Astron. Astrophys. 333, 709-720 (1998) ASTRONOMY
AND
ASTROPHYSICS

The interstellar cold dust observed by COBE

G. Lagaché, A. Abergel', F. Boulanger', and J.-L. Puget
Institut d’Astrophysique Spatiale,@. 121, Univers# Paris XI, F-91405 Orsay Cedex, France

Received 3 June 1997 / Accepted 1 December 1997

Abstract. Using DIRBE and FIRAS maps at high latitudeKriigel 1992 and Dwek et al. 1997) have proposed a consistent
(6] > 10°) we derive the spatial distribution of the dust tempemterpretation of both the infrared emission in diffuse HI clouds
ature associated with the diffuse cirrus and the dense molecuaad the interstellar extinction curve using a model with three
clouds. For a2 emissivity law, we find that the equilibrium components: PAHs (Policyclic Aromatic Hydrocarbons), very
dust temperature of the cirrus is about 17.5 K with only smaimall grains (VSGs) and large grains. PAHs and VSGs are small
variations over the high latitude sky. Comparison of the far I@nough ¢ < 10 nm) to experience significant temperature fluc-
frared DIRBE maps shows the presence of a colder emisstaations after photon absorption. They emit over a wide range
component with a temperature around 15 K, assuming a of temperatures and dominate the emission\fer 60 m. The
emissivity law. The lowest values of the temperature found iarge grain component is the more traditional dust component
the cold regions+ 13 K) are compatible with the results re-historically inferred from optical studies. These grains are in
cently obtained for dense cores in star forming regions by thquilibrium with the incident radiation field with a temperature
balloon-borne experiment SPM-PRONAOS (Ristorcelli et alof about 17 K in the diffuse atomic medium. The large spatial
1996, in prep., Serraetal., 1997). This cold componentis in paariations of the infrared spectrum over the wavelenghts range
ticular present in the direction of known molecular complexd® — 100 um have been interpreted as changes in the abundance
with low star forming activity such as Taurus. The associatiaf small grains (Boulanger et al. 1990, Bernard et al. 1993).

between the cold component and molecular clouds is further with the DIRBE (Diffuse InfraRed Background Experi-
demonstrated by the fact that all sky pixels with significant coha\em) and FIRAS (Far InfraRed Absolute Spectrophotome-
emission have an excess IR emission with respect to the hfgk) instruments on board the COsmic Background Explorer
latitude IR/HI correlation. We have deduced a threshold vaIg@C)BE) satellite, we have a measure of the whole emission
of the column density, N;=2.510*" H cm?, below which spectrum of the interstellar dust from the near infrared to mil-
cold dust is not detected within the FIRAS beam~ofi®. We  |imeter wavelengths. The mean Far Infrared (FIR) and submil-
have re-examined the problem of the existence of a very cileter (submm) spectrum of the whole Galaxy was first derived
dust component( ~ 7 K) by combining DIRBE maps of the py wright et al. (1991) using the FIRAS data. They showed that
cold emission with FIRAS spectra, corrected for the isotropjgig spectrum can be fitted by a single temperature component
component found in Puget et al. (1996). The warm and cajgith an emissivity indexd) equal to 1.65 (T=23.3 K) or by a
component deduced from the analysis of DIRBE maps accoyfb temperature model assuming2 (1;=20.4 K andl,=4.77
for the Galactic FIRAS Spectra with no need for a very COIQ), with a Statistica”y better agreement for the two compo-
component{’ ~ 7 K). nent model. More recently, Reach et al. (1995) have followed
this analysis by performing a spectral decomposition of the FI-
Key words: ISM: clouds, dust, extinction, structure, general RAS data for 146 bins over the whole sky. They have identified
infrared: ISM: continuum — radio continuum: ISM a very cold Galactic component (4-7 K) correlated with the
warm component (16-21 K). The correlation strongly suggests
a Galactic origin for the very cold component. The presence of
1. Introduction such a component questioned our understanding of the physics
fsr[he FIR Galactic emitters. Only clouds with a central ex-

Much h nlearn hmiinfhinrnro[b. i "
uch has beenlearned aboutthe emission of the interstella Inction A, higher than a few tens could sufficiently attenuate

from IRAS observations. To account for the Galactic ener . S . . -
. : ; o QP{ heating rate for classical interstellar grains (graphite or sili-
emitted in the near to far infrared, it is necessary to have a broagi . o
e). Such high extinction corresponds to very dense molecular

T . ca
dust size distribution from large grains down to large moleculeg. . - .

For example, Bsert et al. (19%0%I (see also Draineg& Anderso(rﬁloUds whlch.arg not ubiquitousin th(_a Ga'?‘xy- Th_e presence ofa
1985, Puget et al. 1985, Weiland et al. 1986 Siebenmorgenv‘iry cold emission component outside high extinction regions
' ' ' ' ' would thus demonstrate the existence of a yet unknown dust

Send offprint requests 6. Lagache component (e.g. needle-like or fractal grains, or very large par-
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ticles) and/or a departure fromed power-law emissivity due low frequency band (2.2 to 20 cmh) was designed to study

for example to a submm spectral feature. However, the Realle CMB and the high frequency band (20 to 96¢into mea-

et al. (1995) analysis is based on total power FIRAS spectiare the dust emission spectrum in the Galaxy. We use the so-
which could include a non-Galactic emission component. Usalled LLSS (Left Low Short Slow) and RHSS (Right High
ing HI data in addition to FIRAS spectra, Puget et al. (199&hort Slow) data which cover the low and high frequency bands
have found, in the residual emission after the removal of thespectively (see the FIRAS explanatory supplement).

HI correlated emission, an isotropic component which cou_ld Since in our study we combine the FIRAS and DIRBE data
be the Cosmic Far Infrared BackgRound (CFIBR) due to digg 140 ane40 pm, we have first to check their consistency. For
tant galaxies. Atb| > 40°, at least one third of the emisSiONy ot we convolve the FIRAS spectra inside the two DIRBE
at 500 um comes from the isotropic component which should,, < At 140 and40 um and the DIRBE data (at 140 and
strongly contaminate the analysis of faint regions of Reach et 0 um) with the FIRAS Point Spread Function (PSF). The
(1995). However, _this isotropic component cannot explain BESE is not precisely known for all wavelengths, so we use the
observed correlation between the warm and very cold opti proximation suggested by Mather (private communication)
depths. _ of a7° diameter circle convolved with a line 8f length per-
Boulanger etal. (1996) and Dwek etal. (1997) have derivedl , jicyjar to the ecliptic plane (Mather et al. 1986). The pixel

the emission spectrum of dust using the spatial correlationygf iy e correlation shows that the difference of responsivity
the FIRAS data with Galactic templates. This spectrum is IBatween the two instruments-is). 1% at 140 um and~1% at
sensitive to any isotropic terms (as the CFIBR). The spectr

of Dwek et al. was obtained by deriving the slope of fli&) vs . ) o
1(100 yum) correlation diagrams at high latitude. Boulanger et Before studying the Galactic emission, we have subtracted
al. have used the correlation between the FIR and HI 21cm enifi¢ CMB and its dipole emission from the FIRAS data using
sion to estimate the spectrum of dust associated with HI gt parameters given by Mather et al. (1994) and Fixsen et al.
Both spectra are very well-fitted by a single modified Pland#994). To remove the interplanetary dust emission, we con-
curve with av? emissivity law and a temperature of 17.5 kSider the25 um map as a spatial template for the interplanetary
No significant very cold component is detected in the diffugtst emission. For the 60 and0 4m maps, we use the zodia-
medium at high latitude. cal emission ratios given by Boulanger et al. (1996). At longer
In this paper, we present a statistical analysis of the disgvelength, Werfollow Reach et al. (1995) by taking a zodiacal
temperature in the nearby interstellar medium sedrj at 10°, SPectruml,, « Ve
using DIRBE and FIRAS data. We show that the dust in molec- To analyse the Galactic emission, it is necessary to choose
ular clouds is colder than in diffuse atomic gas and argue thageference zero emission level because the sky brightness may
the detection of very cold dust is due to the combined emigontain an isotropic component (Puget et al. 1996). Following
sion of the isotropic background and cold molecular clouds. Puget et al., we choose as a reference the extrapolated value for
Sect. 2, we present the data we have used. The map of the l2ig® HI column density of the FIR-HI correlation. We found an
grain temperature is derived and analysed in Sect. 3. The DIRBkrapolated emission of 0.65 MJy/sr and 0.56 MJy/sr for the
data at\ > 60..m allow us to build the maps of the excess abIRBE 240 and 40 »m data (convolved with the FIRAS PSF).
the FIR/60um correlation (Sect. 4a). These excess maps trathese values are lower than the minimum emission measured
the cold molecular clouds (Sect. 4b-c) and thus correspondiahe maps (equal t.70 == 0.07 and1.67 == 0.1 MJy/sr at 240
the cold component of the dust emission. The cold maps, coamd 140 m respectively), which shows that all DIRBE pixels
bined with FIRAS spectra, point out the significant differencgt 7° resolution) contain a significant Galactic contribution.
in the dust temperatures in the atomic and molecular parts of ths the analysis of the large grain temperatures, in Sect. 3, we
ISM in the whole sky (Sect. 5.1). The FIRAS residual emissiafubtract from the DIRBE data at 240 aht) 4m 0.65 and 0.56
is discussed in Sect. 5.2. A general discussion is presenteqill/sr respectively. From the FIRAS data, we subtract the zero
Sect. 6. HI column density spectrum of Puget et al. (1996) smoothed
to the resolution of 5.7 cm'. It is important to check that the
reference flux is consistent between DIRBE and FIRAS. For
this, we compare the DIRBE and FIRAS data at high Galactic
DIRBE is a photometer with ten bands covering the range frdatitude a240 ym and find an offset (DIRBE)-I(FIRAS) equal
1.25 to 240 um with 40 arcmin resolution (Silverberg et al.to -0.15 MJy/sr. The DIRBE reference zero emission level at
1993). We restrict our analysis 20> 60 um because our study 240 um corrected for this difference is in perfect agreement
is focused on the large grain emission of the ISM. We use annusth the residual spectrum of Puget et al. (1996). The brightness
averaged maps because they have a higher signal to noise raloes subtracted from the DIRBE data should not be used as
than maps interpolated at the solar elongatiof@5f (see the an estimate of the CFIBR since it may contain some Galactic
DIRBE explanatory supplement). emission that is associated with the diffuse ionised gas. These
The FIRAS instrument is a polarising Michelson interferbrightness values are lower than the upper limits on the CFIBR
ometer with7° resolution and two separate bands which havga.76 and 2.66 MJy/sr at 240 and0 um respectively) derived
fixed spectral resolution of 0.57 crh (Fixsen et al. 1994). The by Hauser (1995).

pam.

2. Data presentation and preparation



G. Lagache et al.: The interstellar cold dust observed by COBE 711

90

45

—45

Fig. 1. Temperature map of the large grain
dust component computed from the DIRBE
maps at 240 ant40 pm convolved with the
180 90 0 -90 —180  FIRAS PSF (in Galactic coordinates).

—90

24 al. 1990, Sodroski et al. 1994, Laureijs et al., 1996) and (2) the

reference zero emission level is difficult to evaluate because of
the residual zodiacal emission.

Fig. 1 shows the temperature map. Uncertainties are about
5 mK for |b| < 10°, 50 mK for10° < |b| < 30° and 300 mK
at higher Galactic latitudes. These errors are estimated using

——
* Ophiucus |
1 uncertainties in the DIRBE® flux obtained by convolving the

X o Taurus

A LMC
x Orion

22

20

rms40’ DIRBE maps with the FIRAS PSF.

Most of the variations visible on Fig. 1 are real. Star forming
molecular regions (e.g. Orion and Ophiucus) have a higher tem-
perature due to dust heated by embedded young stars, while the
temperature of clouds forming low mass stars is lower (Taurus,

L S S S S N part of Cygnus, Chamaeleon, Polaris...). Cold spots in the south

~50 0 50 and north polar caps are not significant since they correspond

Galactic latitude to regions with very low emission in the 140 a2wl) ym maps.

Fig. 2. Temperature of the large grains (see Fig. 1) as a function %Pts along. th_e Galaqtlc plane conflrm th,e decrease of the te'm-
the Galactic latitude. Pixels containing known complexes are identifiBgrature W't_h increasing galactocentric distance already studied
using different symbols: Taurus, Auriga and PerseysQrion (x), Py Sodroski etal. (1994).
Large Magellanic Cloud4), Ophiucus¢) The scatter diagram presented in Fig. 2 does not show any
systematic variation of the temperatures with the Galactic lati-
tude, which suggests arelatively constant InterStellar Radiation
Field (ISRF) on large angular scales. At smaller scale3<),
temperature variations at high latitudes (outside large molec-
In this section, to study the spatial variations of the temperatutéar complexes) indicate a variation of the ISRF smaller than
we assume that each individual spectrum can be representedD%.
as a single modified Planck curve withvd emissivity law. It is also possible to build a map of large grain temperature
Obviously the hypothesis of a single temperature is not validth the FIRAS data by fitting each spectrum with a modified
in molecular regions and near the Galactic plane where seved?knck curve. The signal to noise ratio of individual spectra is
clouds with different temperatures overlap. The temperatured@# and temperature uncertainties are typically two times higher
large grains are computed from the ratio of DIRBE emissionstaan the DIRBE ones. However, differences of temperatures
240 andl40 pm (taking into account the bandpass) at the FIRA@btained from these two independent datasets are within the
resolution. The very cold componefit 5 K) if it exists does uncertainties.
not significantly contribute to these bands. We have not used the The ISM is known to contain structures over a very wide
DIRBE data at shorter wavelengths (60 ard m) since (1) range of scales with inhomogeneous physical conditions. Tem-
small grains contribute significantly to the emissiore@Brt et peratures presented in Fig. 1 correspond to values averaged

3. Large grain temperature maps
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Fig. 3. Large grain temperature mapas°
~90 resolution computed from the DIRBE maps

at 240 and 40 ym without any convolution
180 90 0 -90 —180  (in Galactic coordinates)

along the lines of sight and within th&® FIRAS beam. For ThelIp (M) vs Ip(60) correlation diagrams (used to derive
pixels with a high signal to noise ratio (especiallyiat< 30°), R(\,60)) present a high dispersion due to real color variations
the DIRBE data without any convolution allow the visualisatioacross the sky (due to temperature effects and/or abundance
of spatial variations of the temperatures at a resolution of 4@riations). However, the signal to noise ratio and the angular
(Fig. 3). For the Taurus, Auriga and Perseus (TAP) region, thesolution of DIRBE data do not allow a proper determination of
12CO (J = 0 — 1) integrated emission map obtained by Unthe spatial variations a&(, 60) over the whole sky. Therefore,
gerechts & Thaddeus (1987) at a resolutiof).6f is compared we have decided to work with averaged values estimated by eye-
in Figs. 4a-b to the temperature map at the DIRBE resolutiditting the, (\) vs I (60) correlation diagrams for all pixels at
(projected upon thé?CO grid). We see that, within this field, |s| > 20° and|3| > 20°, outside known molecular complexes
there are significant temperature variations (Fig 4b). The m@Ad the Magellanic Clouds. These values are equéktd).7,
gions of cold temperatures spatially correlate with'tf@O fil- 6 + 1 and3.2 + 0.5 at 240, 140 and00 um respectively. The
aments. The highest temperature in Perseus 8h40m10.6s, error bars are due to the dispersion of the points.

0 = 31d58m7.9s) corresponds to the IC 348 HiIl region (also

known as the Per OB2 cloud). Using these three color ratios, we can also compute

R(140,100) and R(240,100) (see Table 1). They are remarkably
close to the slope of th&, (\) vs I (100) correlation diagrams
4. Cold emission maps in Dwek et al. (1997). The discrepancy observed for R(100,60)
is due to the fact that we do not study the same part of the sky
4.1. Maps of FIR excess with respect to the:60emission (|b] > 30° and|B| > 40° for Dwek et al.). With the same data

. . pgints as ours and the same data preparation as Dwek, a value of
Studies based on IRAS images have revealed, for dense clo . . o N
sharp increases df,(100) without any counterpart of, (60) %%is obtained (Arendt, private communication), which is very

. L cJose to our value of 3.2. Our color ratios differ significantly
(Laureijs et al. 1991 and Abergel et al. 1994). It is |Ilustratef#Orn those of Boulanger et al. (1996), especially R(240,100).

for the TAP region Figs. 4c-d. Image of the component (.Jf th\ﬁ}le have checked that these differences cannot be accounted
dust emission in excess at 10t (Fig. 4e) is computed using

1, (100)cmecns=1,, (100)-1,,(60)x R(100, 60), where R(100,60) for by the fact that we do not study the same part of the sky.

is the T, (100)/1, (60) ratio assumed constant for the neighThe color ratios depend on which map is used as independent

) AR L variable for the correlation (HI for Boulanger et al)0 pm for
bouring emission ("cirrus” component). The emission in exce

has been found to be correlated with the emission of dense gfa\{\:/se'( etal. andi0 s in the present study).

in 1*CO. In this section, we extend the IRAS excess component We have used our estimatesRf), 60) (given in Table 1) to
analysis to longer wavelenghts using the DIRBE data. compute the excess component maps at 100, 14@4hdm.

Let Ip(A) (A = 100,140,240 um) be the DIRBE emis- These maps still contain a zodiacal residual emission (mainly
sion at 100, 140 an@40 um respectively, and R(60) the comingfrom the0 ;m map) visible onlarge scale. Itis difficult
I,(\)/I,(60) flux ratio observed in "cirrus” clouds. The ex-to produce all sky maps so we decide to concentrate our study
cess maps are computed at each wavelength according toathdocal features. Low frequency structures in excess maps are
relationshipp (A)ezcess = Ip(A) — R(A, 60) * Ip(60). removed using &1°x21° median filter. The filtering also cor-
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Fig. 4a—f. Taurus, Perseus and
Auriga region: a CO J=0-1
integrated emission from Un-
gerechts & Thaddeus (198%)
large graintemperature map (the
same as Fig. 3 projected on
the CO grid)c 60 ym and d
100 pm emission. Cold compo-
nent of the dust emission at 100
e and240 pm f corresponds to
bright features. They are due to
asharpincrease @f,(100) and
Ip(240) without any counter-
part of Ip(60). These features
are very well correlated with the
CO emission, confirming that,
in this region, molecular emit-
ting regions coincide with cold
regions (Abergel et al. 1994)
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Table 1. FIR and submm color ratios for the whole sky at high Galactic latitude

Publications R(100,60) | R(140,60)| R(240,60)| R(140,100)| R(240,100)
This paper (1) 3.24+05 6+1 4407 1.94+06 | 1.25+0.4
Dwek et al. (1997) (2) 6.25 1.93 1.28
Boulanger et al. (1996) (3 2.36 2.02

(1) Ratios are estimated via t£i6 pm emission (forb| > 20° and|3| > 20°)
(2) Ratios are estimated via th80 pm emission (forlb| > 30° and|3| > 40°)
(3) Ratios are estimated via the HI emission (fdr> 20°)

rects for the large scale variations of the color rafftis\, 60) Table 2. Temperatures of the bright filaments in the TAP region deter-
and for the isotropic contributions (as the CFIBR). mined using (1) the excess maps derived with the averaged color ratios
(Table 1 and Sect. 4.1), (2) the excess maps derived with local color

] ratios computed in the TAP region and (3) an "ON-OFF” method.
4.2. Temperature of the excess component in the Taurus,

Auriga and Perseus region RA (1950) DEC (1950) | Ti (1) T2 (2) Ts (3)

. . 04h03m33.643% 40d24m36.8% 14.6+-0.3 | 14.6+0.3| 15.3+0.6
The excess maps at 100 anth pmin the TAP region are pre-| 04 13 11.65 284312.6 12.9+0.2 | 13.0:0.2 | 13.2:0.2

sented Figs. 4 e-f. We have chosen 8 lines of sight to determing 16 15.12 |381035.1 | 14.0:0.2 | 13.9-0.2| 14.3-0.2
the temperature of the dust associated with the filaments in e34 20 20.24 | 372439.3 | 13.5:0.2| 13.3+0.3| 14.9+0.2
cess (Table 2, 7). Itis clear that these filaments correspond {4 23 41.15 |27 201.8 13.9+0.3| 13.9+0.3| 14.9£0.3
cold regions with temperatures around 13 K. 04 27 6.25 244018.0 |12.6£0.3|12.5:0.3|13.740.4
To test the effect of spatial variations from cloud to cloud {04 27 18.82 | 24227.6 | 12.5£0.2|12.4+0.2| 13.3+0.3
the color ratios RX,60), we have derived the temperatures usint_?4 359.36 26144.6 13.240.3]13.0£0.2| 13.540.2
excess maps computed with local color ratios derived in the
vincinity of the TAP region: R(240,60)=8, R(140,60)=10 and
R(100,60)=5. The new temperatures we obtain are very clos¢-{g. 5. For example, most of the Ophiuchus complex is not
the ones determined with the averaged color ratios (Table 2, detected, since it contains several B stars and a large number
and TQ) We see that variations in the color ratios do not affe@tf embedded young stellar Objects_ We can also compare the
the determination of the temperatures by more than 0.2 K. 240,:m cold map to the map of the residuals of the IR/HI cor-
Finally, to check whether the temperature determinatioglation (Boulanger et al. 1995). All structures in the cold maps
may be biased by the GGn removal, we compute the tem-appear as positive excess in the IR/HI residuals, but the reverse
perature using an "ON-OFF” method: a background emissi@not true. Locally heated molecular clouds and ionised clouds
is estimated for each pixel of the filaments at a distance of tyre not present in Fig. 5 (as the one around the neBrbgtar
ically 3° (OFF position). This background is locally removedpica located at= 316°, b = 51°, Zagury et al., 1998).
from the emission. Temperatures derived with this method are Boulanger et al. (1996) have correlated the FIR emission
very close to the ones derived with the excess maps (Tablefldgm dust as measured by COBE at high with the 21-cm
Therefore, we conclude that all bright filaments in the exceggmission from gas as measured by the Leiden/Dwingeloo sur-
maps of the TAP region definitively correspond to cold filazey of HI (Hartmann & Burton, 1997). At all wavelenghts
ments. We will see in Sect. 5 that we can generalise this regWt> 100 m), the correlation is tight for Iy ; <5 102° Hcm~2.
for the whole sky atb| > 10°. So, in the following, the excessFor higher N;;, the data points depart from the low emission
maps are called “cold emission maps”. correlation. They interpret the change in the slope in the FIR-
HI correlation as an increasing contribution of molecular gas
for Nz larger than 510%° H cm~2. The 240 um-HI correla-
tion at the FIRAS resolution is shown in Fig. 6 fipt > 10°,
The whole sky map of the cold component2dd ym is pre- using the same HI dataset. We have surrounded all data points
sented in Fig. 5. We exclude in our analysis the regions far which the cold component is detectable (see Sect. 5.1) at
|| < 10° because of high spatial variations Bf\, 60). All 240 ym. Most of these "cold pixels” depart from the low cor-
bright features ab| > 10° are associated with large molecularelation emission (continuous line of Fig. 6 from Boulanger et
complexes: Polaris, Camelopardalis and Ursa Mdjor 80°, al., 1996) because of the increasing contribution of cold molec-
[ ~ 140°), Chamaeleonb(~ —16°, [ ~ 300°), part of Orion ular regions. The other points which also depart from the low
(b ~ —15°,1 ~ 210°) and Taurus{ ~ —20°, 1 ~ 180°) as HI column density correlation correspond to emissions coming
illustrated in more details in Figs. 4e-f. The network of brightom (1) HII regions, (2) warm molecular clouds and (3) cold
filaments at negative latitudes aroubhd- —35° and! ~ 90° molecular clouds too small to be detected as such in the FIRAS
is associated with molecular emission near the OB associatimam. The minimum HI column density for the "cold pixels” at
| Lacerta. However, not all molecular complexes are visible @0 um is 2.5102° H cm~2. We consider this value as a thresh-

4.3. Correlation of the cold component with molecular gas
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Fig. 5. Cold component of the dust emission2dl pm, Ip(240)c0ia = Ip(240) — R(240,60) * Ip(60), whereR(240, 60) is obtained by
computing the slope of th&, (240) vs Ip (60) correlation diagrams for all pixels g > 20° and|3| > 20°, outside large molecular complexes
and Magellanic Clouds (see the text). We have removed the dfifa<atl0° because of high spatial variations 8240, 60).

1 5. FIRAS spectra of the warm and cold components
© o
o © | R %O o ° | Inthis section, we combine the DIRBE and FIRAS data to ex-
G o5l o 8% G0, 0% o O | tend the study of the Galactic emission (especially the separation
N L 0oy o 0 f%%o &8, ° ° | betweenthe warm and cold components) to longer wavelenghts.
c a4t o oS IS o ® © - Thus, we work at the FIRAS resolution of.
= f i
T .
© 1 5.1. Temperature and optical depth of the cold and warm
« 2F - components
St - We convolve the cold DIRBE emission maps with the FIRAS
ol 1 PSF (#(240)co1d, 17 (140)c01q andIx(100).04)- These maps

— E— I contain the emission of the cold dust component in the FIRAS
0 o 10 > 20 25 30 beam. Even with the low FIRAS resolution, pixels for which the
Ny * 107 (em™) cold component is significant can be identified. To select these
Fig. 6. Correlation diagram between the DIRBEO um and the HI PIXels, we compute the root mean squarg)for each cold map
emissions convolved in the FIRAS beam. The data points for whidl fitting the brightness histograms by a gaussian curve. We find
the cold component is detectable2df pm are surrounded. The con-0249=0.41 MJy/sr,0140=0.54 MJy/sr andr19=0.22 MJy/sr.
tinuous line, from Boulanger et al. (1996), represents the fit to dataldte dominant sources of noise are spatial variatiofi¥ x 60).
Nx7<4.510°° H cm? We restrict our analysis tfh| > 10° and separate the data in
two sets with and without significant cold emission. The pixels
with significant cold emission are defined wiflg () co1a>30)
old for the detection of cold emission in DIRBE data convolveat 100, 140 an@40 ;m. Mean cold emissions are equal to 1.0,
in the FIRAS beam. 3.5 and 3.9 MJy/sr at 100, 140 a2d0 m respectively.
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Fig. 8.Example of the decomposition into the "cold” and "cirrus” com-
Fig. 7.Histograms of the temperatures for the "cirrus” component (copenents for one selected pixek —305.2° andb = —15.75°) located
tinuous line) and the cold component (dashed line), for pixels containthe Chamaeleon cloud. The parameters of the modified Planck curves
ing significant cold emission (see the text) are:Trpq=14.2 K, 7.01a=6.910~7 (dotted line) andlv;,rus=19.2 K,
Teirrus=5.5107% (dashed line). The solid line corresponds to the syn-

. . . L thetic total emission.
The spectra of pixels with no significant cold emissiéttf

of the sky) are fitted by a single temperature Planck curve with
av? emissivity law. The mean temperature for this set of pixels The signal to noise ratio is larger with DIRBE than with
is equal to 17.5 K with a dispersion of 2.5 K. The high dispeFIRAS data. Thus, we use the DIRBE 100, 140 a4d pym
sion comes from low signal to noise ratio of individual FIRASo0ld maps to compute the temperatiig;; and optical depth
spectra at high Galactic latitude. Therefore, we confirm that,;; of the cold component. We assume-aemissivity law
the averaged temperature of the interstellar dust in the atorsilece the emissivity indexa cannot be properly constrained.
medium is rather uniform and of about 17.5 K&&rt et al. Thisy? emissivity law corresponds to standard interstellar dust
1990, Boulanger et al. 1996). grains (Draine & Lee, 1984). The cold component has optical
For pixels with significant cold component (206 pixelslepths (normalised to 1 cm) distributed around 5.80~8 with
which represent 3% of the sky), we measure the opticaf dispersion of 4.10~® and temperatures distributed around
depth and temperature of the warm and cold components. L&tK with a dispersion of 0.8 K (Fig. 7). The coldest tempera-
Ir(X) be the intensity of the DIRBE emissions at the FIRA8Ures ¢-13 K) are located in the Taurus region. Then, we derive
resolution ] (\).us the intensity of the "cirrus” contribution spectra of the dust outside cold regions ("cirrus” component) by
(which represents the HI clouds and warm molecular envelosiptracting the cold modified Planck curve defined 'y, and
and Ir(\)e01q the intensity of the cold dust contribution. Wer..;4 from the FIRAS spectra. Finally, each "cirrus” spectrum
computel g (A) cirrus USING: is individually fitted in order to determin€.;, .. and e rys-
Ir (N cirrus = Ir(N) - Ir(N) cotd The "cirrus” component has optical depths distributed around
The temperature and optical depth of the “cirrus9.810~8 with a dispersion of 6.10~% and temperatures dis-
component Tiirrus and 7e.us) are computed using tributed around 17.8 K with a dispersion of 1.2 K (Fig. 7). These
I7(240) cirrus/ T (140) cirrus @nd assuming a? emissiv- temperatures are significantly different from the cold temper-
ity law. Then, cold component spectra are obtained Isures determined for the same set of pixels. An example of
removing the “cirrus” modified Planck curves, defined bthe decomposition in two components is shown in Fig. 8 for
Teirrus @nd 7erus, from the FIRAS spectra. Each of thes®ne pixel located in the Chamaeleon complex=(305.2° and
cold component spectra is fitted by a modified Planck curbe= —15.75°).
with a % emissivity law (theC™ line at 158 um is removed
before doing the fits). We have checked that a fredoes
not significantly decrease th¢ value of the cold component
fits. As an illustration, fits of the cold component spectrum ahe presence of very cold dust (T=4-7 K), not detectable us-
[ = —305.2° andb = —15.75° with (a) T=19 K,7 = 1.610~7, ing the DIRBE data at 140 and 240m, may be revealed on
a=1.4 and (b) T=15.25 K; = 3.910~8, a=2 give the samg? the residual FIRAS emission. We compute two residual spectra:
value of 1.26. We see that the poor signal to noise ratio dam®e for regions with detected cold emission, by removing the
not allow to constrainv. Moreover, the signal to noise ratiocirrus and cold contributions from the FIRAS spectra, and one
of individual cold spectra is too low for abodt% of them for regions with no detected cold emission, by removing only
to even determine properly the temperature and optical defite cirrus contribution from the FIRAS spectra. In Fig. 9, we
assumingv=2. present the mean emission spectra of the warm and cold com-

5.2. Residual emission
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N T ‘ ‘ Table 3. Values of the R(140,240) ratio derived in cirrus clouds and

4. \ | in cold regions with DIRBE data and computed with the model de-
o I "\H 1 velopped by Bernard et al. (1992) for the ca®el, central density
5 3 \ 4 n%=10* cm~2 and A,=1, 4, 6, 20. The value obtained byBert et al.
5 i N | (1990) in cirrus clouds (A#=0) is also reported.
£ 2H . N R(140,240)
= : '\ {1 | Cirrusclouds| 1.3+0.4
SRRt " _| [ Coldregions| 0.9+0.4
" R | A,=0 1.26
N A=1 1.1
> 0f A,=4 0.77
f 1 A,=6 0.64
—1 Ll : L A,=20 0.46
100 1000

A (um)

Fig. 9.Mean emission spectra of the warm (dashed line) and cold (d&ter av? emissivity law, the dust temperature scales as the radi-
ted line) component for regions with detected cold emission. The cation field intensity to the power 1/6 and the spatial variations
tinuous line shows the mean residual spectrum (multiplied by 5), algp temperature can be converted to variation in the radiation
for regions with detected cold emission field intensity smaller than- 30%. The cold component of the
dust emission with a temperaturel5 K is spatially correlated

ponents together with the mean residual spectrum for regiok$h large molecular complexes with low star forming activity.
with detected cold emission. The mean residue is negativeliR€ coldest temperature is 13 K. Since these temperatures
the range280 — 390 um (2% of the total mean emission) and@re averaged inside the FIRAS beam, the physical value of the
positive abovel00 um (~15% of the total mean emission atdust temperature in molecular regions can obviously be lower
600 m). We have checked that this pattern persists if we fit thBan 13 K. Such cold temperatures have also been found by the
spectra with a fixed emissivity index different than 2. balloon-borne experiment PRONAOS in several dense cores in
The residual to the one temperature fit of spectra withoB#@r forming regions with an angular resolution of 2-3.5" (Ris-
cold emission shows a similar pattern, comparable tolthe torcelli etal., 1996, in prep., Serra etal., 1997). .
positive submm excess of Dwek et al. (1997). This excess is An important question is to know whether the drop in the
typically 25 times smaller than the one detected in Reach ett@mperature is only due to the attenuation of the radiation field
(1995). It could be due to very cold dust but we have check#tithe molecular clouds or whether it also results from a change
that a temperature distribution of the Galactic components quiél-the large grain properties. If the small particles disappear
itatively reproduces the spectral shape of the residues. We hlyesticking onto large grains within dense gas, it is natural to
seen (in Sect. 5.1 and Fig. 7) that the temperature of the "¢ipeculate that the emissivities of the large grains are different.
rus”is ~ 17.5 K while the temperature of the cold regions carihe large grains could become fluffy and this will affect the
be as low as 13 K. Obviously, inside the FIRAS pixels wittPng wavelength emissivity (e.g Bazell and Dwek, 1990). The
detected cold emission, there is a range of temperature at 8BS emission at 12 an2b um is observed to drop where the
from T.yrus t0 T.0iq. Moreover, the cold regions appear to cocold emission is present, and this has been interpreted as due to
incide with molecular clouds which have a typical size smallélow abundance of PAHs and VSGs (Bernard et al., 1992). We
than the FIRAS and DIRBE beams. Therefore, pixels with rfthd here that low abundances are correlated with the drop in
detected cold emission can also contain small size molecufa@ temperatures of large grains. We derive an averaged value
clouds inducing a range of temperatures. Our residual emiss@§rR(140,240) in cirrus clouds and in cold regions using the

does not contain any detectable very cold dust. temperature histograms (Fig. 7). In Table 3 we compare these
color ratios with those determined in the Bernard et al. (1992)

model which computes with a radiative transfer code the FIR
emission of a non-homogeneous, spherically symmetric cloud
6.1. Warm and cold components with a standard dust composition. The large error bars of our

h dth linf . ¢ q estimates of R(140,240), due to the dispersion of the temperature
We have used the spectral information of DIRBE and FIRAS fPom clouds to clouds, do not allow to conclude if the drop in the

separate tf;ehdlffekz]relnt em_lssrlwonslgf the IS';/" Tfle_ pre‘f"lm'“ d"i‘é‘ﬁ]perature is only due to the attenuation of the radiation field or
emission of the whole sky in the COMESIrom "CIrTUS“CloUGg it 5150 results from a change in the large grains properties. Itis

(as defined earlier: HI clouds and warm molecular envelOpeﬁ)scessary to study in detail individual molecular clouds which

The large grain temperature in "cirrus” is relatively unn‘orrr?s_ beyond the scope of this paper which presents a statistical
and around 17.5 K (Sect. 5.1). We do not see any Syﬁem%ﬁl‘%lysis on the whole sky.
variation of the temperatures with the Galactic latitude whic '

suggests a relatively constant ISRF on very large angular scales.

6. Discussion
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Fig. 10. aMean FIRAS spectrum in the region with 30b<60° and
180°<I<27C°. b Residuals after removing a single component modi- g
fied black body withn=2. c Residuals after removing a single compo- 20 40 60 80

nent modified black body with=2 from the mean spectruna)(cor- v (em™)

rected for the reference zero emission spectrum (see Sect. 2 for ”lﬂ[fll. a Synthetic spectrum (sum of 2 modified Planck curves
details). We see that, at high latitude, more tlafi of the submm | o > & 10=15 K, 7.01q=5.310° and Toi,ru.=17.8 K
excesslf) is due to the reference zero emission spectrum. o q g L e ’

N

Teirrus=9.8 1078). b Residuals after removing a single component
modified black body witln=2 from the synthetic spectrumResidu-

als after removing a single component modified black body witR

6.2. Very cold dust in the Galaxy ? from the synthetic spectrum added of the reference zero emission spec-

um. The residual emission contains the same submm excess as the

g
The problem of th? prese_nce of a ve_ry cold com_ponent 'n_ tbﬁe shown in the Fig. 3 of Reach et al. (192bResiduals after remov-
Galaxy (T=4-7 K) is very important since a positive detectiof\g two components modified black body with2 from the synthetic

could possibly imply the existence of an unknown populatigipectrum with the reference zero emission spectrum added {T1
of Galactic grains. Moreover, a very cold dust component @f ;=1.5 107, T,=8.4 K, 1=8.15 10°®). The detection of the very

high Galactic latitude would produce a submm Galactic foreeld component at 8.4 K is an artefact due to the combination of the
ground extremely confusing for the future experiments dedield one and the reference zero emission spectrum. The fluctuations
cated to study the cosmological backgrounds. In this sectidh(b.c,d) are due to the standard deviations taken from the data (the
we compare our results with the previous studies of the subnifine as in Reach et al.).
emission of dust from balloon-borne experiments (Fischer et
al., 1995 and Masi et al., 1995) and FIRAS data (Wright et al.,
1991 and Reach et al., 1995). cold component (4-7 K) and warm component (16-21 K) are cor-
Fischer et al. and Masi et al. have detected a submm exceedated. This result strongly supports the idea that the submm
(with respect to @ modified Planck curve fit) around the staexcess due to the very cold component has a Galactic origin.
u Pegasi and in the Aries and Taurus region respectively. Theiowever, the Reach et al. analysis is based on total power FI-
results are strongly constrained by the absolute values of fRAS spectra which could include a non-Galactic emission com-
IRAS 100 um emission. However, these values are uncertaipgnent. Puget et al. (1996) have found, in the FIRAS data after
since thel00 um calibration of IRAS is known to be different the removal of the HI correlated emission, a positive residual
from that of COBE, and depend on the angular scale of sourceslission. They argued that most of this emission comes from
COBE/IRAS brightness ratio of 0.7 applies to very large scada isotropic component. At high latitudes, the presence of such
emission (Sodroski et al., 1994) but this factor is close todh isotropic component can explain the detection of very cold
for angular scales smaller thaA. Moreover, we detect a sig-emission with a two component fit (Fig. 10, to be compared to
nificant cold component with a temperature15.5 K in the Fig. 3b of Reach et al.).
FIRAS maps in both regions but no very cold dust emission. At intermediate latitudesl(° < |b] < 30°), the isotropic
We can conclude that the regions mapped by these two ballagnission becomes negligible and therefore cannot explain alone
borne experiments are not representative of the diffuse interstak very cold componentfound by Reach et al. However, we have
lar medium and contain submm excess due to cold molecudgen that most of the cold emissionl5 K) is detected using
clouds. DIRBE data in this part of the sky (Sect. 4 and Fig. 5). To check
Reach et al. (1995) have fitted FIRAS spectra, averagedahether the submm excess of Reach et al. is due to this cold
several bins over the whole sky and in the Galactic plane, wigimission, we have built a synthetic spectrum (Fig. 11a) made
two components and found that the optical depths of the verf/two modified Planck curves with temperatures and optical
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Fig. 12.Mean FIRAS spectrum in regions with significant cold emis'-:i_g' %3' Mean FIR',A‘,S spectrum in "cirrus” regiqns is shown together
sion (continuous line) is shown together with its decomposition inlyith its decomposition into the warm (dashed line) and reference zero

the warm (dashed line), cold (dashed dotted line) and reference Z%stsion (dotted line) components.
emission (dotted line) components.

association between the cold component and molecular clouds

depths equal to the averaged values found for pixels with da_further demonstrated by the fact that all sky pixels with sig-
tected cold emission (F;¢=15 K, 7 ¢01¢=5.310"%, Ty s =17. nificant cold emission have an excess IR emission with respect
K and 7 i+.s=9.81078, see Sect. 5.1). The residual emissiofP the high Iat_'IUd_e FIR/HI correlation. o .
after removing a single component modified black body show&3) The combination of DIRBE maps of the cold emission with
submm excess comparable to that found in Reach et al. (Fig.FllﬁAS spectra have pointed out the significant difference in the
b). The addition of the isotropic component to the syntheﬁSt temperature for the diffuse and dense parts of the interstel-
spectrum increases the amplitude of this excess (Fig. 11 c). .emed|2um (T distributed around 17.5 K and 15 K respectively
fit of the synthetic spectrum with two modified Planck curve‘é’Ith av*” emissivity law in b,Oth cases inside a'beam b"? .
produces a component at 8.4 K (Fig. 11d), which is an artef4d) The FIRAS spectral residues of our analy5|_s do not indicate
due to the combination of the cold component at 15 K and tR8Y detectable very cold dust (4-7 K) present in the Galaxy at
reference zero level emission spectrum. Therefore, we concldgg €ve! found by Reach et al. (1995).

that, out of the Galactic plane, the detection of very cold dusty® We conclude that the “detection” of such a very cold dust
due to the combination of the cold and isotropic componen{'g.our Galaxy is due to the presence of an isotropic background
The optical depth of the very cold component found by Reakhuget et al., 1996), together with the cold molecular clouds

is correlated to the optical depth of the warm component (Fig'éentified from DIRBE data. FIRAS spectra are very well de-
of Reach et al., 1995) since the cold molecular emissiats composed by one isotropic component and one or two Galactic

K) globally correlates with the warm emission (cirrus cloudsﬁ;.Omponents (Fig. 12 and 13).

In the 'Galactic plang, the'dete'ction of two Correlqtgd COmp/sat':knowledgemenmNewould like to thanks F.X. Bsert, J.P Bernard,
nents is due to the high diversity of physical conditions (fromntony Jones and E. Dwek for enlightening discussions. Particular

HIl regions to cold molecular clouds). thanks go to W.T. Reach for helpfull comments and discussions. G.L.
acknowledges the hospitality of the Goddard Space Flight Center in
Maryland. We are grateful to the Goddard Space Flight Center team
for introducing us to the COBE data.

We have combined the DIRBE and FIRAS data to analyse

the distribution of dust temperatures in the nearby interstelldLtarences
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