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ABSTRACT

New observations with Herschel allow accurate measurement of the equilibrium temperature of large dust grains heated by the interstellar radiation
field (ISRF), which is critical in deriving dust column density and masses. We present temperature maps derived from the Herschel SPIRE and
PACS data in two fields along the Galactic plane, obtained as part of the Hi-GAL survey during the Herschel science demonstration phase (SDP).
We analyze the distribution of the dust temperature spatially, as well as along the two lines-of-sight (LOS) through the Galaxy. The zero-level
offsets in the Herschel maps were established by comparison with the IRAS and Planck data at comparable wavelengths. We derive maps of the
dust temperature and optical depth by adjusting a detailed model for dust emission at each pixel. The dust temperature maps show variations in the
ISRF intensity and reveal the intricate mixture of the warm dust heated by massive stars and the cold filamentary structures of embedded molecular
clouds. The dust optical depth at 250 μm is well correlated with the gas column density, but with a significantly higher dust emissivity than in the
solar neighborhood. We correlate the optical depth with 3-D cubes of the dust extinction to investigate variations in the ISRF strength and dust
abundance along the line of sight through the spiral structure of the Galaxy. We show that the warmest dust along the LOS is located in the spiral
arms of the Galaxy, and we quantify their respective IR contribution.
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1. Introduction

The far-infrared (FIR) emission of the Galaxy is dominated by
emission from the largest dust grains (BG: big grains) in the in-
terstellar medium (ISM) with sizes around 0.1 μm. In the dif-
fuse ISM, these grains radiate in thermal equilibrium and their
temperature is set by the balance between cooling through IR
emission and heating through absorption of the visible (VIS)
and ultraviolet (UV) photons of the interstellar radiation field
(ISRF). Since the absorption of BGs is reasonably flat over
the VIS-UV range, their temperature is largely independent of
the hardness of the ISRF. Spatial variations in the dust equilib-
rium temperature therefore trace spatial variations in the inte-
grated ISRF strength, referred to as XISRF. Measuring variations
in XISRF is important for dust mass determination, but also for
quantifying photodissociation at the surface of molecular clouds.
Variations in the dust temperature can also be used to identify the
densest regions within molecular clouds, independent of molec-
ular tracers. They can also reflect changes in the dust optical
properties, if the nature of dust changes significantly.

Previous FIR observations of the diffuse ISM at high and
intermediate Galactic latitude with the IRAS, DIRBE, and

� Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.
�� Figures 3–6 are only available in electronic form at
http://www.aanda.org

FIRAS instruments have established that the average dust equi-
librium temperature in the solar neighborhood is about 17.5 K
(Boulanger et al. 1996; Lagache et al. 1998) assuming a dust
emissivity index of β = 2. Towards brighter regions along the
Galactic plane, the derived dust temperature maps clearly in-
dicate the presence of colder dust in the outer regions of the
Galaxy, at about 13 K and warmer dust in the inner regions
(e.g. Reach et al. 1995; Lagache et al. 1998), as well as in
nearby star-forming regions (Ophiuchi, Orion), at about 20 K.
Such large-scale investigations were clearly limited by the lack
of angular resolution (typically 1◦ for DIRBE). Balloon-borne
experiments operating in the FIR have revealed the spatial dis-
tribution of dust temperature on arc-minute scales in several star-
forming regions (Dupac et al. 2001; Ristorcelli et al. 1998) and
more diffuse environments (Bernard et al. 1999). These obser-
vations showed apparent dust temperatures as low as TD � 13 K
towards molecular regions, going down to TD � 11 K in dense
regions, after subtraction of the emission from the surrounding
warmer background. They also showed, through the unexpected
decrease in the dust temperature in some translucent molecular
clouds, an increase in the dust emissivity, which was interpreted
as the aggregation of dust into fractal clusters (Stepnik et al.
2003; Paradis et al. 2009). These early observations, however,
lacked the large-scale coverage required for a meaningful sta-
tistical analysis. Herschel now offers the possibility of deriving
such temperature maps at sub-arcmin resolution on large scales.
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In this paper, we construct the first dust temperature maps of
the Galactic plane from the Herschel data. The maps are used to
derive the distribution of the total dust optical depth at 250 μm
and to explore its correlation with the total gas column density.
We perform a preliminary exploration of the distribution of the
dust emission along the LOS through correlation with differen-
tial extinction measurements.

2. Gains and offsets

The processing of the Hi-GAL data and map making are de-
scribed in Molinari et al. (2010). We converted the maps
from Jy/beam and Jy/pix (for SPIRE and PACS, respectively)
into MJy/sr using the conversion factors given in Table 1. For
PACS, these were also divided by the recommended factors
of 1.05 and 1.29 (PACS 70 and 160 μm, respectively) to match
the point-source calibration on standard stars and asteroids. For
SPIRE, they correspond to the most up-to-date estimate of the
beam area to be used for extended emission (M. Ferlet, private
communication). At this early stage of the Herschel data analy-
sis, we have adopted gain uncertainties of ±20%.

As for most bolometer observations without an absolute cali-
brator, the zero level (or offset) of the PACS and SPIRE Hi-GAL
data is unknown. This is a problem in particular for deriving the
dust temperature, since arbitrary offsets in the various photomet-
ric bands would lead to erroneous SEDs and temperature. This
is usually addressed through background subtraction, but such
an approach is inaproppriate for the large-scale analysis of the
Hi-GAL data, since the data only extends 1◦ off the Galactic
plane, and there is strong emission up to the map boundaries.
To derive the offsets in our maps, we took advantage of the
fact that the Planck satellite has 2 common photometric chan-
nels with SPIRE at 857 GHz (350 μm) and 545 GHz (550 μm).
In these bands, the Planck-HFI data are calibrated with respect
to FIRAS (Piat et al. 2002). Planck has already observed a
large fraction of the sky, covering the two Hi-GAL SDP fields,
which allow us to set a proper zero level. The offsets have
not yet been computed in the current Planck pipeline (V3.1),
so were evaluated by the Planck Core-Team for the purpose
of this work, to match the FIR-HI correlation at intermediate
Galactic latitudes in the lowest column density regions of the
sky, based on the HI Dwingeloo Survey (Hartmann 1996). We
estimate the accuracy of the offset determination to better than
5%. The offset-corrected Planck data of the Hi-GAL SDP fields
at 857 GHz and 545 GHz were then combined with the IRIS data
(Miville-Deschênes et al. 2005) at 100 μm, to produce values of
the expected total flux in the SPIRE 500 and 350 μm filters, and
were provided to us (Planck Core-Team, private communica-
tion). Frequency interpolation and color correction in the Planck,
IRAS, and Herschel filters were performed using the DUSTEM
model (e.g. Compiègne et al. in prep., Bernard et al. 2008) with
the radiation field intensity set to match the Planck and the IRIS
100 μm data at 5′ resolution. We then smoothed the Hi-GAL
maps to the common Planck HFI resolution of 5′ and compared
the integrated emission in the Hi-GAL fields to the predictions
of the Planck-IRIS estimates derived above. The offset in each
channel (see Table 1) were derived as the difference between the
two. As expected, they are higher for the l = 30◦ field, which is
toward brighter regions of the inner Galaxy.

3. Dust temperature and opacity maps

The offset-corrected Hi-GAL SDP data were used to pro-
duce maps of the dust temperature according to the following

Table 1. PACS pixel and SPIRE beam areas and offsets (MJy/sr) used
in this paper.

PACS SPIRE
λ ( μm) 70 160 250 350 500
area (′′2) 10.24 20.25 395.0 740.0 1571.0
l = 30◦ 688.0 1982.3 1042.0 462.2 170.9
l = 59◦ 60.9 395.7 292.0 150.9 61.4

procedure. We first used the DUSTEM code to produce a precal-
culated table of the expected brightness in the Herschel SPIRE
and PACS filters for various values of the ISRF intensity scaling
factor XISRF. This calculation assumed the standard dust compo-
sition proposed by Désert et al. (1990). It includes proper color
correction in all PACS and SPIRE photometric channels. The
spectral shape of the ISRF used is similar to that of Mathis et al.
(1983) for a galactrocentric distance of 10 kpc, although with an
integral from 0.09 to 8 μm lower by a factor 0.81. The Hi-GAL
maps were smoothed to the common resolution of the SPIRE
500 μm channel (36.9′′) through convolution with a Gaussian
kernel with the appropriate width. The pre-calculated table was
then used to minimize the χ2 between the model predictions
and the observed brightness distribution of each pixel of the
map, leading to the best estimate of the XISRF factor for each
pixel. The dust temperature of the BG was then derived using
TD = 17.5 K(XISRF)1/(4+β), which relies on the determination by
Boulanger et al. (1996) for the solar neighborhood. We used a
fixed dust emissivity index of β = 2, which is consistent with the
findings of Boulanger et al. (1996) over the spectral range of the
Hi-GAL data and with the assumption of the DUSTEM code for
each grain size. As a large fraction of the dust emission at 70 μm
is produced by small grains experiencing thermal fluctuations,
we did not consider the PACS 70 μm channel when deriving
the temperature. After experimenting with using several com-
binations of the remaining Hi-GAL channels, it appeared that
including the PACS 160 μm produced artifacts in the tempera-
ture maps. This is likely caused by improper correction of low
level stripes in the data and/or poorly determined gains for this
channel. We therefore decided to restrict the determination to the
SPIRE channels and used all 3 channels at 250, 350, and 500 μm
to derive the temperature maps. The method described above re-
lies on a more physical modeling than the use of a simple gray
body fit, in the sense that it accounts for the effect of a grain
size distribution. However, we checked that the TD values differ
only marginally from those given by a gray-body fit with β = 2
for the range of temperatures sampled here. With the adopted
gain errors of ±20%, the maximum uncertainty on TD ranges
from ±1.5 K at TD = 13 K to ±2.5 K at TD = 20 K.

The dust temperature maps and histograms obtained for the
two fields are shown in Fig. 1. In Table 2, we give average val-
ues (˜TD) and compare them with the average temperatures de-
rived from DIRBE data for the same fields by Lagache et al.
(1998). The inner SDP field at l = 30◦ clearly shows higher
temperatures than the outer field at l = 59◦. This is not sur-
prising since the dust temperature maps of Lagache et al. (1998)
showed this gradient from inner to outer Galaxy regions on large
scales. The average temperatures derived here for the two fields
agree with the DIRBE ones to within 0.7 K and 0.3 K, which
is within the combined uncertainties. The temperature maps of
both fields show coherent variations that trace the fluctuations
of the ISRF intensity caused both by the presence of local-
ized heating sources and ISRF attenuation in density structures.
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Fig. 1. a), b): temperature maps for the l = 30◦ and l = 59◦ fields; c), d): τ250 maps for the l = 30◦ and l = 59◦ fields, in log scale; e): temperature
histograms for the l = 30◦ (black) and l = 59◦ (red) fields; f): correlation between τ250 and the total gas column density for the l = 30◦ field. The
red line shows τ250/NH = 10−25 cm2. The blue line shows the best fit obtained (see text). Panels a)−d) are also available as online material.

Table 2. Average ˜TD in the SDP fields and best-fit parameters for dif-
ferent regions along the LOS (see text for details).

Field l = 30◦ l = 59◦

˜T DIRBE
D

† 20.6 K (XISRF = 2.6) 17.9 K (XISRF = 1.1)
˜T Hi−GAL

D 21.3 K (XISRF = 3.3) 18.2 K (XISRF = 1.3)

Region� Sag. Scu.1 Scu.2 Dif. Vul. Per. Dif.
TD (K) 24.5 19.7 24.1 18.9 17.1 18.8 14.3
ΔTD (K) ±1.0 ±0.7 ±1.0 ±0.6 ±0.5 ±0.6 ±0.3
τ250/NH

‡ 5.0 11.3 5.8 10.0 1.9 2.7 4.2

Notes. (†) Averaged over 2◦ × 2◦ in the maps of Lagache et al. (1998).
(�) Sag. = Sagittarius (0−2.5 kpc), Scu=Scutum-Crux (3.5−6, 6−8 kpc),
dif = diffuse, Vul = Vulpecula (0−3.5 kpc), Per = Perseus (6−10 kpc).
(‡) In 10−25 cm2.

Comparison with the 13CO (J = 1−0) GRS data cube (Jackson
et al. 2006) in the l = 30◦ field and of the 13CO data of Brunt
et al. (in prep.) in the l = 59◦ field shows that the many cold
spots in both maps often correspond to structures or edges of
molecular structures. They are organized along aligned winding
structures, indicating that they belong to large-scale filamentary
structures of the ISM. Their typical sizes range from a few ar-
cmin to several tens of arcminutes. Their temperature is �13 K,
corresponding to XISRF � 0.17. Compared to the surrounding
warmer material at �20 K (XISRF � 2.6), this suggests an atten-
uation factor in these structures of at least 15, corresponding to
structures with edge-to-center extinction of at least 3 mag (total
AV > 6 mag assuming spherical geometry). This is a lower limit
since apparent dust temperature overestimates the actual phys-
ical temperature, owing to warmer foreground and background
emission. The lowest apparent temperatures measured here are
consistent with those derived from earlier FIR observations in
the same wavelength range using balloon-borne experiments to-
wards both diffuse and star-forming regions (e.g. Bernard et al.
1999; Dupac et al. 2001). We have noticed that, in the l = 30◦
field, the SPIRE intensity maps used in the temperature determi-
nation actually reach negative values in low brightness regions
at |b| > 1◦, despite adding the offsets. This could be the result
of uncertain gain calibration of the data, which may also explain
why TD is correlated with intensity in this field, which has the

broadest intensity dynamical range. We suspect that the low TD
values near map edges may be affected. To avoid these regions,
the temperature histograms shown in Fig. 1 have been computed
in the region with |b| < 0.9◦.

Using the temperature maps derived above, we constructed
the dust optical depth map at 250 μm (see Fig. 1) as τ250 =
I250/Bν(TD). We also constructed maps of the total gas col-
umn density using the VGPS HI (Stil et al. 2006) and the
13CO(J = 1−0) data. The neutral gas column density was de-
rived from the HI integrated intensity WHI in K km s−1 using
Ng

H = 1.82 × 1018WHI. The molecular column density NCO
H was

derived using Eqs. (1) and (2) of Dobashi et al. (1994), with an
excitation temperature Tex = 10 K and assuming NH = 2 ∗ NH2 .
The best correlation between τ250 and NgH = NHI

H + NCO
H is found

to be τ250/N
g
H = 2.2 × 10−25 cm2 and 3.6× 10−25 cm2 for the l =

30◦ (see Fig. 1) and l = 59◦ fields respectively. These are a few
times higher than the canonical value of τ250/NH = 10−25 cm2 by
Boulanger et al. (1996) for the solar neighborhood. We used the
12CO(J = 1−0) maps from Brunt et al. (in prep.) (l = 59◦) and
Sanders et al. (2003) (l = 30◦) to compute the intensity weighted
excitation temperature over the two fields and found values con-
sistent with the assumed one, which excludes the Tex values
(typically 24 K) that would be required to reconcile these val-
ues. Similarly, invoking the uncertainty on TD would require that
TD values are overestimated by 6 K, which is unlikely. Because
the dust emission is dominated by the molecular component in
those fields, this result could indicate that we are seeing an in-
creased emissivity due to grain aggregation. Alternative expla-
nations include a higher dust/gas ratio in the plane, a larger con-
tribution of gas not traced by HI or CO (such as H2 with no CO)
as in the solar neighborhood or large departure from the optically
thin assumption for the HI emission.

4. Line-of-sight mixing

The temperature maps we derived result from the mixing of var-
ious dust excitation conditions along the LOS. Toward l = 30◦,
and referring to the spiral arm model of Vallée (2008), we expect
the main contributions from the Sagittarius (d = 2.5 kpc, d =
12 kpc), the tangent point of the Scuttum-Crux (d = 6−8.5 kpc)
and the Perseus (d = 13.5 kpc) arms. For the field l = 59◦,
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Sagittarius

Scutum-Crux 2

Scutum-Crux 1

Fig. 2. Left: integrated H column density in the various distance bins
toward the l = 30◦ field derived from differential extinction. The log-
scale color table goes from 0 to 2.5 × 1022 H/cm2. Right: SEDs of the
emission correlated to each bin. The fit shown is for a gray body with
β = 2. The green symbols are the predictions of the model in the filters.
The fitted values are given in Table 2.

we expect contributions from the Vulpecula star formation re-
gion (d ∼ 2 kpc) and the Perseus arm (d = 8.5 kpc). Searching
for such variations is recognized as a complicated inversion
problem. In the past, this has been addressed mainly by us-
ing Galactic inversion techniques (see e.g. Paladini et al. 2007)
where the gas tracers (mainly HI, CO and radio data) are used
with a Galactic rotation curve to construct spatial templates at
various Galactocentric distances. The IR emission is then corre-
lated against those templates to infer dust properties as a func-
tion of Galactocentric radius. However, these methods do not
currently allow us to derive the spatial variations associated with
the spiral structure of the Galaxy.

Here, we illustrate a different approach that is independent
of a kinematic model of the Milky Way. We used the genetic
forward modeling presented by Marshall et al. (2009) to con-
struct a 3-D distribution of the interstellar extinction toward the
two SDP fields. This was done using the Besançon stellar model
(Robin et al. 2003), along with infrared stellar observations
from 2MASS (Skrutskie et al. 2006) and GLIMPSE (Benjamin
et al. 2003). This technique produces a cube of the extinction
as a function of distance from the sun. The extinction cubes
were divided into a number of spatial templates: for the l = 30◦
field, one corresponding to the Sagittarius arm, two to the
Scutum-Crux arm as well as one containing the remaining, dif-
fuse extinction. For the l = 59◦ field, the templates correspond
to Vulpecula, the Perseus arm, and the diffuse extinction. The

IR data, including the IRIS 100 μm, which was degraded to the
same angular resolution as the extinction (5′), were then corre-
lated against the resulting spatial templates. The resulting dust
emission parameters are given in Table 2. They show a tendency
toward significantly warmer dust in regions of the LOS such as
the intersection with spiral arms, where star-forming regions pre-
sumably dominate the emission. Consistent with the result of the
correlation with the gas, the dust emissivity derived is higher
than the local value for the l = 59◦ field. The even higher values
for the l = 30◦ field probably reveal that extinction does not trace
the full amount of dust along this crowded LOS.

5. Conclusions

We derived maps of the equilibrium temperature of large dust
grains in the two Galactic fields covered by the Hi-GAL SDP
data at the resolution of 36.9′′. The maps trace the spatial vari-
ations in the integrated ISRF intensity. The two fields show
an intricate mixture of varying temperatures. Many cold spots
are identified, which likely correspond to dense regions within
molecular clouds. Some may actually host pre-stellar cores. The
lowest temperatures observed are �13 K, which would occur in
shielded regions where starlight is less than 17% of the diffuse
interstellar radiation field at the solar circle. The highest temper-
atures observed are of �40−50 K and are likely to correspond to
PDRs and HII regions. We constructed maps of the dust optical
depth at 250 μm and examined the correlation with total gas col-
umn density. We find a τ250/NH ratio 2−3 times higher than the
canonical solar neighborhood value, similar to findings from ear-
lier balloon-borne experiments in the same spectral range. This
may reflect a large contribution from dust aggregates in molecu-
lar regions. We used newly determined LOS density derivations
from extinction and attempted a first inversion of the Hi-GAL
data. We showed that dust is warmer in the star- forming regions
in Galactic arms than in the diffuse component.

Acknowledgements. We acknowledge the Planck consortium for allowing the
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Fig. 3. Temperature map (Fig. 1a) for the field l = 30◦.
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Fig. 4. Temperature map (Fig. 1b) for the field l = 59◦.
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Fig. 5. 250 μm optical depth (Fig. 1c) for the field l = 30◦.
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Fig. 6. 250 μm optical depth (Fig. 1d) for the field l = 59◦.
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