity and mass of gas which depends 
only on the optical depth of the cloud. In § IVh we show that, 
for the average star-formation efficiency of the solar neighbor- 
hood, the overall luminosity of nonionizing embedded stars is 
negligible with respect to the luminosity absorbed from the 
ISRF. On the other hand, for clouds forming high-mass stars 
the luminosity of only one ionizing star (M* > 20 M0) is com- 
parable to the luminosity a giant molecular cloud (GMC) 
absorbs from the external radiation field. Infrared and CO 
emission of molecular clouds are compared in § IVc. The 
overall luminosity of molecular clouds in the solar neighbor- 
hood is estimated in § IVd. 

a) Heating by the ISRF 
As molecular clouds are partly optically thick to the external 

radiation, the contribution of the ISRF to the infrared emis- 
sion depends on the geometry and optical depth of the clouds. 
Flannery, Roberge, and Rybicki (1980) addressed numerically 
the radiative transfer equations in the simple case of a uniform, 
spherical cloud heated from outside by a uniform radiation 
field. Mathis, Mezger, and Panagia (1983) made use of an ana- 
lytical fit to the numerical solution to study the variation of the 
heating rate per grain across clouds of different optical depths. 
We repeated their calculations for spherical clouds of total 
Av = 2, 5, and 10 and computed the average heating rate along 
the line of sight as a function of the impact parameter. By 
multiplying the average heating rate by the column density of 
dust we get the total energy absorbed by dust grains along the 
line of sight, a quantity equal to the total emission of dust 
integrated over infrared and submillimetric wavelengths. Grain 
properties—extinction and albedo—and the ISRF spectrum 
were taken from Mathis, Mezger and Panagia (1983). In a first 
set of calculations we assumed that the radiation field at the 
surface of the cloud is equal to the average ISRF. In a second 
set we assumed that the radiation field is attenuated by an 
envelope of Av = 0.5 mag which is supposed to protect the 
molecules from photodissociation by ultraviolet photons; in 
this case the ultraviolet light at the surface of the cloud is 
attenuated by a factor 6 compared to the ISRF; this attenu- 
ation is due to the envelope and the shadowing effect of the 
cloud over half the sky. The results of both models are present- 
ed in Figure 9a; for each model separate lines corresponding to 
different clouds approximately line up to produce a relation 
between total infrared emission and extinction roughly inde- 
pendent of the total optical depth of the cloud. In the limit of 
an optically thin cloud, the calculations give a total infrared 
emission of 4.6 x 10“31 W per nucleon, or 8.7 x 10“6 W m“2 
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Fig. 9.—Infrared emission versus visible extinction, (a) The results of a model of the infrared emission from a uniform, spherical cloud heated from outside by a 
uniform radiation field. Results are shown for clouds of total optical depth through the center: ^ = 2, 5, and 10. Two sets of curves are presented; solid lines give the 
results of the model in the case where the heating radiation field is the average ISRF; for the dotted lines the radiation field at the surface of the cloud is attenuated by 
an envelope of Av = 0.5 mag. The dashed line gives the slope of the linear relation between total infrared emission and Av in the case of an optically thin cloud. In (b) 
the results of the model are compared with 100 /mi and Av data for the Heiles 2 cloud in Taurus, taken from Cernicharo and Guélin (1987). 

per magnitude of visual extinction; these numbers are in good 
agreement with the observed values derived from the cosecant 
laws (§ HI#). 

Data for the Heiles 2 cloud in Taurus taken from Cernicharo 
and Guélin (1987) are compared with the model in Figure 9b, 
where the curves of figure 9a have been scaled in order to get a 
100 fim brightness of 18.7 MJy sr-1 per magnitude of visual 
extinction in the optically thin case; this emissivity is derived 
from a correlation of IR and H i data in the Taurus region 
(Boulanger et al 1988h). Other dark clouds for which similar 
data are available (de Vries and Le Poole 1985; Boulanger et 
al. 1988h) follow the same general relation. An important 
feature of the curves and the data presented in Figure 9b is the 
approximate linearity of the relation between 100 /un emission 
and extinction for Av < 3 mag. This linearity implies that the 
100 fim emission is a good tracer of the column density of dust 
over regions of moderate extinction; assuming a uniform dust- 
to-gas ratio, the 100 /un /RAS data can thus be used to map 
the distribution of molecular gas in the solar neighborhood 
outside star-forming regions and dense condensations. The 

comparison between 100 jum and Av data in Taurus indicates 
that the 100 /¿m emission of the molecular cloud is ~5 MJy 
sr"1 per magnitude of visible extinction which is a factor 4 
smaller than what is measured for the atomic gas in the same 
region. This difference indicates that the radiation field is sig- 
nificantly attenuated inside the molecular cloud. The compari- 
son between model and data in Figure 9b suggests that 
shielding by the molecular cloud dust is not sufficient to 
produce the right attenuation; a good agreement is reached 
only when we take into account an additional attenuation by 
an envelope of Av = 0.5 mag. 

Values of the infrared-luminosity-to-mass-of-molecular- 
hydrogen ratio, LIR/MH2, may be derived from the model; 
without the envelope we find that LIR/MH2 is equal to 54%, 
36%, and 25% of the optically thin value, for clouds of total 
visible extinction 2, 5, and 10, respectively; with the 0.5 mag 
envelope, the same ratios are 37%, 25%, and 18%. Using the 
average LIR/MH of the local H i gas, 1.5 LQ/Me, as the opti- 
cally thin value, we get ratios of infrared luminosities to mass 
of gas in the range 0.3-0.8 L0/M0. 
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The comparison between model and data made in Figure 9b 

^ assumes that the spectrum of the infrared emission does not 
œ change from the center to the surface of the clouds. However, 
S the external radiation gets attenuated as it penetrates the 

cloud, and grains deep inside a cloud are colder than grains in 
optically thin parts of the interstellar medium. The importance 
of this effect depends critically on the equilibrium temperature 
of grains heated by the ISRF because the ratio between the 
emission in the 100 ¿mi band of IRAS and the bolometric 
infrared emission drops dramatically with temperature below 
18 K for an emissivity proportional to v2 and below 21 K for 
an emissivity proportional to v (Boulanger et al 1988b); to 
provide an example, for an emissivity proportional to v2 the 
ratio between 100 ¿un in-band flux and total infrared emission 
is 0.28 ± 0.04 for 18 K < T < 32 K, but only 0.15 at 15 K and 
0.06 at 12 K. Since part of the 60 ¿un emission is probably 
coming from small grains (§ VIII) the 60/100 ¿un color cannot 
be used to estimate the equilibrium temperature of big grains 
and to assess the importance of this effect, but qualitatively one 
has Xo keep in mind that 7V(100 ¿mi) may saturate faster with 
increasing Av than indicated by Figure 9b. In the comparison 
between model and data this effect may be compensated for by 
the fact that the model does not take into account the inhomo- 
geneity of molecular clouds, which allows the external radi- 
ation to penetrate deeper into the cloud (Natta and Panagia 
1984). 

b) Heating by Embedded Stars 
To understand the origin of the infrared emission from 

molecular clouds the luminosity absorbed from the ISRF must 
be compared to the luminosity from embedded stars. The star- 
formation rate and initial mass function (IMF) in the solar 
neighborhood has been estimated from star counts by various 
authors (Miller and Scalo 1978; Lequeux 1979; Garmany, 

Vol. 330 

Conti, and Chiosi 1982; Scalo 1986); their results can be 
approximated by the following analytical expressions : 

=1. X 10-9 M-1-7 stars yr“1 

for 2 M0 < M < Mup 

= 0.5 x 10“9 M-0'7 stars yr-1 M0~1 

for M < 2 Mq , 
where the star-formation rate has been normalized per unit 
mass of molecular hydrogen, using a local surface density of 
molecular hydrogen of 1.3 M0 pc“2 (Dame et al. 1987). For 
this IMF and different durations of constant star formation, we 
show in Figure 10 how the luminosity and total mass of main- 
sequence stars depend on the upper cut-off of the IMF, Mu . 
After 107 yr, it is only for values of Mup larger than 10 Mq 
(mass of a B2 star) that the luminosity of embedded stars goes 
over the L,r/Mh threshold of -0.5 L0/M0 set by the ISRF 
heating. This result, which depends only weakly on the actual 
time stars stay associated with the parent cloud, shows that on 
average low-mass stars have a negligible contribution to the 
infrared luminosity of molecular clouds. 

Integrating the IMF from M* to infinity, we get the follow- 
ing expression for the number of stars of mass larger than M* 
formed by a cloud of mass MH2 over 107 yr : 

N(M > M*) = 3.6(MJ|e/20 Mq)“1 7(MH2/105 M0) 

for M* > 2 Mq . 

Only giant molecular clouds with masses larger than 105 

Mq have a high probability of forming a high-mass star which 
will develop an H n region. The luminosity of only one of these 
high-mass stars, -5.2 x lO^M^O M0)2, is comparable to 
the luminosity a GMC absorbs from the ISRF. Therefore, the 

BOULANGER AND PERAULT 

Fîc 10 —Luminosity and total mass of main-sequence stars vs. upper cutoff of the IMF. These curves were computed for the IMF normalized 
molecular hydrogen, given in the text. The different curves correspond to different durations of constant star formation. per unit mass of 
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infrared emission of GMCs associated with H n regions comes 
from the most massive stars formed by the cloud. Studies of 
infrared sources in the Galactic plane (Caux et al. 1985; Myers 
et al 1986; Solomon et al 1987) show that GMC-H n region 
associations are the most luminous infrared sources in the 
Galaxy. These associations have infrared-luminosity-to—mass- 
of-gas ratios larger than 1 Lq/Mq, up to several tens of 
L0/M0. 

c) Comparison of Infrared and CO Observations 
The above discussion suggests that the infrared emission of 

molecular clouds can be written as the sum of two terms: the 
first, correlated with the column density of gas, represents the 
heating of dust by the ISRF; the second, associated with 
embedded stars, is significant only close to regions of star for- 
mation and on average is negligible for clouds that do not 
contain any high-mass stars. Maps of the 100 pm emission of 
the main nearby molecular clouds have been presented and 
compared with large scale CO, 13CO, A,, data by Boulanger et 
al (1988h). A good correspondence is observed between the 
CO and infrared pictures of the clouds; outside regions of star 
formation and dense condensations the 100 pm emission is 
well correlated with Av measurements and the integrated CO 
emission. The 100 pm-CO diagrams of Orion A and Cham- 
aeleon II chosen as examples of clouds of high and low star- 
formation activity (Fig. 11), illustrate the results of this com- 
parison. For clouds like Chamaeleon II that are largely devoid 
of star formation, the infrared emission is dominated by the 
external heating and correlates with the CO emission. 

In more active clouds, like Orion A, the comparison of 
infrared and CO emission leads to a more intricate pattern. At 
the bottom of the 100 pm-CO diagram, points outside star- 

forming regions define a lower envelope which shows that 
infrared and CO emission are correlated in these directions. 
Points representing lines of sight in the direction of star- 
forming regions appear scattered above the lower envelope; 
the radiation absorbed from embedded or very nearby stars is 
for these points comparable to, or much greater than, the emis- 
sion associated with the external heating; many of these points 
do not appear on the diagram of Figure 11 because the 100 pm 
brightness is larger than 45 MJy sr"1. Pixels within 20 MJy 
sr-1 from the lower envelope account for 77% of the surface of 
the cloud and 64% of the CO emission but only 12% of the IR 
luminosity ; the overall infrared-luminosity-to-mass-of- 
molecular-hydrogen ratio, LIR/MH2, is 2.1 LQ/MQ for the lines 
of sight corresponding to these pixels and 16 LQ/MQ for the 
other lines of sight. The lower envelope of the Orion diagram 
extends to higher values of integrated CO emission (Wc0) than 
the correlation seen in the Chamaeleon II diagram. The high 
values of integrated CO emission probably correspond to 
regions of higher excitation in the vicinity of embedded stars. 
Therefore, the high-PFco part of the lower envelope should not 
be interpreted as a simple extension to high Av of the correla- 
tion between infrared emission and column density of gas. 

Most molecular clouds show 12, 25, and 60 pm emission 
over an extent similar to the 100 pm emission. However, the 
color ratios vary from cloud to cloud in a manner which is not 
obviously related to the star-formation activity of the clouds 
(see Table 5). 

d) Contribution to the Infrared Luminosity of the 
Solar Neighborhood 

An extensive comparison of CO and IRAS observations of 
nearby molecular clouds has been carried out by Boulanger et 

Orion A Chamaeleon II 
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TABLE 5 
Infrared Colors of Nearby Molecular Clouds 

Cloud /„(12 /an)//v(100 ¿an) /v(25 ^(//„(lOO /an) /v(60 /<m)//((100 Aim) 
Chamaeleon I   
Chamaeleon II   
Lupus, Northern Cloud   
Ophiuchus, Main Cloud  
Ophiuchus, Northern Cloud 
Orion A   
RCra   
Taurus   

<0.0031 
0.013 
0.067 
0.037 
0.064 
0.034 
0.055 
0.030 

0.013 
0.017 
0.10 
0.040 
0.065 
0.056 
0.078 
0.050 

0.06 
0.07 
0.20 
0.26 
0.23 
0.21 
0.23 
0.16 

Note. These colors are average values for large sections of the clouds away from internal heating sources For 
the Chamaeleon clouds we achieved a better sensitivity than did the Sky Flux Images (IRAS Explanatory Supple- 
ment 1985) by averaging scans and crossing the clouds with similar position angles within a 30' window in the 
cross-scan direction. Error bars on these colors are typically 20% for the 12/100 pm and 25/100 pm ratios and 
10% for the 60/100/zm ratio. 

al. (1988b). Outside regions of star formation they found ratios 
between J00/xm and CO fluxes in the range 0.7-2.5 MJy sr_1 

(K km s V1; for the purpose of estimating the contribution 
of molecular clouds to the infrared emission of the solar neigh- 
borhood, we use their average value of 1.4 MJy sr"1 K1 

km 1 s. Applying the same bolometric correction as for the 
high-Galactic latitude emission (Table 2), we get a total infra- 
red emission per unit of CO brightness of 1.0 x 10"6 W 
m 2(K km s-1)“1, or 2.5 L0 pc-2(K km s"1)-1; for a ratio 
between 7VH2 and CO-integrated brightness of 2.5 x 1020 

cm (K km s 2) 1 (Bloemen et al. 1986) this last ratio corre- 
sponds to an Lir/Mh2 ratio of 0.6 L0/Me. Dame et al. (1987) 
estimated the density of molecular hydrogen within 1 kpc of 
the Sun to be 1.3 M0 pc-2 by summing the masses of the 
observed molecular clouds; according to the analysis of Bronf- 
man et al. (1988) the solar ring (9-10 kpc) value of the H2 

surface density derived from the Galactic CO surveys is slightly 
higher: 1.7 M0 pc~2 for their data and, with the same NH2/Wco 

calibration, 3 Mq pc 2 for the data of Sanders, Scoville, and 
Solomon (1985). Scaling these surface densities by the infrared- 
luminosity-to-mass-of-gas ratio we derive an infrared lumin- 
osity per unit surface in the range 0.8-1.8 L0 pc-2. This 
number does not include the emission from warm regions of 
molecular clouds associated with massive stars. However, these 
warm regions account for a nonnegligible fraction of the CO 
luminosity of the solar neighborhood. For example, in the case 
of Orion A about one-third of the CO luminosity of the cloud 
comes from regions with a high infrared-luminosity-to-mass- 
of-gas ratio (§ IV d). Applying this correction factor we estimate 
the infrared luminosity per unit surface from cold molecular 
clouds to ~ 1 L0 pc-2. 

V. EMISSION FROM H II REGIONS 

The knowledge of the distribution of ionizing stars in the 
solar neighborhood is used to estimate the overall emission 
from H ii regions. 

Garmany, Conti, and Chiosi (1982) have compiled a catalog 
of O stars complete to a distance of 2.5 kpc, from which they 
derived the average density of ionizing stars in the vicinity of 
the Sun; note, however, that the stars are not uniformly distrib- 
uted around the Sun: about two-thirds of the stars cataloged 
by Garmany Conti, and Chiosi are located within the solar 
circle. Using their results, and the stellar production rates of 
Lyman-continuum photons computed by Kurucz (1979) and 

tabulated by Gusten and Mezger (1983), we obtain for stars 
more massive than 20 MQ a total production rate of Lyman- 
continuum photons, NLyQ, of 1.7 x 1044 s"1 pc“2; the contri- 
bution of stars less massive than 20 Me is negligible. Mezger 
(1978) estimated that in the solar neighborhood ~30% of the 
Lyman-continuum photons either escape the galaxy or are 
absorbed by dust, which implies that the rate of Lyman- 
continuum photons absorbed by gas is NLyi.' = 1.2 x 1044 s“1 

pc“2; this number is in reasonable agreement with the solar 
ring (9-10 kpc) value of 1.6 x 1044 s“1 pc“2 derived from 
Galactic radio-continuum surveys by Gusten and Mezger. 

The infrared luminosity of H n regions is often compared to 
the Lyman-alpha luminosity defined as the product of the rate 
of recombinations by the energy of a Lyman alpha photon 
(Mezger 1978); the radio between the infrared and Lyman- 
alpha luminosity is referred to as the Infrared excess (IRE). 
Myers et al. (1986) inferred from an extensive study of H n 
region-molecular cloud associations that the median IRE of 
the. Galactic H n region is 6. Using this value for the H ii 
regions in the solar neighborhood we find an overall lumin- 
osity per unit surface of 3.0 L0 pc 2. The contribution of H ii 
regions to the infrared luminosity of the solar neighborhood 
can also be estimated by assuming that Orion is representative 
of the average properties of nearby OB associations. For the 
Orion OB I association, the rate of Lyman-continuum photons 

~ 3-7 x 1049 s 1, and the luminosity of associated molecular 
clouds and H n regions is 106 L0. Scaling the surface density 
of production of Lyman-continuum photons, 1.7 x 1044 s“1 

pc 2, by the Orion ratio between infrared luminosity and ion- 
ization rate we get a luminosity per unit surface of 4.6 L0 pc“2, 
50% higher than our first estimate. 

The IRE of an H n region depends on the volume over 
which the emission is integrated because a substantial fraction 
of the infrared emission associated with an OB association is 
radiated by dust outside the region of ionization (Leisawitz 
1986). The median IRE of 6 given by Myers et al. includes the 
emission of the molecular clouds associated with the H ii 
regions and does not refer to the H ii regions alone. Conse- 
quently, the luminosity of 3 L0 pc“2 represents the emission of 
H ii regions and the associated molecular clouds. The study of 
the Orion region presented in Appendix C shows that the IRE 
is even higher if one assigns to the H n regions all of the 
emission coming from the sphere of influence of the OB associ- 
ation, defined as the volume over which the radiation from the 
association dominates the ISRF. 
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VI. ORIGIN OF THE INFRARED EMISSION 
a) Solar Neighborhood 

To interpret the infrared emission of galaxies in terms of 
star-formation properties, one must answer two related ques- 
tions: 

1. What are the relative contributions of stars of different 
type and age to the heating of dust? 

2. What are the respective contributions of molecular 
clouds, atomic gas, and H n regions to the infrared emission? 

Attempts to answer these questions from observations of the 
Galactic plane (Cox, Krugel, and Mezger 1986; Paper II, and 
references therein) are hampered by confusion because the 
infrared emission arises in different components of the inter- 
stellar medium integrated along the line of sight and by extinc- 
tion which obscures the distribution of starlight across the 
Galaxy. In the solar neighborhood, the question of the origin 
of the infrared emission can be addressed more directly, 
because the different components of the interstellar medium 
are observed separately and also because the distribution of 
stars is known. 

In the three preceding sections we have estimated the emis- 
sion coming from the different components of the interstellar 
medium. Summing the contributions of atomic gas (9 L0 

pc-2), molecular clouds (~1 L0 pc-2), and H n regions (~4 
L0 pc-2) wc get a total infrared luminosity per unit surface of 
14 L© pc-2. Dust associated with atomic and ionized gas away 
from star-forming regions accounts for two-thirds of this emis- 
sion; H ii regions and associated molecular clouds contribute 
~ 30% ; the contribution from molecular clouds, or sections of 
molecular clouds, not heated by massive stars (cold molecular 
clouds) is small. These numbers show that 70% of the infrared 
emission from the solar neighborhood comes from dust, in 
atomic gas and cold molecular clouds, heated by the ISRF. 
Using the extinction curve, albedos, and the radiation field 
tabulated by Mathis, Mezger, and Panagia (1983), we com- 
puted that ultraviolet (0.0912 gm < 2 < 0.346 /un), optical 
(0.346 /mi < 2 < 0.8 /mi), and near-infrared photons 
(2 > 0.8 /mi) account for 50%, 30%, and 20%, respectively, of 
the heating of dust by the ISRF. Since ultraviolet photons of 
the ISRF originate mainly from B stars (Paper II) we find that 
half of the infrared emission of interstellar matter not associ- 
ated with star formation comes from stars younger than a few 
108 yr. Adding this contribution from young stars to the emis- 
sion of H ii regions we estimate that about two-thirds of the 
infrared emission from the solar neighborhood comes from 
stars younger than a few 108 yr. Therefore, we reach the con- 
clusion that although most of the emission of the solar neigh- 
borhood is coming from atomic gas not associated with star 
formation, about half of the heating of interstellar grains comes 
from young stars. This result is likely to be valid for most 
galaxies with a ratio between 100 gm and optical emission 
comparable to that for the solar neighborhood: v/v (100 
gm)/vlv (0.44 /mi) = 0.3 derived from the 100 gm brightness in 

Table 2 and the blue flux density given by Mathis, Mezger, and 
Panagia (1983). For other galaxies we obviously expect the 
fraction of the infrared emission coming from young stars to 
increase with the ratio between infrared and optical emission. 

b) Star-Forming Regions 
To investigate how the luminosity of OB associations is 

spread over the ISM, and to what extent the luminosity of 
young stars is converted into infrared radiation, we studied in 
detail the infrared emission of the Orion region. 

Data presented in Appendix C lead to the following picture 
of the Orion region. The OB association with a luminosity of 
5 x 106 L© is the main source of radiation over a sphere of 300 
pc diameter containing 2.4 x 105 M© of molecular gas and 
1.6 x 105 M© of atomic hydrogen. With a total infrared lumin- 
osity of 1 x 106 L©, molecular clouds and associated H n 
regions are the dominant sources of the emission; with a 
luminosity of 4 x 105 L©, the H i gas accounts for only 30% of 
the emission. Therefore, in the 300 pc sphere surrounding the 
OB association, the origin of the infrared emission is the 
opposite of what we found in § Via for the whole solar neigh- 
borhood. This difference appears clearly if we compare the 
infrared excess of the Orion region and the solar neighbor- 
hood. In Appendix C we estimated the infrared excess of the 
300 pc sphere around Orion to 15, while for the solar neighbor- 
hood the comparison between the Lyman production rate of 
1.2 x 1044 s-1 pc-2 (§ V) and the infrared luminosity 14 L© 
pc-2 leads to a value of 28. These basic differences prove that 
the interstellar medium in the close vicinity of OB associations 
is not the dominant source of infrared emission in the solar 
neighborhood. 

The total infrared emission of the Orion region, ~ 1.4 x 106 

L©, represents only 30% of the luminosity of the OB associ- 
ation; we thus find that a large fraction of the radiation of the 
association gets spread over an extended volume of the inter- 
stellar medium; a study of six OB associations in the outer 
Galaxy led Leisawitz (1987) to a similar conclusion. Close to 
the Galactic plane, the average density of the interstellar 
medium (atomic plus molecular gas) is of the order of 0.6 H 
atoms cm-3 (Lockman 1984; Dame et al 1987). For this 
density, in the plane, the opacity in the ultraviolet is 2.2 mag 
kpc-1; however, as the ISM is highly inhomogeneous, the 
effective opacity is certainly lower. Thus, we estimate that 
photons can spread as far as 1 kpc from OB associations. As 
this distance is larger than the scale height of the disk, a signifi- 
cant fraction of the radiation from OB associations leaves the 
Galaxy. By emphasizing the fact that the radiation of an 
association of young stars spreads over a wide volume of the 
Galaxy, the study of Orion strengthens the idea that through- 
out the interstellar medium a large fraction of the heating of 
interstellar dust is coming from young stars (§ Via). 

The low ratio between infrared and stellar luminosity found 
in Orion calls into question the use of infrared observations to 
measure the luminosity of Galactic star-forming regions and 
the luminosity of young stars in external galaxies. The effi- 
ciency of the conversion of stellar luminosity into infrared radi- 
ation depends on the density of interstellar matter in and 
around the star-forming region. As the density of interstellar 
matter is higher in the molecular ring than in the solar neigh- 
borhood, we except the infrared emission to be a better 
measure of the luminosity of recently formed stars, for star- 
forming regions in the inner parts of the Galaxy, than for 
Orion. 

VII. INFRARED AND RADIO-CONTINUUM EMISSION 

The IRAS survey has led to the discovery of a tight correla- 
tion between far-infrared and radio-continuum fluxes of spiral 
and irregular galaxies (de Jong et al 1985; Helou, Soifer, and 
Rowan-Robinson 1985). IRAS observations of the Galaxy and 
the largest nearby galaxies provide the opportunity to investi- 
gate the “ microscopic ” nature of this correlation by compar- 
ing the distribution of the infrared and radio continuum within 
one galaxy. Adding the brightness at the northern and 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
88

A
pJ

. 
. .

33
0.

 .
96

4B
 

980 BOULANGER AND PERAULT Vol. 330 

southern Galactic poles we get from th survey of Haslam et al. 
(1981) a 408 MHz emission integrated perpendicular to the 
plane of 25 K; for a spectral index in the range 0.7-0.9, this 
emission corresponds to a brightness of 0.76 ± 0.1 K at 1420 
MHz. Following earlier works we compare the radio- 
continuum emission with the far-infrared emission defined as 
the integral of the emission from 40 to 120 fim (see Cataloged 
Galaxies and Quasars in the IRAS Survey 1985); for the high- 
Galactic latitude spectrum (Table 2) the far-infrared emission 
represents 41% of the total infrared emission. Thus, the infra- 
red luminosity per unit surface of 14 L0 pc-2 (§ Via) implies a 
far-infrared brightness (FIR) of 1.9 x 10-7 W m-2 sr-1. Fol- 
lowing Helou, Soifer, and Rowan-Robinson (1985), we com- 
puted the ratio between flux densities in the far-infrared and at 
21 cm: 

^ = log (FIR/3.75 x 1012Hz/S21cm), 

where 3.75 x 1012 Hz is the frequency at 80 /mi; we get for the 
solar neighborhood a value of 2.03 ± 0.06, which is within the 
scatter of individual galaxies, q = 2.14 ± 0.14 (Helou, Soifer, 
and Rowan-Robinson 1985). 

A similar comparison was made in Orion by integrating the 
radio and infrared emission in an aperture of 30° (300 pc at a 
distance of 500 pc) around the Trapezium Stars. The thermal 
emission from the H n regions was subtracted from the 408 
MHz flux which was then converted to 21 cm. For a non- 
thermal spectral index between 0.7 and 0.9, we found 
# = 2.8 + 0.06, a value 6 times higher than the average value 
for the solar neighborhood. This difference shows that the 
infrared emission is more concentrated around star-forming 
regions than the nonthermal radio-continuum emission. In 
that sense the Orion analysis proves that the infrared-radio- 
continuum correlation breaks on the scale of a few 100 pc 
around a region of star formation. Without questioning the 
idea that cosmic rays are accelerated in star-forming regions, 
this result indicates that electrons diffuse further away from 
star-forming regions than do the ultraviolet photons. The 
infrared and radio-continuum emission also differ in their dis- 
tribution perpendicular to the plane of the Galaxy 
(Beuermann, Kanbach, and Berkhuijsen 1986; Paper II). 

VIII. DUST PROPERTIES 

a) Emission at 12 gm 
The spectrum of Table 2 indicates that the emission between 

7 and 35 /an represents 40% of the power radiated by dust 
shortward of 120 /an; this mid-infrared emission accounts for 
~25% of the starlight energy absorbed by grains (§ lllg). Since 
large grains heated by the local ISRF have an equilibrium 
temperature much too low (Draine and Lee 1984) to account 
for any significant emission at these wavelengths, the mid- 
infrared emission from the nearby interstellar medium 
(Sellgren, Werner, and Dinnerstein 1983; Boulanger, Baud, 
and van Albada 1985; Leene 1986), and from the Galaxy (Price 
1981 ; Pajot et al. 1986) is considered as strong evidence for the 
existence of very small grains briefly heated to high tem- 
peratures each time they absorb a single photon (Andriesse 
1978; Sellgren 1984; Puget, Léger, and Boulanger 1985). 
Studies of individual objects indicate that the ratio between 
mid- and far-infrared emission varies from place to place in the 
solar neighborhood (Ryter, Puget, and Pérault 1987); however, 
the high-Galactic latitude cosecant laws demonstrate that on 
average a significant fraction of the emission of interstellar dust 

is radiated in the mid-infrared, and consequently that very 
small grains are a pervasive component of interstellar dust. 

Infrared spectra from 2 to 13 /¿m of two reflection nebulae 
(NGC 2023 and 7023; Sellgren et al. 1985) show that most of 
the emission observed in the 12 gm band of IRAS is associated 
with the infrared features at 7.7, 8.8, and 11.3 gm (Puget 1987); 
adding the contribution of the 3.3 and 6.2 gm features, we find 
that more than half of the emission from the reflection nebulae 
in the 2-15 gm band comes from features which Léger and 
Puget (1984) identified with polycyclic aromatic hydrocarbon 
molecules (PAHs). At high-Galactic latitude, the emission in 
the 12 gm band of IRAS is 5.5 x 10“ 32 W per hydrogen atom. 
Assuming that NGC 2023 and NGC 7023 are representative of 
the average properties of the nearby interstellar medium we 
derive from the 12 gm flux a total emission in the range of 
wavelengths 2-15/mi of the order of 1.5 x 10“31 W (H 
atom)-1. We assume that most of this emission comes from 
PAHs, and use the integrated flux to estimate the average 
abundance of PAHs in the nearby interstellar medium. 
Absorption cross sections in the ultraviolet and visible have 
been measured by Léger and d’Hendecourt (1987) for a 
mixture of many different PAHs; assuming that the molecules 
studied by Léger and d’Hendecourt are representative of inter- 
stellar PAHs, Encrenaz et al. (1987) estimated that PAHs 
absorb from the local ISRF ~2.4 x 10-27 W per atom of 
carbon. Comparing this number with the emission in the 
2-15 gm band of 1.5 x 10-31 W (H atom)-1, we derive an 
abundance of carbon in PAHs of 4 x 10 - 5 per H atom, which 
represents ~15% of the cosmic abundance of carbon. Since 
part of the energy absorbed by PAHs is radiated through 
optical fluorescence (Aflamándola, Tielens, and Barker 1985; 
Omont 1986), this estimate must be considered as a lower limit. 

b) Emission at 25,60, and 100 gm 

At I h I > 10° the cosecant laws give an average ratio between 
100 gm and H i emission, /v(100 gm)/NH, of 0.85 MJy sr-1 

(1020 H atoms)-1 cm2 (Table 4). This value is in good agree- 
ment with the calculations of Draine and Lee (1984) on the 
basis of the graphite-silicate dust model proposed by Mathis, 
Rumpl, and Nordsieck (1977). However, the same model fails 
to reproduce the /v(60 /an)//v(100 gm) color of 0.21 by a factor 
of 2. A possible explanation of this discrepancy was suggested 
by Draine and Anderson (1985): a large fraction of the 60 gm 
emission could result from temperature fluctuations in the 
smallest grains; a large contribution from small grains to the 
60 gm emission could also explain why in the infrared-H i 
correlations presented in § Illb the 60/100 gm color does not 
depend significantly on the 100 gm/NH ratio. 

The effects of temperature fluctuations on infrared spectra 
have been investigated by Draine and Anderson for several 
mixtures of graphite and silicate grains with different degrees of 
enhancement in small grains. One of their models does repro- 
duce well the observed 25/100 gm and 60/100 gm colors of the 
high-Galactic latitude spectrum, but it assumes that 19% of 
the cosmic abundance of carbon is in graphite grains smaller 
than 50 Â which is inconsistent with the average extinction 
curve of the local interstellar medium. This result suggests that 
besides the 12 gm emission a significant number of small 
grains is necessary to explain the 25 and 60 gm emission of the 
local interstellar medium; however, the nature of these small 
grains is still unclear : are they aggregates of PAHs, or are they 
made of other elements? 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
88

A
pJ

. 
. .

33
0.

 .
96

4B
 

GALACTIC DIFFUSE INFRARED EMISSION. I. 981 No. 2, 1988 

IX. SUMMARY 

The large-scale study of the infrared emission from the solar 
nieghborhood presented in this paper leads to the following 
conclusions: 

1. IRAS observations show the existence of Galactic emis- 
sion at |h| > 10° at 12, 25, 60, and 100 /un. This emission 
comes mainly from dust heated by the radiation field of the 
Galaxy, associated with atomic gas, and possibly diffuse 
ionized gas. 

2. Away from heating sources, and outside dense conden- 
sations in molecular clouds {Av > 3 mag) the 60 and 100 /mi 
emission of the nearby ISM is well correlated with the column 
density of gas on scales smaller than a few hundred parsecs; on 
larger scales, the ratio between infrared emission and gas 
column density varies significantly from one region to another. 
The variations in the infrared emission per H atom are prob- 
ably related to changes in the intensity of the ISRF. Away from 
OB associations, we find for the H i gas an average infrared- 
luminosity-to-mass-of-neutral-atomic-gas ratio of 1.9 
Lq/M© ; part of this emission could come from dust associated 
with diffuse ionized gas. 

3. From \ b\ = 20o-90° the latitude distribution of the H i 
emission, scaled by the ratio of 100 /mi to H i brightness mea- 
sured at I h I > 50°, agrees very closely with the latitude dis- 
tribution of the 100 /mi emission. We see two possible 
explanations to the fact that these two profiles differ by much 
less than the expected contribution of diffuse ionized gas: (a) 
the diffuse ionized gas is deficient in dust, (b) The distribution 
of the ionized gas is correlated with the distribution of the H i 
gas. 

4. The good correlation between infrared emission and gas 
column density implies that IRAS data can be used to study 
the distribution of molecular and atomic gas away from the 
Galactic plane, and to measure the extinction at high Galactic 
latitude. For relative measurements over angular scales smaller 
than typically 10°, the sensitivity limit at 100 /mi corresponds 
to emission from a column density of gas of a few 1019 H atoms 
cm-2 or Ay of 0.01 mag.; uncertainties on absolute measure- 
ments of Av are of the order of 0.05 mag. The median extinction 
in the polar caps (| h | > 50°) is Av = 0.10Í oiof mag- 

5. After subtraction of the Galactic and zodiacal light, we 
find at 100 /mi a residual background of 1.8 MJy sr-1; this 
number could be somewhat lower if there is any Galactic emis- 
sion from dust associated with ionized gas in the H i holes at 
high latitude (see Appendix B). This background could be of 
extragalactic origin. However, there are two other possible 
explanations for this emission: (1) the zodiacal light at high 
ecliptic latitude does not follow a cosecant law, and there is an 
error in the zero level of the zodiacal light subtraction 
(Appendix A, § IIIc); (2) the calibration of the zero level of the 
100 /mi data is uncertain by a number comparable to, or 
greater than, the measured background. 

6. On average, embedded stars have a negligible contribu- 
tion to the infrared emission of molecular clouds not associ- 
ated with H ii regions. Those clouds which account for a large 
fraction of the molecular mass in the Galaxy are mainly heated 
by the ISRF. In the solar neighborhood, they have an infrared- 
luminosity-to-mass-of-molecular-hydrogen-ratio of the order 

of 0.6 L©/M©, one-third of the value measured for the atomic 
gas. The difference between atomic and molecular gas is due to 
the optical depth of molecular clouds to ultraviolet and optical 
photons from the ISRF. 

7. A global budget of the infrared emission from the solar 
neighborhood shows that stars younger than a few 108 yr con- 
tribute for two-thirds of the infrared luminosity of dust 
although most of the infrared emission from the solar neigh- 
borhood comes from interstellar matter not associated with 
current star formation. This result is supported by a study of 
Orion which shows that the luminosity of OB associations 
spreads over large volumes of the interstellar medium. The use 
of infrared observations to measure the overall luminosity of 
star-forming regions in the Galaxy is questioned by the fact 
that a small fraction of the luminosity of young stars is locally 
converted into infrared radiation. 

8. The ratio between the overall infrared and radio- 
continuum emission from the solar neighborhood is close to 
the average value found for galaxies. Comparing infrared and 
radio-continuum data over a 30° region around Orion we find 
a value for this ratio 5 times higher than the average value of 
the solar neighborhood. This difference shows that the 
infrared-radio-continuum correlation observed among gal- 
axies breaks down on the scale of a few hundred parsecs 
around regions of star formation. 

9. On average, at | h | > 10° we find that the emission in the 
7-35 /mi band accounts for 40% of the emission of interstellar 
dust shortward of 120 /mi and 25% of the stellar energy 
absorbed by dust. Since large grains heated by the local ISRF 
have an equilibrium temperature much too low to account for 
any significant emission in this range of wavelengths, this result 
demonstrates that grains small enough to be transiently heated 
to temperatures of several hundred degrees when they absorb a 
single photon, are a pervasive component of interstellar dust. 
Assuming that the 12 /mi emission comes from polycyclic aro- 
matic hydrocarbons, we find that these molecules account for 
~ 15% of the cosmic abundance of carbon. A larger number of 
large molecules or small grains is necessary to explain the 
25 /mi emission, and possibly about half of the 60 /mi emission 
from the interstellar medium. 
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APPENDIX A 

ZODIACAL LIGHT SUBTRACTION 

I. INTRODUCTION 
An accurate separation of the Galactic and zodiacal components of the infrared emission is necessary to use the IRAS data to 

study the zodiacal light at long wavelengths and the emission of Galactic objects on large angular scales. At 12 and 25 /an the 
zodiacal light dominates the observed emission and must be subtracted with a high accuracy to observe weak residuals associated 
with Galactic sources; at 100 /an, and to a lesser extent at 60 /an, the Galactic contribution represents a significant fraction of the 
emission oyer the whole sky, and the Galactic component needs to be modeled to measure the zodiacal contribution (see Table 6 for 
a quantitative comparison of Galactic and zodiacal emission). A method of separating zodiacal and Galactic contributions, based 
on a limited set of assumptions is presented here. This method is described in a general way in § II of this Appendix; its 
implementation is outlined in § III. Uncertainties in the zodiacal light subtraction are discussed in § IV. 

II. MODEL OF ZODIACAL EMISSION 
The zodiacal emission depends both on the direction of observation and its position with respect to the Sun. If we study 

separately scans for which the ecliptic latitude increases and decreases with time (respectively, ascending and descending scans), the 
zodiacal emission can be written as a function of three variables: the time of observation i, the elongation of the scan e (angle 
between the direction of observation and the Sun), and the ecliptic latitude ß. We assume that the zodiacal light varies smoothly 
with time and elongation. Then, within a reasonable range of elongation and time, the zodiacal emission at a given ecliptic latitude 
can be approximated by a linear function of time and elongation ; by averaging IRAS measurements within this range of elongation 
and time, we get 

<DATA> = <ZE> 4- <GAL> = ZE«e>, <i>, ß) + <GAL> . (Al) 

In order to derive the zodiacal emission from this equation, we need to be able to estimate or neglect the Galactic term. Within a 
given range of elongation and time, IRAS observed at a given ecliptic latitude a wide segment of positions in the Galaxy. As we do 
not need to average together all measurements within the range of elongation and time, we have the possibility of selecting the lines 
of sight in the Galaxy which get used to measure the zodiacal light. The comparison of infrared and H i data at high Galactic 
latitude shows that outside molecular clouds the 60 and 100 /mi emission are well correlated with the H i emission integrated in 
velocity. For averaging, we use only positions where the 60 and 100 /¿m emission are correlated with the H i emission; this sleection 
criterion enables us to make use of the H i data to compute the Galactic term in the right-hand side of equation (Al). At 12 and 25 
jLim, the weakness of the Galactic emission with respect to the zodiacal emission prevents the study of the correlation between 
infrared and H i emission, independently of the subtraction of the zodiacal light. Therefore, we simply assume that above some 
Galactic latitude and outside strong sources the Galactic emission is negligible. The identification of regions where infrared and H i 
emission are correlated, and the localization of strong point sources is done through an iterative procedure. To compute the first 
model of the zodiacal light we exclude all measurements close to the Galactic plane; the results of the first subtraction are then used 
to localize in a systematic way point sources and regions of bad correlation between infrared and H i emission which can be 
excluded from the data averaging for the computation of the second model. This process can be iterated as many times as necessary. 

III. IMPLEMENTATION 
The method described in § II of this Appendix can be implemented in different ways and the options taken here are not 

necessarily optimal. 

a) Data Averaging 
The IRAS data taken from the Zodiacal History File (IRAS Explanatory Supplement 1985) were averaged in intervals of 5° in 

elongation, and 50 days in time centered every 2?5 and 25 days. At the first iteration, all data points within 25° of the Galactic plane 
or in the Magellanic clouds are excluded from the averaging process. For the second iteration we excluded data points for which the 
12 pm emission after zodiacal light subtraction is larger than 1.5 MJy sr_1 and those where the 100 pm after subtraction of the 
zodiacal light and the emission associated with the H i gas was larger than 8 MJy sr“1; for the subtraction of the emission 

TABLE 6 
Comparison of Galactic and Zodiacal Emission 

Zodiacal Light Galactic Emission 
Elongation 90° Averaged over Longitudes 

ß = 0° ß = 90° I fe I <2° fe = 90° 

12 /¿m  40. 14. 6. 0.05 
25 /mi  85. 28. 10. 0.08 
60/im  28. 7. 30. 0.2 

100/im.  10. 2. 130. 1. 

Note.—These numbers are approximate values which allow a quick estimate 
of the relative intensities of the zodiacal and Galactic emission at the different 
wavelengths of the IRAS observations. Values are in MJy sr~ ^ 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
88

A
pJ

. 
. .

33
0.

 .
96

4B
 

No. 2, 1988 GALACTIC DIFFUSE INFRARED EMISSION. I. 983 

associated with the H i gas we used a uniform /v(100 ratio of 0.8 MJy sr 1/(1020 H atoms cm 2). The 12 /¿m selection 
criterion excludes data in the direction of bright infrared stars; the 100 /mi criterion is designed to exclude regions like molecular 
clouds and H n regions where infrared and H i emission do not correlate. 

The H i emission integrated over velocities is averaged in the same way as the infrared data was, as if IRAS had a fifth set of 
detectors which had measured this integrated emission. After averaging, the amplitude of the H i emission is typically a few hundred 
K km s_1. This value implies that the Galactic term in equation (Al) is of the order of 0.1-0.2 MJy sr 1 at 12 and 25 /mi, 1 MJy sr 
at 60 /mi, and a few MJy sr ~1 at 100 /mi. The averaged H i emission is subtracted from the averaged 60 and 100 /mi emission using 
Jv(60 ¡jm)/NH and Jv(100 ratios of 0.16 and 0.8 MJy sr"1 for 1020 H atoms cm"2 sr'1. We estimate that this subtraction 
removes the Galactic emission within a few tenths MJy sr '1 at 60 /¿m and 0.5 MJy sr 1 at 100 /mi. 

b) Model of the Zodiacal Light 

The averaged data corrected for Galactic emission are used to determine the variation of the zodiacal emission with ecliptic 
latitude (zodiacal emission profile) on a grid with regular spacings in elongation and time. Due to the galaxy exclusion and a 
nonuniform distribution of scans in a given interval of elongation and time, the data-averaging process provides the zodiacal 
emission for a nonuniformly distributed set of elongations and times. To interpolate the results of the data averaging onto a 
regularly spaced grid, we used rough estimates of the local derivatives of the zodiacal emission with respect to elongation and time. 
The elongation derivative was assumed independent of time and was measured for each ecliptic latitude from a linear fit of the 
averaged data points versus elongation. After regridding in elongation, we fitted the zodiacal emission at a given elongation and 
ecliptic latitude with a cosine function of time. These fits are used to interpolate data in time. 

Each zodiacal emission profile has a missing segment corresponding to lines of sight close to the Galactic plane. Where the 
Galactic and ecliptic plane are not coincident, the missing segments in ascending and descending profiles do not overlap. Then we 
combine the two profiles to fill the missing segments. As ascending and descending profiles differ at a 5% level, it is necessary to 
adjust the two profiles before we combine them. Profiles are matched with a linear function of ecliptic latitude fitted over a limited 
set of points at the edges of the missing segment. When this method could not be used because segments of missing data in ascending 
and descending profiles coincide, the holes in the profiles were filled by interpolation in elongation or time. The missing data 
segments are the main problem of our subtraction of the zodiacal light. The technique used to fill the holes is not completely 
satisfactory, and the subtraction of the zodiacal light is significantly less accurate in the Galactic plane than at high Galactic 
latitude. 

c) Zero Level of the Zodiacal Light Model at 100 gm 
In writing equation (Al) we implicitly assumed that there is no significant contribution from an isotropic background in the IRAS 

data. Within this assumption, if any such background exists it will be subtracted from the data with the zodiacal light. As we want to 
discuss the possible existence of an extragalactic background at 100 /un, we calibrated the zero level of the 100 gm zodiacal light 
independently of this assumption. From the Zodiacal History File (IRAS Explanatory Supplement 1985) we selected all measure- 
ments with a solar elongation in the range 890-91° at ecliptic latitudes larger than 30°, absolute Galactic latitudes larger than 25°, 
and in directions where the integrated H i emission in the survey of Stark et al. (1987) is lower than 200 K km s 1. The points we 
selected are clustered in two time intervals of a few days. For both time intervals, the 100 gm data points are well fitted by the 
following relation : 

7V(100 gm) = (2.15 ± 0.15)| sin(/?)| + 3.3 MJy sr"1 

If we assume that the zodiacal light follows at high ecliptic light a cosecant law, this relation implies that the value of the 100 gm 
zodiacal light at the north ecliptic pole is 2.15 ± 0.15 MJy sr " \ We calibrated the zero level of our 100 gm model using this value. 

d) Subtraction of the Zodiacal Emission 
The relative calibration of the gain and the zero level is generally consistent from scan to scan within a few percent. At 12 and 

25 gm, these small differences in the calibration need to be corrected because their amplitude is comparable to the Galactic emission 
we want to measure; we corrected for differences in gain and offset by fitting the zodiacal emission as a lower envelope to the scan. 
Positions within 15° of the Galactic plane were not used to derive the fit coefficients. No gain and offset corrections were applied to 
the 60 and 100 gm data. The 100 gm profiles of zodiacal emission which are significantly distorted by Galactic residuals were not 
used to subtract the zodiacal light from the 100 gm data; we achieved a more accurate subtraction by using the 60 gm profiles 
scaled by a color ratio /v(60 /zm)//v(100 gm) of 0.371. The zodiacal light along a given scan is computed from the zodiacal emission 
profiles by linear interpolation in time, elongation, and ecliptic latitude. After subtraction of the zodiacal light, scans are projected 
onto on all-sky map of the Galactic emission with a resolution of the order of 0?5. Only scans from the two first coverages of the 
survey (hours confirmation 1 and 2) were used ; scans shorter than 50° or with elongations smaller than 81 or larger than 99 were 
discarded. Few scans for which the 25 gm data did not correlate well with the zodiacal light (correlation coefficient smaller than 
0.96) were also discarded at all wavelengths. 

IV. RESULTS 

The quality of the subtraction of the zodiacal light was assessed by studying residuals in the polar caps ( | b | > 50°). Around the 
Galactic poles the 12 and 25 gm residuals are dominated by errors in the subtraction of the zodiacal light. Therefore, the dispersion 
of these residuals, 0.11 and 0.18 MJy sr“1 at 12 and 25 gm, respectively, represents a good estimate of the accuracy of the 
subtraction of the zodiacal light away from the Galactic plane; the dispersion corresponds to a few tenths of a percent of the 
zodiacal emission in the ecliptic plane for an elongation of 90°. Close to the Galactic plane the subtraction is less accurate; errors 
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can be as large as 1 and 2 MJy sr-1 at 12 and 25 /mi, respectively. To build the zodiacal model, we assumed that the Galactic 
contribution to the 12 and 25 /mi emission at high latitude is negligible with respect to the zodiacal light. This assumption explains 
why the cosecant law observed at latitudes smaller than 30° does not extend to the poles. This systematic error adds up to the 
statistical error given earlier. In the polar caps, the dispersion around the 60 /mi-H i correlation is 0.4 MJy sr " ^ As the correlation 
between infrared and H i emission is not necessarily perfect, this number is an upper limit to errors in the subtraction of the zodiacal 
light at 60 /mi; scaling this number by the Jv(60 /mi)//v(100 /mi) ratio of 0.37 used in subtracting the zodiacal light at 100 /mi we get 
an upper limit of 0.15 MJy sr-1 at 100 /mi. However, the assumption of a constant color ratio independent of elongation and 
ecliptic latitude is an additional source of error. By comparing the 100 /mi profiles of zodiacal emission derived from the data 
averaging with the 60 /mi profiles scaled by the color ratio of 0.371, we estimated that the additional error is of the order of 0.3 MJy 
sr_|. Taking into account the different sources of errors we estimate that at high Galactic latitude the subtraction of the 100 /mi 
zodiacal light is accurate to 0.5 MJy sr “1. 

APPENDIX B 

RESIDUAL BACKGROUND AT 100 MICRONS 

Figure 5 shows that the 100 /mi and H i emission are well correlated over the polar caps ( | h | > 50°); a linear regression to the 
data points in each plot gave a nonzero intercept of 1.8 ± 0.3 MJy sr-1. Linear least-square fits computed separately for the 
northern and southern polar caps lead to similar values for the intercept, which suggests that this residual emission is isotropic. For 
an emissivity similar to that for the H i gas we expect the 100 /mi emission from ionized gas to be of the order of 0.6 MJy sr-1 on 
average over the polar caps. Then, if there is as much ionized gas in the holes of H i emission as on average at high latitude the 
residual background is only 1.2 MJy sr-1. This background could be of extragalactic origin (Rowan-Robinson 1986). However, 
there are two other possible explanations for this emission : 

1. The zodiacal light at high ecliptic latitude does not follow a cosecant law, and there is an error in the zero level of the zodiacal 
light subtraction (see § IIIc of Appendix A). 

2. The calibration of the zero level of the 100 /mi data described in Hauser et al (1984) and the Supplement is uncertain by a 
number comparable to, or greater than, the measured background. 

APPENDIX C 

THE ORION REGION 

This Appendix presents data on the luminosity of the Orion OB association, and the interstellar matter in the Orion region, used 
in § Vlb, of the main body of this Paper. An average distance of 500 pc is used for all objects in Orion. 

On the basis of the stellar catalog of Humphreys (1978), we estimate the total luminosity of stars earlier than B0.5(M± > 18 M0), 
belonging to the Orion OBI association, to be 2.7 x 106 L© ; ionizing photons account for roughly 10% of this luminosity. To 
measure the contribution of less massive stars we assume that star formation following a standard initial mass function (IMF) with 
an upper mass cutoff of 40 M© (05 star), has been going on in Orion for ~ 107 yr, the estimated age of the oldest subassociation 
(Blaauw 1964). Using the IMF given in § IV and the calculation presented in Figure 10, we find that the luminosity of stars later 
than B0.5 (M* < 18 M©) is roughly equal to the luminosity of the more massive stars; thus, we assign a total luminosity of 5 x 106 

L© to the Orion OBI association. A sphere of 300 pc diameter (30° at the distance of Orion), centered on the Trapezium cluster will 
include most stars in the association; the OB association maintains in this volume an average density of radiation, 

u = 3L/(c4nR2) = 0.44 eV cm-3 , 

comparable to the average density of radiation in the solar neighborhood, u = 0.42 eV cm-3 for the ISRF tabulated by Mathis, 
Mezger, and Panagia (1983). However, the radiation of the OB association which is mainly ultraviolet photons is more efficient in 
heating the dust than the ISRF. 

The 300 pc sphere around the Trapezium includes all of the molecular clouds observed in GO by Maddalena et al (1986) apart 
from Monoceros R2, the Southern Filament, NGC 2149, and LDN 1653, 4, 5, 6; the total mass of these clouds is 2.4 x 105 M©. 
Using an H i surface density of 5 M© pc-2 and the z distribution of Lockman (1984), we computed that the average density of H i in 
a 300 pc sphere centered at z = 160 pc (Trapezium) is 0.25 cm-3. For this density, the total mass of H i in the sphere is 9 x 104M©. 
However, the H i surveys show a clear excess of H i emission in the Orion region compared to the average Galactic latitude profile; 
Gordon (1971) estimated this excess to 7 x 104 M©, such that the total mass of atomic gas in the 300 pc sphere is 1.6 x 105 M©. 
Finally, we are led to the following picture of the Orion region. The OB association with a luminosity of 5 x 106 L© is the main 
source of radiation over a sphere of 300 pc diameter containing 4 x 105 M© of gas out of which 60% is molecular. 

The infrared luminosity of the molecular clouds and associated H n regions is 1 x 106L© ; 60% of this luminosity comes from the 
Orion A and B nebulae alone (Boulanger et al. 1988b). The results of the infrared-H i correlation in Orion (§ IIIc) give for the Orion 
region a LlR/MH of 2.5 LQ/MQ ; using this number we estimate the infrared luminosity of the atomic gas to be 4 x 105 L©. The total 
infrared luminosity of the Orion region, 1.4 x 106 L© represents only 20% of the luminosity of the OB association. The ratio 
between infrared luminosity and mass of gas is for the whole sphere 3.6 L©/M©, a number slightly higher than the one derived for 
the H i gas alone. Reich (1978) estimated the total thermal radio-continuum flux density of Orion to be 1115 ± 140 Jy at 21 cm 
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(~400 Jy for Orion A, 110 Jy for Orion B, 185 Jy for A Orionis, and 420 Jy for the Barnard Loop). Comparing this thermal flux with 
the infrared emission, we get an infrared emission of 15 for the whole 300 pc sphere, and 11 if we only take into account the infrared 
emission from molecular clouds and H n regions. The radio flux implies that the number of Lyman-continuum photons absorbed 
by hydrogen atoms is 2.2 x 1049 s-1; from the stellar catalog of Humphreys (1978) we estimate the total production rate of 
Lyman-continuum photons to be 3.7 x 1049 s_1. 
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