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Abstract. We present submillimetre observations obtained using the balloon-borne experiment PRONAOS/SPM, from 200 to
600 µm with an angular resolution of 2–3.5′, of a quiescent dense filament (typically AV ∼ 4) in the Taurus molecular complex.
This filament, like many other molecular clouds, presents a deficit in its IRAS I60 µm/I100 µm flux ratio in comparison with the
diffuse interstellar medium.
We show, from the combination of the PRONAOS/SPM and IRAS data, that, inside the filament, there is no evidence for
emission from the transiently heated small particles responsible for the 60 µm emission, and that the temperature of large
grains in thermal equilibrium with the radiation field is reduced in the inner parts of the filament. The temperature is as low as
12.1+0.2

−0.1 K with β = 1.9 ± 0.2 (or 12.0+0.2
−0.1 K using β = 2) toward the filament centre. These phenomena are responsible for the

IRAS colour ratio observed toward the filament.
In order to explain this cold temperature, we have developed a model for the emission from the filament using star counts from
the 2MASS catalog as an independent tracer of the total column density and a radiative transfer code. We first use the optical
properties of the dust from the standard model of Désert et al. (1990). The computed brightness profiles fail to reproduce the data
inside the filament, showing that the dust properties change inside the filament. An agreement between data and model can be
found by removing all the transiently heated particles from the densest parts of the filament, and multiplying the submillimetre
emissivity by a significant factor, 3.4+0.3

−0.7 (for typically nH > 3 ± 1 × 103 cm−3, AV > 2.1 ± 0.5).
We show that grain-grain coagulation into fluffy aggregates may occur inside the filament, explaining both the deficit of small
grain abundance and the submillimetre emissivity enhancement of the large grains.
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1. Introduction

The interstellar dust is made of several components differing
in their chemical composition, structure and size (e.g. Mathis
1990). The smallest interstellar dust particles (large aromatic
molecules and very small grains, sizes .15 nm) essentially
emitting at wavelengths below 100 µm, are transiently heated in
the interstellar radiation field (ISRF) (Sellgren et al. 1985). The
largest interstellar dust grains are in thermal equilibrium with
the radiation field. These grains emit predominantly at wave-
lengths larger than 100 µm and peak around 150 µm in the dif-
fuse medium. The observed emissivity (Boulanger et al. 1996)
is similar to the value predicted by the grain model of Draine &
Lee (1984) which constituted of a mixture of compact graphite
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and silicate grains. However, this simple description does not
take into account the spatial variations of the dust properties in
our galaxy revealed by IRAS and COBE.

IRAS data show that the colour of the dust emission in
the ISM varies from place to place within the same molecular
complex (Boulanger et al. 1990). In particular, the colour ratio
I60µm/I100µm can decrease dramatically from diffuse to molec-
ular regions (Laureijs et al. 1991; Abergel et al. 1994, 1996).
COBE data show that the dust temperature is lower (14.5 K)
in dense molecular clouds with low mass star-forming activ-
ity than in diffuse regions (Lagache et al. 1998). Unfortunately,
the physical properties of the cold dust are not well charac-
terised because of the limitations of both the IRAS and COBE
instrumentation. IRAS was limited to wavelengths shorter than
100 µm while COBE had a poor angular resolution.
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The balloon borne experiment PRONAOS/SPM (Lamarre
et al. 1994) combined a spatial resolution of 2–3.5′ with an
extended spectral coverage from 200 to 600 µm. Data from
PRONAOS/SPM combined with data from IRAS enable us
to better understand the nature of the cold dust in the ISM.
Recently, observations with PRONAOS/SPM have constrained
the dust properties in cold condensations in the Orion complex
(Ristorcelli et al. 1998) and in a cirrus cloud in the Polaris flare
(Bernard et al. 1999).

In this paper, we analyse an individual cloud in the Taurus
complex. IRAS data of this cloud present large spatial varia-
tions of the colour ratio I60 µm/I100µm. Several hypotheses have
been suggested to account for these variations (Laureijs et al.
1991; Abergel et al. 1994), e.g., a temperature decrease due
to the extinction of the incident radiation field, variations in
emissivity of grains in thermal equilibrium with the radiation
field, and variations in the abundance and/or the optical prop-
erties of Very Small Grains (VSGs). In order to distinguish be-
tween these various hypotheses and to understand the evolu-
tion of dust properties from diffuse to dense ISM, we combine
dust modelling with radiative transfer calculations to explain
the PRONAOS/SPM and IRAS observations.

The paper is organised as follows. In Sect. 2, we
present the submillimetre observations obtained using the
PRONAOS/SPM instrument. In Sect. 3, we describe the data
processing. In Sect. 4, we analyse the submilimetre and AV pro-
files of the cloud. In Sect. 5, we compare the observed emission
profiles with an emission model for the cloud. We show that
the presence of standard grains inside the filament is not com-
patible with our data and we propose non-standard dust optical
properties in order to reproduce our observations. In Sect. 6, we
discuss the presence and the optical properties of non-standard
grains inside the filament. Finally, in Sect. 7, we conclude and
summarise our results.

2. Submillimetre observations
2.1. Selection of the filament
The Taurus molecular cloud complex, at a distance of 140 pc,
is one of the nearest low mass star forming regions (Elias 1978;
Kenyon et al. 1994). The IRAS images shows a network of fil-
amentary structures, with typical widths of ∼1 pc, which in-
clude almost all star forming regions (Abergel et al. 1994).
The extended emission has an uniform IRAS colour ratio
I60 µm/I100 µm = 0.15, while the filamentary structures present
a deficit of 70–100% of this ratio (Abergel et al. 1994). The
residual emission I100

excess = Iν(100)− Iν(60)/0.15 is the IR emis-
sion excess, and emphasises the filamentary structures. It is
spatially correlated with the velocity integrated 13CO(J = 1−0)
molecular maps, indicating that the deficit of emission at 60 µm
comes from dense structures (nH > 103 cm−3). Using large-
scale DIRBE data, Lagache et al. (1998) have shown that the
dense material of the Taurus complex is colder (∼13 K) than the
diffuse medium surrounding it (∼17.5 K). This paper presents
observations of a dense filament in Taurus, centred at the po-
sition: α2000 = 4h18m50s, δ2000 = 25◦19′15′′ (Fig. 1). In the
IRAS data this filament shows a strong deficit of emission at
60 µm compared to the emission at 100 µm.

Fig. 1. 100 µm IRAS map of the Taurus filament. The white box shows
the region covered by the optical axis of PRONAOS/SPM (not includ-
ing the instrument beam size). The PRONAOS/SPM beam sizes at
each wavelength are shown by the circles in the top left corner of the
figure. The 100 µm IRAS contours are given from 11 to 23 MJy/sr
with a step of 2 MJy/sr.

Table 1. Characteristics of the PRONAOS/SPM and IRAS spectral
bands for our observation. The IRAS sensitivity is the rms noise of
the ISSA map.

Instrument λ ∆λ FWHM sensitivity
(µm) (µm) (′)

IRAS 12 6.5 3.4 0.06 MJy/sr
(ISSA) 25 11 3.8 0.1 MJy/sr

60 40 3.5 0.1 MJy/sr
100 37 4.2 0.5 MJy/sr

PRONAOS 200 60 2.0 30 MJy/sr/Hz
1
2

(SPM) 260 100 2.0 26 MJy/sr/Hz
1
2

360 200 2.5 7 MJy/sr/Hz
1
2

580 660 3.5 3 MJy/sr/Hz
1
2

2.2. PRONAOS/SPM instrument

The observations were performed with the PRONAOS ex-
periment1 (PROgramme National d’AstrOnomie Submilli-
métrique). PRONAOS was a stratospheric balloon-borne two
meter telescope devoted to submillimetre astronomy. The bal-
loon flew three times in 1994, 1996 and 1999. PRONAOS could
be pointed to a relative accuracy of 5′′ (Buisson & Durand
1990; Serra et al. 1997). The focal plane instrument SPM
(Spectro Photomètre Multibande, see Lamarre et al. 1994)
was a single beam multi-band photometer. It performed si-
multaneously measurements in four bands spanning a wave-
length range from 200 to 580 µm (Table 1). The detector sys-
tem used bolometers cooled to 0.3 K using closed cycle 3He

1 This experience was conducted by CNES, and designed and built
in a large national cooperation between CNES and various CNRS
laboratories.
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coolers (Torre & Chanin 1985) inside a liquid 4He cryostat.
This system provided an intrinsic noise-equivalent power of
about 10−15 W Hz−1/2, close to the photon noise. The atmo-
spheric residual emission was reduced using an oscillating mir-
ror, which allows beam switching on the sky. The measured
signal was the difference between the sky flux at +3′ and −3′,
at constant elevation, and along the scan direction. For this rea-
son, only emission gradients were detected. Reconstruction of
the astrophysical signal requires deconvolution from the dual
beam pattern, as is the case for ground based observations in
the submillimetre continuum (Sect. 2.4).

The photometric calibration was provided by ground mea-
surements, two in flight black bodies, and planet observations.
The final accuracy of this calibration was better than 8% abso-
lute, and better than 5% from channel to channel (Pajot et al.
2002).

2.3. Observing strategy

The Taurus cloud observations were carried out during the
second PRONAOS/SPM flight, September 23rd 1996, from
Fort Sumner, New-Mexico (USA), as part of a NSBF-NASA
launch campaign. PRONAOS/SPM was a single beam instru-
ment, therefore in order to obtain a map we have to scan the
source with an “on the fly” mode. 21 scans were performed at a
constant elevation, with a length of 50′, and a distance between
each scan of 2′′. Gondola oscillations and sky rotation during
scanning results in a map of 3′ × 50′ of the target (Fig. 1). Note
that the width of the map is slightly larger than the beam size.
Despite the gondola oscillations, which enlarge the map size,
the final position reconstruction, which is based upon stellar
sensor information (including rotation), has a relative accuracy
of ∼5′′ (Buisson & Durand 1990). The scan speed was con-
stant and equal to 36′′/s. The total duration of the observation
was 40 min.

3. Data processing

3.1. PRONAOS/SPM data

The data processing has been performed in six independent
steps, for each wavelength: (1) deglitching, (2) data averaging
and filtering, (3) subtraction of instrumental drifts, (4) deconvo-
lution, (5) calibration and (6) construction of equatorial maps.

Step 1: we have separated the signal into blocks of 50
data points. We have computed the average and the root mean
square (σ) of each block after discarding the 30% greater and
the 30% lower data points. Points above 10 sigma have been
considered as glitches and have been discarded.

Step 2: in order to reduce the high frequency noise due
to the electronic readout, we have convolved the signal with
a Hamming function computed on twenty data points (corre-
sponding to ∼40′′).

Step 3: long-term fluctuations due to atmospheric effects
and instrumental drifts have to be removed. The beam switch-
ing scanning strategy implies that the average of a scan must
be near zero if pointing errors and gradients on the sky at the
edges of the map are low, as in our case. We have computed

the median signal for every scan, and subtract a cubic spline
function fitted to these values to the signal.

Step 4: we have deconvolved each scan using a Fourier de-
convolution method (Emerson et al. 1979). Due to the decon-
volution, the absolute emission of the sky is filtered out, and the
edges of each scan are arbitrarily set to zero. The method re-
moves signal information near the modulation frequency. As a
result, artificial oscillations may appear on the deconvolved sig-
nal due to aliasing. Lower signal-to-noise ratios induce higher
oscillations. At 60 and 580 µm the oscillations are strongest
because the uncertainties are dominant.

Step 5: we have calibrated our data with two in flight black
bodies. A calibration measurement was performed just before
and after our observations. We have averaged these two obser-
vations to derive the applied calibration parameters.

Step 6: finally, we have computed the coordinates of each
data point, using the pointing information from the stellar sen-
sor and the information on the balloon oscillations. The re-
stored pointing accuracy is about 5′′ (Buisson & Durand 1990).
We have projected the data points onto the coordinate grid of
the IRAS map. Typically, we have averaged ∼60 measurement
points in one 30′′ pixel. The size of the final maps is 3′ × 50′.

3.2. IRAS and COBE data

To complement our data we have used IRAS data (ISSA maps,
Wheelock et al. 1998) and COBE/DIRBE data (ZSMA maps,
Hauser et al. 1997) of the cloud.

PRONAOS/SPM performs differential measurements,
thereby filtering out structures larger than the scan length
of 50′. In order to account for similar filtering in the IRAS
observations, we simulated PRONAOS/SPM observations on
the IRAS maps. For each measurement point, we modulated
the IRAS map in the same direction, at the same coordinate
position and with the same modulation distance as for the
PRONAOS/SPM observations. Then we deconvolved the
IRAS signal and generated maps. The oscillations in the 60 µm
IRAS profiles are induced (see below) by residual stripes on
the IRAS maps.

3.3. Submillimetre profiles

We have generated 3′ × 50′ brightness maps of the cloud at 12,
25, 60, 100, 200, 260, 360 and 580 µm. In order to maximise
the signal-to-noise ratio, we have computed profiles across the
cloud by averaging the maps in a direction parallel to the long
axis of the cloud (Fig. 2). The IRAS brightness uncertainties
have been computed from the quadratic sum of the IRAS cal-
ibration errors (10% of the signal) and the rms in a 20′ × 20′
empty field centred at α2000 = 4h14m28s, δ2000 = 26◦08′02′′
(Table 1). Figure 2 shows that no significant emission is de-
tected at 12 and 25 µm. Towards the filament centre, the signal
is less than 1 and 2 σ at 12 and 25 µm respectively. Therefore,
we will not include the 12 and 25 µm data in our analysis.

We see in Fig. 2 that the cloud is composed of a bright fil-
ament which appears on top of a large-scale surrounding enve-
lope. The filament is visible at all wavelengths except at 60 µm.
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Fig. 2. Average brightness profiles of the cloud with ±1 sigma error bars. The solid lines are the observed profiles at the angular resolution of
Table 1. The cloud emission is decomposed into the central filament and the surrounding envelope (fitted by a second order polynomial, dashed
lines). The cloud is scanned from negative to positive offsets, and with a decreasing declination (see Fig. 1).

Fig. 3. Brightness profiles of the filament after subtraction of the sur-
rounding envelope. The surface brightness is normalised to the maxi-
mum of each band and the profile resolution is degraded to 4.2′, which
is the FWHM of the IRAS 100 µm beam.

Away from the bright filament, there is no evidence for small-
scale structure in the profiles, except for the instrumental oscil-
lations (Sect. 3.1).

To compare the brightness profiles, we must have the same
resolution in each band. The IRAS beam sizes have been de-
termined on a point source near the filament (2.5◦ away from
the filament centre, α2000 = 04h29m22s, δ2000 = 24◦33′27′′).
The PRONAOS/SPM beam sizes have been measured in flight
on Saturn (Pajot et al. 2002). Table 1 presents the angular res-
olution of each band in a direction perpendicular to the long
axis of the cloud, which is the direction of the profiles pre-
sented in Fig. 2. We have degraded the resolution of all the
data to that of the 100 µm band (4.2′) by convolving the data
with Gaussian functions. Applying a χ2 minimisation method
we obtained Gaussian functions of 2.36′, 3.65′, 3.65′, 3.51′ and
2.85′ FWHM to transform the profiles at 60, 200, 260, 360 and
580 µm into that at 100 µm, respectively, with an accuracy bet-
ter than 1%.

3.4. Extinction data from star counts

We have used the 2MASS J band star catalog (Cutri et al.
2000), and applied the star count method developed by
Cambrésy (1999) to derive an AV map. We make two assump-
tions:
- All stars are located behind the cloud. This is justified
because the cloud is very close (140 pc, see Elias 1978;
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Fig. 4. IRAS map at 100 µm around the filament centre with the po-
sition of the 2MASS stars used in the star count method. The white
lines show the region observed by PRONAOS/SPM. The circles have
3.5′ and 7′ diameters.

Kenyon et al. 1994), and the comparison of the J and K magni-
tudes for the stars shows that most of the stars are redder near
the filament centre than in the outer parts.
- The stars have an uniform apparent distribution in the abs-
cence of extinction. This assumption is justified when looking
at the stellar distribution outside the filament (Fig. 4).
Following Cambrésy (1999) we use an adaptive grid with a
fixed number of 20 stars in each cell. Then a filtering method
involving a wavelet decomposition filters the noise without re-
sampling the data. The counts are corrected for the variation of
the background stellar density with galactic latitude, assuming
an exponential law for the stellar density. Finally, AJ values are
converted into AV values using AJ/AV = 0.282, from Cardelli
et al. (1989). The resulting AV map has an angular resolution
of 3.5′ at the filament centre and it increases to 0.5′ in the more
diffuse regions, where the stellar density is higher.

Afterwards, we have computed the filament extinction pro-
file. In order to obtain the lower uncertainties, we have aver-
aged the profile in 2′ × 2′ grid, except at the filament centre
(Fig. 7). The uncertainties decrease from the centre toward the
filament edges, where the density of stars increases. The final
angular resolution of the column density profile is 3.5′ at the
centre (offsets <1.75′) and 2′ elsewhere. The cell covering the
central area of the filament has an inhomogeneous distribution
of stars. Two stars are located in the centre while the rest is lo-
cated towards the edge of the cell. We therefore consider the
computed value of Av in the central 3.5′ diameter area as a
lower limit.

4. Analysis

4.1. Temperature determination

We separate the cloud emission into two components, a bright
filament and a surrounding envelope. The surrounding enve-
lope is fitted using a second order polynomial (dashed lines

in Fig. 2). The bright filament is obtained after subtraction of
the envelope emission. The resulting profiles together with the
IRAS beam profile at 100 micron are presented in Fig. 3. We
see that the filament is resolved with a width of 8′ (FWHM)
at 260 µm. The width of the filament slightly decreases with
increasing wavelength (Fig. 3). Moreover, the 100 and 200 µm
profiles present a significant excess for angular offsets of 4′–10′
(4 σ and 3 σ respectively).

The dust emission is fit by the following single modified
black body:

Ifit
λ = ε250 µm ×

(
λ

250 µm

)−β
× Bλ(Tdust)

where ε250 µm is the dust emissivity at 250 µm, β the emissivity
spectral index, and Tdust the dust temperature. The parameters
ε250 µm, β, and Tdust are obtained by minimising

χ2 =
∑

i

 Ifit
i − Iobs

i

σi


2

·

All brightness values have been colour-corrected using the ac-
tual filter transmission and a grey body spectrum of the form
Iλ = ελ0 (λ/λ0)−β × Bλ(Tdust) with β and Tdust derived iteratively
with the best fit (values in Table 3).

4.1.1. Filament

The spectrum of the brightest position of the filament is pre-
sented in Fig. 5 (Table 2). The 1σ error is the quadratic average
of the calibration error (5% of the signal for PRONAOS/SPM
and 10% for IRAS) and the rms dispersion of the scan average,
essentially due to instrumental oscillations (Sect. 3.1). The re-
sults of the fitting procedure (see above, Sect. 2.6) are given
in Table 3. The best fit is obtained for Tdust = 12.1+0.2

−0.1 K and
β = 1.9 ± 0.2. An emissivity index of β = 2 is within the error
bars. In the following, we set the value of β to 2, according to
the value proposed by Boulanger et al. (1996) for the average
submillimetre dust spectrum of the diffuse ISM.

Table 2. The spectral energy distribution of the filament at the bright-
est position measured by PRONAOS/SPM and IRAS.

λ (µm) 60 100 200 260 360 580

signal (MJy/sr) <0.15 5.8 65.9 79.9 55.2 20.4
1σ error (MJy/sr) - 1.0 4.7 4.4 3.2 1.3

The brightness profiles (Fig. 3) indicate a temperature gra-
dient across the filament from the centre toward the edges: from
12.0+0.2

−0.1 K to 14.2 ± 0.5 K (Fig. 6a).

4.1.2. Envelope

The temperature variation over the whole cloud is presented in
Fig. 6b. The decrease in Tdust toward the centre (offsets smaller
than 8′) is due to the increasing contribution of the cold dust
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Fig. 5. Spectrum at the brightest position of the filament (α2000 =

4h18m50s, δ2000 = 25◦19′15′′). The diamonds are data points. The er-
ror bars correspond to ±1 σ (Sect. 2.6.1). The solid line is our best fit
(Tdust = 12.1 K, β = 1.9), and the dashed lines are the extremal fits
(Tdust = 12.3 K, β = 1.7 and Tdust = 12.0 K, β = 2.1) compatible with
our 1 σ error bars.

Table 3. The fitting parameters of the different cloud regions. For the
envelope and the large-scale structure the spectral index β is fixed to 2.

fitted filament envelope large-
parameters scale

Tdust(K) 12.1+0.2
−0.1 12.0+0.2

−0.1 14.8 ± 0.6 16.8 ± 0.7
β 1.9 ± 0.2 2 2 2

ε250 µm × 104 34 ± 5 37 ± 2 2.9 ± 0.3 2.7 ± 0.4

located in the filament. Therefore, we can estimate the enve-
lope temperature only for offsets greater than 8′ (for negative
offsets, the signal is near zero). We determine a temperature
of 14.8 ± 0.6 K for the envelope at offsets greater than 8′. For
offsets smaller than −8′ the signals are too weak for reliable
temperature determination.

4.1.3. Large-scale structure

We now estimate the temperature of the large-scale structure
surrounding the filament (±1◦ around the filament). We use
DIRBE data at 140 and 240 µm with an angular resulution
of about one degree to derive the dust temperature outside the
PRONAOS/SPM map. We subtract from the DIRBE data the
foreground and background cirrus emission estimated using a
linear baseline. The large scale temperature outside the filament
appears constant with a value of 16.8 ± 0.7 K (Table 3). The
quoted error is the root mean square of the spatial dispersion,
and the calibration error of DIRBE (5%). This temperature is
close to that of the diffuse medium (17.5 K; Boulanger et al.
1996), indicating that the radiation field seems to be standard
outside the filament.

We conclude that we have observed significant temperature
variations from 16.8± 0.7 K outside the cloud to 12.0+0.2

−0.1 K in-
side the filament. The question is whether the attenuation of the
radiation field due to extinction is the only mechanism that can

Fig. 6. Temperature profiles across the cloud (with the 1 σ error bars),
fitted with a β value of 2. Upper panel a) Filament alone (surrounding
envelope subtracted.). Lower Lower panel b) Whole cloud (filament +
envelope). The dashed line in Fig. 5b represents T = 14.8 K, which is
the average temperature of the envelope surrounding the filament.

explain the drop in temperature. In order to answer this we have
computed the filament emission using a radiative transfer code
and a range of models for the dust optical properties (Sect. 5).

4.2. Density profile

We decompose the extinction profile into a constant large scale
component, Alarge−scale

V , and a filament component which is a
function of offset from the centre, Afilament

V (r).
The total extinction can be written:

AV (r) = Alarge−scale
V + Afilament

V (r)

Alarge−scale
V is estimated from the observed extinction at off-

sets ≥ 30′. We model the density profile inside the filament
nfilament

H (r) assuming a cylindrical geometry and a power law
density distribution (Fig. 8):

nfilament
H (r) = n0 for 0 ≤ r < rc

nfilament
H (r) = n0 ·

(
r
rc

)α
for rc ≤ r < rmax



B. Stepnik et al.: Evolution of dust properties in an interstellar filament 557

where rc is the inner radius below which the density is constant
and rmax the edge radius of the cloud.

NH(r) is converted into AV (r) using NH/AV = 1.87 ×
1021 cm−2 mag−1, from Savage & Mathis (1979). To reproduce
the angular resolution of the observed AV , we convolve with a
Gaussian. We fit n0, rc and rmax, to match the value of the AV

profile measured using a χ2 minimisation. The value of α has
been set to −2, which is expected for a self-gravitating isother-
mal cloud. Variations in α do not improve the goodness of the
fit, and have no significant influence on the computed emission.
Since AV is a lower limit for r < 1.75′ (Sect. 3.1), we have fit-
ted n0, rc and rmax for r > 1.75′, independently for the positive
and negative offset parts of the AV profile. The best AV fit is
represented in Fig. 7, the corresponding nH profile is given in
Fig. 8, and the parameters in Table 4.

Fig. 7. AV profile deduced from star counts method (Sect. 3.1) and
fitted with our density model (dotted line), see Sect. 3.2. The error bars
presented are 1 σ error bars, and the lower limits given correspond to
the central region. The vertical dotted lines delimit areas of 3.5′ of
diameter where we have only a lower limit for the extinction.

Table 4. Density profile parameters for the fitted AV profile (Fig. 7).

angular Alarge−scale
V α n0 rc rmax

offset (mag) - (H cm−3) (pc/′) (pc/′)

positive 0.5 −2 5800 0.095/2.3 1.3/32
negative 0.4 −2 5200 0.11/2.7 0.78/19

5. Modelling the observed properties
of the filament

5.1. Radiative transfer model

We have used the 3D radiative transfer code developed by
Bernard et al. (1992, 1993) and improved by Le Peintre et al.
(2002). Assuming a radiation field, a cloud geometry, dust
properties, and a density distribution, we can compute the grain

Fig. 8. The normalised density profile of the filament (nfilament
H ) is mod-

elled by a power law: nfilament
H (r) = n0 · ( r

rc
)−2. The r axis has been

normalised to rmax.

temperature distribution and the dust continuum emission of an
interstellar cloud.

We assume that the incident radiation field is isotropic. We
adopt the average interstellar radiation field (ISRF) of Mathis
et al. (1983) attenuated by the visual extinction Alarge−scale

V deter-
mined in Sect. 3.2. The filamentary shape of the cloud is mod-
elled assuming a cylindrical geometry. The cloud radial density
distribution nfilament

H (r) was determined in Sect. 3.2.
For each position inside the cloud, we compute the cloud

emission in three steps. First, we calculate the attenuation of
the incident radiation field. Second, we determine the tempera-
ture distribution of the dust and its emission spectrum. The dust
emission is computed using the method of Désert et al. (1990).
Third, we integrate the dust emission along the line of sight,
taking the dust self absorption into account. The model is self-
consistent for dust extinction and emission, and includes emis-
sion from transiently-heated small grains. The results of the
model are independent of the gas-to-dust ratio. The star counts
provide the column density of dust and the radiative transfer
model directly uses the inferred dust density distribution.

5.2. Modelling using standard dust composition

We assume the same dust properties throughout the cloud. We
use the standard dust composition adopted by Désert et al.
(1990). This is an empirical model consisting of three grain
components in which the abundance and size distributions re-
produce both the extinction curve and the emission spectrum
measured by IRAS in the Solar neighbourhood. The three dust
components are: Polycyclic Aromatic Hydrocarbons (PAHs),
Very Small Grains (VSGs), and Big Grains (BGs). Both PAHs
and VSGs are transiently heated by single photon absorption.
While BGs are in thermal equilibrium with the radiation field.

We have integrated the emission computed by the model
over the instrument filter bands, degraded the angular resolu-
tion to that of the appropriate filter band, simulated the beam
modulation on the sky and deconvolved the signal as was done
with the actual data (Sect. 2.4). In addition, to compare the
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Fig. 9. We compare the data in solid lines with the models (other lines). Dashed lines are for the standard model, dash-dotted for the model using
a additional central AV value of 35 in the central part of the filament (3.5′), and dotted lines for the model using non-standard dust properties
inside the filament. Upper panel: observed and modelled brightness profiles of the filament at the angular resolution of Table 1. Lower panel:
spectra of the brightest position of the filament for the different cases. Diamonds are the data points and the error bars correspond to 1 σ. The
dashed curve represents a Tdust = 14.2 K spectrum and the others Tdust ∼ 12 K. We have also reported the filament level emission modelled at
60 µm and the 1 σ upper limit measured.

model spectra with the observations, we have degraded all the
computed profiles to the IRAS 100 µm resolution.

The computed profiles have been plotted together with the
observed profiles in Fig. 9, upper panel. Only the large scale
emission is well-predicted by our model. However, at wave-

lengths longer than 100 µm the observed emission is too low
to reproduce the observations. This is illustrated by comparing
the spectra at the central position of the filament (lower part of
Fig. 9), obtained by subtracting the large scale emission from
the computed profiles. Toward the centre of the filament, the
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observed spectrum can be fitted with a temperature of 12 K
(Sect. 2.6.1), while the computed spectrum gives a temperature
of 14.2 K. The model predicts a significant amount of emission
at 60 µm which is not observed. We conclude that the submil-
limetre emission profiles cannot be reproduced.

5.3. The need for non-standard grains

In order to better reproduce the dust temperature observed to-
ward the centre of the filament (12 K), we can in principle
modify the incident radiation field, the column density, or the
optical properties of the dust particles. The influence of these
various parameters is investigated in the following subsections.

5.3.1. Influence of the incident radiation field

The Taurus molecular complex is a relatively quiescent region,
so we have assumed a radiation field equal to the local ISRF.
Can we change the incident radiation field intensity in order
to reproduce our observations? A decrease in the incident ra-
diation field has to be compatible with the apparent dust tem-
perature measured by DIRBE outside the cloud (offsets ∼1◦):
16.8 ± 0.7 K (Sect. 2.6.3). For the standard dust model of
Désert et al. (1990) an apparent temperature of 16.8 ± 0.7 K
is reached for an ISRF multiplied by a factor 0.77+0.23

−0.14. The
resulting emission profile (Fig. 9) is almost identical to the
one obtained from the standard model of Sect. 4.2, and un-
able to reproduce our observations. The apparent dust temper-
ature at the central position of the filament is 14.0 K. In or-
der to reach an apparent dust temperature of 12 K we have to
multiply the ISRF by a factor of ∼0.33. This is not compati-
ble with the DIRBE measurements outside the cloud. The pre-
dicted envelope (10′ . offset . 30′) temperature is too low and
the amplitude of the synthetic spectrum, at the central position
(offset = 0◦), drops with a factor of two at all wavelengths.

Another solution is an attenuation of the incident radiation
field by an additional AV value (AV ∼ 1 typically). The UV
part of the radiation field is more attenuated than the visible
and near-IR parts, so the spectrum changes. The results of such
an attenuation are (1) to decrease the temperature of the whole
cloud (envelope + filament), and (2) to decrease the amplitude
of the synthetic profiles at each wavelength. We conclude that
we cannot reproduce the observations by changing the hardness
of the radiation field.

5.3.2. Influence of the column density profile

The discrepancy between our model and the observations may
be due to an underestimate of the column density in the cen-
tre where we measured only an upper limit for the extinction.
We have increased AV for r < 1.75′ and maintained the pro-
file found in Sect. 3.1 for larger r. Using the radiative transfer
model, we have fitted this AV (0) value in order to reproduce a
temperature of 12 K toward the centre of the filament (Fig. 9).
The temperature and the amplitude of the dust spectrum are
well reproduced at the peak emission, but the widths of the
computed emission profiles are too narrow.

To match the data we have to increase AV over an area
larger than 3.5′. Typically, a value of AV = 15 within a region of
a size-scale of 7′ reproduces the observations. Such a profile is
not compatible with the 2MASS observations, where a signifi-
cant amount of stars were counted in the annulus 3.5′ < r < 7′
(Fig. 6). The presence of these stars indicates a value of AV less
than 15 (typically AV = 4, as seen in Fig. 7). We conclude that
a change of the AV profile alone, within the error bars (Fig. 7),
is not compatible with the observed emission profiles.

5.3.3. Fitting the data with standard grains?

One solution may be to change both the incident radiation field
and the AV profile. A combination of an incident field multi-
plied by a factor larger than 0.63 (=0.77–0.14, the lower limit
for the incident radiation field intensity, see Sect. 4.3.1) and an
AV profile with high values in the central area of 3.5′ produces
emission profiles which are too narrow. Therefore the only re-
maining option is to assume that the optical properties and the
relative abundance of the grains change inside the filament.

5.4. Modelling the filament emission with
non-standard grains

We have seen that the standard model only reproduces the ob-
servations in the envelope. For the filament, the abundance of
the VSGs has to be decreased and the submillimetre emissiv-
ity must be enhanced. Two mechanisms are possible: (1) to
transform the VSGs into particles emitting in the submillimetre
range, and (2) to increase the BG submillimetre emissivity.

The two solutions proposed are linked, and their effects not
independent. VSG coagulation onto BGs leads to a decrease
of VSG abundance and at the same time changes the emission
of the BGs. VSG mutual coagulation onto larger grains leads
also to a decrease of VSG abundance, and may form aggregates
partaking in the BG size distribution.

We introduce four new parametres in the model: rVSG, fVSG,
rBG and fBG. The VSG abundance is multiplied by a factor
fVSG (<1), for offsets lower than rVSG. The BG emissivity, for
wavelengths greater than 20 µm, is multiplied by a factor fBG

(>1) for offsets smaller than rBG. We use a factor fBG indepen-
dent of the wavelength in order to keep the spectral index equal
to 2, as we have measured in Sect. 2.6.1. The choice of the
threshold wavelength (20 µm) is not critical, since BGs absorb
radiation at wavelengths shorter than 10 µm, and emit at wave-
lengths greater than 50 µm, since they are colder than 20 K.
Variations of this wavelength threshold between 10 and 50 µm
changes the final BG equilibrium temperature by less than 1%.

We determine the values of these four parameters by fitting
the computed emission profile with the data. The error bars cor-
respond to the different parameter values compatible with the
1 σ error bars of the emission profiles. First, we use the stan-
dard incident radiation field and the AV profile of Sect. 4.2.2.
The 60 µm deficit is reproduced with rVSG = 4′ ± 1 and
fVSG = 0.1 ± 0.1, and the submillimetre enhancement is fit-
ted with rBG = 4′ ± 0.5′ and fBG = 3.4+0.2

−0.3. With these values,
we are able to reproduce correctly the cloud emission: dust
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temperature, spectrum amplitude and profile widths at all
wavelengths and at all positions (Fig. 9).

Then, we investigate the effects of different incident radia-
tion fields and AV profiles. We have seen (Sect. 4.3.1) that the
incident radiation field is compatible with the local ISRF mul-
tiplied by a factor down to 0.63. The use of this lower incident
radiation field slightly modifies the fBG determination. In this
case we find fBG = 3.0± 0.2. A change in the AV profile within
the error bars (Sect. 3.1 and Fig. 7) also increases the uncer-
tainty on fBG by ±0.1. The determination of rVSG and fVSG are
not significantly modified by these changes.

Finally, the values and the error bars of the four parameters
are reported in Table 5.

Table 5. The four new parameters of our model (see the text).

particle modified
component property

VSGs rVSG = 4′ ± 1′ fVSG = 0.1 ± 0.1 abundance
BGs rBG = 4′ ± 0.5′ fBG = 3.4+0.3

−0.7 submm emissivity

This simple cloud model in two dust phases separated by
an abrupt transition reproduces our data very well (Fig. 9). The
size of the region where the dust properties are modified is the
same for the BGs (4′ ± 0.5′) and the VSGs (4′ ± 1′) within the
error bars. Therefore BG properties and VSG abundance seem
to be physically connected and it is likely that a common phys-
ical process affects these two components. With our data, we
cannot resolve the dust property variations inside each phase.
Thus, the interface between the two phases is smaller than the
beam size of our observations (3.5′ or 0.14 pc). Such an abrupt
change in the dust properties is the signature of an efficient and
fast process which appears for a threshold of AV = 2.1 ± 0.5
(measured on the line of sight or A⊥V = 0.9±0.2 when computed
along the filament radial direction) and nH = 3± 2× 103 cm−3.

6. Interpretation

We have shown that, inside the densest part of the filament, (1)
the transiently heated small particles are not present, (2) the ra-
tio of the grain submillimetre emissivity to the dust extinction
in band J is significantly enhanced, and (3) these two phenom-
ena coincide spatially. We want to emphasis that our results
are normalised to the value of the extinction observed in the
J-band. In particular, an overestimate of the dust extinction in
the J band produces an underestimate of the dust column den-
sity, and thus an apparent submillimetre emissivity increase. In
our study, we have not shown an increase in the dust submil-
limetre emissivity, but an increase of the ratio between the dust
submillimetre emissivity over the dust extinction in J band.

Several processes may affect the optical properties of dust
in dense clouds: ice or molecular mantle formation on grains,
coagulation of grains (e.g. Draine 1985). Preibisch et al. (1993)
have shown that ice and carbon mantles on BGs do not in-
crease significantly the ratio of submillimetre emissivity over

extinction in J band. Therefore, grain mantle formation cannot
be the main explanation for our observations.

6.1. Grain-grain coagulation

Dust coagulation is efficient at producing large aggregates
(Weidenschilling & Ruzmaikina 1994; Ossenkopf 1993).
These aggregates have irregular and fluffy shapes, which can
be modelled by fractal grains (Meakin & Donn 1988; Wurm
& Blum 2000). The optical properties of fluffy aggregates
have been computed by several authors (Bazell & Dwek 1990;
Ossenkopf & Henning 1994; Stognienko et al. 1995). The sub-
millimetre emissivity increases with fluffiness. At 200 µm this
increase is typically of a factor 1.5–3.5 for silicate and 3–20
for carbon aggregates (e.g. Stognienko et al. 1995). The UV,
visible and near-IR absorptivity are not significantly modified
if the fluffiness is increased (Bazell & Dwek 1990). As a result,
the equilibrium temperature of fluffy aggregates is lower than
that of compact particles. Fogel & Leung (1998) have found
a temperature decrease of typically 10–20%, for the grains of
Bazell & Dwek (1990), heated by the local ISRF.

Coagulation simulations show that smallest grains (VSGs)
coagulate faster than larger ones (Ossenkopf 1993). This can
explain the strong decrease of the VSG abundance observed.
We conclude that grain-grain coagulation into fluffy aggregates
can produce both the strong variations of relative abundance
and optical properties of dust observed in the Taurus filament.

6.2. Cloud lifetime and coagulation timescales

The cloud lifetime is at least equal to the free-fall timescale of
the cloud (e.g. Walmsley 1991):

τfree−fall =

(
3 π

32 G nH

)− 1
2

·

The local density for r > 1.75′ is around 4 × 103 cm−3

(Sect. 3.2). For such densities the cloud lifetime is above
106 years.

The coagulation timescale between two grains (grain type 1
on grain type 2) is estimated by the relation (e.g. Draine 1985):

τcoa =
[
σ1/2 × n1 × v1/2]−1

where σ1/2 is the coagulation cross-section, n1 the density of
grains type 1, and v1/2 the relative velocity between the two
grains. For an estimate, we consider the coagulation cross sec-
tion equal to the geometric cross section: σ1/2 = π× (a1 + a2)2,
where a1 and a2 are the radii of grains 1 and 2.

We compute the average grain radius 〈a〉 and corresponding
density n〈a〉 for the VSG and BG components in the standard
dust model (Table 6). The resulting values of σ1/2 and n1 are
given in Table 7.

There is a critical velocity above which collisions do not
lead to coagulation but destruction (Chokshi et al. 1993). This
critical velocity depends on the size and the composition of
porous grains (Dominik & Tielens 1997). Icy grains stick better
than other particles, because their mantles can absorb a signifi-
cant fraction of the collisional energy. Their critical velocity is
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Table 6. Average grain radii 〈a〉 and corresponding densities n〈a〉 com-
puted from the standard dust model (see Table 2 of the Désert et al.
1990 paper).

dust component 〈a〉 n〈a〉/nH

VSG 3 nm 5 × 10−9

BG 30 nm 3 × 10−11

higher than for naked grain aggregates, causing the coagulation
timescale to become smaller than that of naked grain aggre-
gates. By studying ice mantle formation in the Taurus molec-
ular complex, Texeira & Emerson (1999) have found a linear
relationship between the width of the ice mantles and AV , and
derived a threshold column density of Av = 2–3 for the de-
tection of ice mantles. Towards the filament, the submillimeter
excess is detectable in regions where AV & 2 suggesting that
grains are coated with ice mantles.

We have calculated the critical velocity of ice grains
according to Dominik & Tielens (1997), and found:

vcritical = 670 ×
[(

1
a1
+

1
a2

)
× 10−5 cm

] 5
6

cm s−1.

Numerical results are given in Table 7. Brownian motions lead
to very low relative velocities between grains of about 1 m/s
(Draine 1985). These relative velocities are not efficient at pro-
ducing grain coagulation. However, the presence of turbulent
motions (Falgarone & Phillips 1990) can enhance the rela-
tive grain velocity. Volk et al. (1980) and Draine (1985) have
analysed relative grain velocities in turbulent clouds with a
Kolmogorov spectrum of turbulent eddies. Typically, relative
grain velocities of about 1 km s−1 are expected for 3–30 nm
grains at a density of 4×103 cm−3 in molecular clouds (Tielens
1989). This value is roughly equal to the critical velocities
of Table 7. Therefore, we assume that the relative grain-grain
velocity (v1/2) inside the filament is equal to the critical ve-
locity between grains (vcritical). The coagulation timescales for
the possible interactions between VGSs and BGs are also pre-
sented in Table 7. The values of σ1/2, n1 and vcritical are reported
in order to underline the relative importance of these factors.
In Table 7, “VSGs on BGs” means coagulation of VSGs onto
BGs. The coagulation timescale of a VSG onto one BG is dif-
ferent from that of a BG onto a VSG. In the former case the
BG is the choosen target grain, and the difference in timescales
arises from the abundance of the incident grains.

The coagulation timescales computed above are simply the
time that one type of grain meets another. However, the shortest
timescale will dominate the coagulation process. The timescale
for VSGs onto BGs is the smallest and results from a com-
bination of (1) high velocities, (2) the large number of small
grains, and (3) the large cross-section of the large grains. The
total timescale to form one coagulated grain, to first order, has
to be multiplied by the number of VSGs that have stuck to a
BG. How many VSG particles are requiered to modify the op-
tical properties of a BG particule? Bazell & Dweck (1990) have
computed a submillimetre excess of 5 for fluffy aggregates of

Table 7. Dust parameters and their resulting coagulation timescales.

coagulation σ1/2 n1 vcritical τcoa

(cm2) (cm−3) (km s−1) (yr)

VSGs on VSGs 1.1 × 10−12 2 × 10−5 2.2 7 × 104

VSGs on BGs 3.4 × 10−11 2 × 10−5 1.3 4 × 103

BGs on VSGs 3.4 × 10−11 1.2 × 10−7 1.3 6 × 105

BGs on BGs 1.1 × 10−10 1.2 × 10−7 0.3 8 × 105

136 grains of amorphous carbon of 10 nm. We say that it typi-
cally requires less than 100–200 VSGs to significantly alter the
optical properties of BG particles. The coagulation timescale
to form such aggregates is smaller than the cloud lifetime. We
conclude from this simplified calculation that grain-grain coag-
ulation is a likely process and that VSGs coagulation onto BGs
could be the main mechanism to naturally explain the observa-
tions.

6.3. Other observations

Laureijs et al. (1991) measured, using IRAS data, strong emis-
sion deficits at 60 µm toward the translucent cloud L1780
(AB ∼ 4, note that AV/AB = 0.75 from Cardelli et al. 1989)
and the dark clouds L183 and L134 (AB ∼ 10). In these clouds,
a significant deficit of the 60 µm emission flux appears for
AB & 2 and nH & 103 cm−3, which is in the range of our thresh-
old values (Sect. 4.4).

Using PRONAOS/SPM data, Bernard et al. (1999) ob-
served a low equilibrium temperature toward a high latitude
cirrus cloud (MCLD 123.5+24.9), presenting a strong deficit
of its 60 µm emission. The apparent equilibrium temperature
with the radiation field is T = 13.4 K (assuming β = 2), while a
radiative transfer model, using standard grains properties, pre-
dicts 15.6 K (with β = 2). Bernard et al. (1999) proposed a
change in the dust properties and the VSG coagulation to ex-
plain this unusual cold temperature in a cirrus. We find that
an enhancement of the submillimetre emissivity by 2.8 in this
cirrus produces an apparent temperature of 13.4 K.

On larger scales, Cambrésy et al. (2001) recently decom-
posed the far-infrared flux of the Polaris Flare into a cold com-
ponent and a warm component, defined by the I60µm/I100µm

flux ratio following the method of Lagache et al. (1998). The
comparison of the far-infrared cold component with extinction
maps derived from star counts indicates an enhancement of the
far-infrared emissivity by a factor of ∼3. In the Polaris Flare
they measured the same observational effects that we have
seen in the Taurus filament, but for a diffuse cloud (AV < 1).
However, we want to emphasise that the Polaris Flare is a
very particular region. It is a molecular region (Heithausen &
Thaddeus 1990) and probably material reprocessed by a super-
nova shock (Meyerdierks et al. 1991).

Lagache et al. (1998) analysed the far-IR and submm emis-
sion of the Taurus molecular complex on large scales with
DIRBE data (angular resolution ∼1◦). They have measured
temperatures of 16–17 K in the diffuse parts of the Taurus
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complex. The molecular filaments in this complex shows an
average temperature of 13.4 K. We suggest that the average
temperature of 13.4 K in molecular regions is due to a mix-
ture of 12 K in the dense regions with the diffuse medium at
16.5 K. Based on this assumption, we can reproduce the large
scale DIRBE emission at 240 µm in this region. We suggest that
the submillimetre emissivity could be enhanced in the central
parts of all molecular regions by a factor of 3 (where typically
nH > 103 cm−3) in order to explain the observed temperatures.

These observations indicate that in our galaxy the 60 µm
deficit seems to be associated with grain submillimetre emis-
sivity enhancements by factors of 3, pointing towards dust evo-
lution as a general process in the denser parts of molecular
clouds.

7. Conclusions

From PRONAOS/SPM data, IRAS data and extinction mea-
surements, coupled with a radiative transfer model, we have
shown that the dust properties change in a molecular filament
(AV ∼ 4). We have shown the presence of non-standard dust
properties inside the densest parts of one filament in Taurus.
We have not been able to resolve the transition between stan-
dard and non-standard grains properties with an angular resolu-
tion of 3.5′ (corresponding to 0.14 pc). This transition appears
for threshold values of AV = 2.1±0.5 and nH = 3±1×103 cm−3.
The non-standard dust composition is characterised by:

– a 80–100% deficit of the transiently heated grains emitting
at 60 µm (VSGs);

– an increase of the ratio of grain submillimetre emissivity
over grain extinction in the J band by a factor 3.4+0.3

−0.7.

These changes in dust properties also explain the cold equilib-
rium temperature of 12 K observed towards the filament centre.

We explain our observations by introducing grain-grain co-
agulation into fluffy aggregrates as an important process inside
the cloud. Coagulation can cause an abundance deficit of VSGs
and a submillimetre excess compatible with our observations.

Grain-grain coagulation could be a part of a general evolu-
tion process which modifies the properties of dust in the dense
ISM. The main consequences are:

– an increase in the dust opacity per unit of mass by a factor
around 3 in the dense ISM (Ossenkopf & Henning 1994).
Cloud masses derived from submillimetre measurements
could be overestimated by the same factor using standard
grain properties;

– modifications of the statistical properties of the submillime-
tre fluctuations in molecular regions (Abergel et al. 1996);

– the emission of dust particles cannot easilly be extrapolated
from measurements at wavelengths shorter than 100 µm or
from submillimetre measurements at large angular scale.
As a consequence, the removal of the galactic emission
(“foregrounds”) for cosmological surveys in the submil-
limetre is not trivial, even out of the galactic plane.

All these effects will be analysed over a large fraction
of the sky by future balloon missions such as ELISA

(Ristorcelli et al. 2001) and future satellite missions such as
Herschel Observatory and Planck.

In a forthcoming paper (Stepnik et al. 2003) we will anal-
yse the optical properties of coated grains and coagulated ag-
gregates in order to better understand the dust grain physical
evolution with density.
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