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Fig. 1. a) Column density map derived from SPIRE/PACS observations of Aquila. The subregion referred to as the main subfield in the text is
marked by the white rectangle. The cyan triangles mark the positions of the 541 starless cores identified in the entire field. The locations of the HII
regions W40 and MWC297/Sh62 are shown. The PDR region around W40 is framed by white polygon, while the dashed square outlines the small
region shown in more detail in online Fig. 5a. b) Same as a) for the main subfield, with a total of 452 starless cores, marked by cyan triangles.

coverages reduced the e!ects of 1/ f noise (see Sibthorpe et al.
2008).

The PACS 70 µm and 160 µm data were reduced with HIPE
(Ardila et al. 2010) version 3.0. Standard steps of the default
pipeline were applied starting from the raw data (level 0). We
used file version 1 flat-fielding and responsivity in the calibra-
tion tree, instead of the built-in version 3 of those. Therefore, the
flux density scale was corrected with the corresponding respon-
sivity correction factors: 1.78 at 70 µm, and 1.43 at 160 µm.
Multi-resolution median transform (MMT) deglitching and
second-order deglitching were also applied. Baselines were then
subtracted by high-pass filtering, with a median filter width cor-
responding to the full length (180!–190!) of the scan legs taken
from HSPOT (Frayer et al. 2007). The baseline fits were per-
formed on the “level 1” data using interpolation for the masked
bright sources not to over-subtract true sky emission. In this
way, we removed stripes and preserved spatial scales and dif-
fuse emission up to the size of the maps. The final PACS maps
were created using the photProject task, which performs simple
projection of the data cube on the map grid.

Our SPIRE observations at 250, 350, and 500 µm were re-
duced using HIPE version 2.0 and the pipeline scripts deliv-
ered with this version. These scripts were modified, e.g., to
include observations taken during the turnaround of the tele-
scope. A median baseline was applied to the maps and the
“naive” map-making method was used. Online Fig. 3 shows the
500/350/250 µm SPIRE images. The PACS 160/70 µm images
of the same field are shown in Bontemps et al. (2010).

For SPIRE, the absolute calibration uncertanty is estimated
to be "15% (Gri"n et al. 2010), while for PACS the absolute
flux accuracy is within 10% in the blue filter, and better than 20%
in the red filter (Poglitsch et al. 2010). The in-flight calibration
of the SPIRE instrument is described by Swinyard et al. (2010).

Besides cross-correlating the SPIRE and PACS maps to
test their relative astrometry, we compared the astrometry of
the Herschel images with publicly-available Spitzer 8 µm and
24 µm data, as well as high-positional accuracy (<1!!) 3 mm
IRAM Plateau de Bure observations of a small field at the cen-
ter of the Aquila main filament (Maury et al. in prep.). In this
way, we corrected the Herschel images for small astrometric

o!sets (<"6!!) remaining between the SPIRE and PACS maps,
and achieved a final astrometric accuracy better than "2!!.

3. Results and analysis
Compact sources were extracted from the SPIRE/PACS images
using getsources, a multi-scale, multiwavelength source-finding
algorithm briefly described in Men’shchikov et al. (2010).
Several sets of extractions were obtained, including one for the
entire field and one for the main subfield of the Aquila com-
plex (see Fig. 1). At this early stage of the scientific exploitation
of the Herschel survey, we only considered robust sources with
significant (S/N > 7.5) detections in at least two SPIRE bands,
especially since the significance of the sources depends slightly
on the adopted set of extractions.

For the Aquila main subfield (see Fig. 1), Spitzer 24 µm ob-
servations were used in combination with PACS 70 µm data to
distinguish between starless cores and young (proto)stellar ob-
jects (YSOs). In this subfield, objects detected in emission above
the 5! level at 70 µm and/or 24 µm were classified as YSOs,
while cores undetected in emission (or detected in absorption) at
both 70 µm and 24 µm were classified as starless. This classifi-
cation yielded 452 starless cores in the Aquila main subfield.

Outside the main subfield, we had to rely only on our PACS
70 µm data to distinguish between starless and protostellar cores.
Based on the results obtained in the main subfield, we estimate
that the lack of Spitzer 24 µm information leads only to a "3%
error in the classification. Altogether, we identified a total of 541
starless cores and 201 embedded YSOs in the entire field. The
YSOs include "45–60 Class 0 protostars depending on the se-
lection criteria (see Bontemps et al. 2010).

Based on our Herschel data, we constructed dust temperature
(Td) and column density (#) maps. To do this, we first smoothed
all Herschel images to the 500 µm resolution (36.9!!) and repro-
jected them to the same 6!!pixel grid. Weighted spectral energy
distributions (SEDs) were then constructed for all map pixels
from the 5 observed SPIRE/PACS wavelengths.

Assuming single-temperature dust emission, we fitted each
SED by a grey-body function of the form I" = B"(Td)(1 # e##"),
where I" is the observed surface brightness at frequency ",
#" = $"# is the dust optical depth, and $" is the dust opacity per

Page 2 of 7

S. Bontemps et al.: Herschel first look on protostars in the Aquila rift

Fig. 2. PACS 70 µm (left) and 160 µm (right) images of the Aquila field. See details about data reduction and map making in Sect. 2 and in
Könyves et al. (2010). The corresponding SPIRE 250, 350, and 500 µm images are shown in Könyves et al. (2010).

smaller than 40!! at 70 µm. Also, we had to make a source detec-
tion using a large pixel size of 6!!, which is good enough for star-
less cores mostly detected in the SPIRE bands but not perfect to
sample the spatial resolution at 70 µm and properly disentangle
possible multiple protostellar sources. A more precise detection
could only be achieved in a reduced area in the Serpens South
region (see Sect. 4.4).

A large number of compact sources are clearly seen in the
70 µm map down to the sensitivity limit of the survey. In the
whole Aquila field, 201 YSOs were detected with getsources.
The best achieved rms (50 mJy/beam) in the Aquila 70 µm map
in the lowest background regions corresponds to a 5! detec-
tion level in terms of protostar luminosity of 0.05 L" using the
Dunham et al. (2008) relationship. In contrast, in the highest
background regions, the 5! detection level is then as high as
1.0 L". To account for the variable background level in Aquila,
we performed simulations to evaluate the final completeness
level of the YSO detection and obtained a 90% completeness
level of #0.2 L" (see Könyves et al. 2010), which is compatible
with the above rough estimates using Dunham et al. (2008).

4.2. Spatial distribution of the protostars

We plotted in Fig. 3 the spatial distribution of the Herschel sam-
ple of 201 YSOs overlaid on the map of the dust temperature
derived from a simple graybody fit of the Herschel data (see de-
tails in Könyves et al. 2010). It is clear that the W40 region cor-
responds to the most active star-forming region in the Herschel
coverage with 90% of the detected protostars. A second, much
less rich, site corresponds to MWC297 with 8% of the protostars,
and another site to the east of W40 can be tentatively identified
with very few candidate protostars.

4.3. Basic properties of the protostars: Menv and Lbol

For each source an SED was built using the 5 bands of Herschel,
as well as Spitzer photometry (Gutermuth et al. 2008) and
MAMBO 1.2 mm data (Maury et al. in prep.) when available.
These SEDs were systematically fitted using graybody func-
tions to derive Menv in a systematic way, while the basic proper-
ties Lbol, L">350

submm, and Tbol were obtained by simple integrations

Fig. 3. Distribution map of the 201 Herschel YSOs selected in Sect. 4.1,
over-plotted on the map of dust temperature. The dust temperature map
was derived from graybody fits to the Herschel data (see details in
Könyves et al. 2010).

of the SEDs. Two representative SEDs are displayed in Fig. 4
with a newly discovered Class 0 object and a weaker Class 0
source, which has a Spitzer counterpart in Gutermuth et al.
(2008).

4.4. A close-up view of the Serpens South region

To go one step further in the identification and characterization
of the Herschel protostars, we performed a more detailed analy-
sis of the sources in a small area around the Serpens South clus-
ter. In this area, we made a dedicated getsources source extrac-
tion using a smaller size pixel of 3!!, and we could compare these
first results with the Spitzer protostar population by Gutermuth
et al. (2008). We used getsources on 8 bands from 8 to 1200 µm
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SPH:
10 000       gas

2300 “stars” at end
M!

Aquila (Herschel):
10 000       gas

100(?) stars+210 protostars + 500 cores
M!



Outline

SPH calculations of Bonnell et al (2003, 2008)

1000        gas, 550 sink particles, 1 final cluster, 5 subclusters
10000       gas, 2300 sink particles, 3-5 clusters, 20 subclusters
Simulation time 0.5 Myr

M!
M!

Determine observationally detectable properties 
in a star formation simulation:
       Structure and appearance
       Mass segregation
       Mass functions



Subcluster identification

Use the minimum spanning tree to find 
subclusters

Several clusters are formed by merging 
subclusters in the filaments.



Subcluster shapes
Derived from fitting a 
2D Gaussian.

Most subclusters are 
most of the time 
roundish.

Elongated clusters 
appear during mergers.



Where do new stars form?
Only 50-60% of stars form within 
a subcluster.

No central concentration of new 
stars.

Older stars (i.e. longer accreting,
i.e. more massive) are at the 
centres of subclusters.

Perhaps observational evidence?
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Fig. 1. a) Column density map derived from SPIRE/PACS observations of Aquila. The subregion referred to as the main subfield in the text is
marked by the white rectangle. The cyan triangles mark the positions of the 541 starless cores identified in the entire field. The locations of the HII
regions W40 and MWC297/Sh62 are shown. The PDR region around W40 is framed by white polygon, while the dashed square outlines the small
region shown in more detail in online Fig. 5a. b) Same as a) for the main subfield, with a total of 452 starless cores, marked by cyan triangles.

coverages reduced the e!ects of 1/ f noise (see Sibthorpe et al.
2008).

The PACS 70 µm and 160 µm data were reduced with HIPE
(Ardila et al. 2010) version 3.0. Standard steps of the default
pipeline were applied starting from the raw data (level 0). We
used file version 1 flat-fielding and responsivity in the calibra-
tion tree, instead of the built-in version 3 of those. Therefore, the
flux density scale was corrected with the corresponding respon-
sivity correction factors: 1.78 at 70 µm, and 1.43 at 160 µm.
Multi-resolution median transform (MMT) deglitching and
second-order deglitching were also applied. Baselines were then
subtracted by high-pass filtering, with a median filter width cor-
responding to the full length (180!–190!) of the scan legs taken
from HSPOT (Frayer et al. 2007). The baseline fits were per-
formed on the “level 1” data using interpolation for the masked
bright sources not to over-subtract true sky emission. In this
way, we removed stripes and preserved spatial scales and dif-
fuse emission up to the size of the maps. The final PACS maps
were created using the photProject task, which performs simple
projection of the data cube on the map grid.

Our SPIRE observations at 250, 350, and 500 µm were re-
duced using HIPE version 2.0 and the pipeline scripts deliv-
ered with this version. These scripts were modified, e.g., to
include observations taken during the turnaround of the tele-
scope. A median baseline was applied to the maps and the
“naive” map-making method was used. Online Fig. 3 shows the
500/350/250 µm SPIRE images. The PACS 160/70 µm images
of the same field are shown in Bontemps et al. (2010).

For SPIRE, the absolute calibration uncertanty is estimated
to be "15% (Gri"n et al. 2010), while for PACS the absolute
flux accuracy is within 10% in the blue filter, and better than 20%
in the red filter (Poglitsch et al. 2010). The in-flight calibration
of the SPIRE instrument is described by Swinyard et al. (2010).

Besides cross-correlating the SPIRE and PACS maps to
test their relative astrometry, we compared the astrometry of
the Herschel images with publicly-available Spitzer 8 µm and
24 µm data, as well as high-positional accuracy (<1!!) 3 mm
IRAM Plateau de Bure observations of a small field at the cen-
ter of the Aquila main filament (Maury et al. in prep.). In this
way, we corrected the Herschel images for small astrometric

o!sets (<"6!!) remaining between the SPIRE and PACS maps,
and achieved a final astrometric accuracy better than "2!!.

3. Results and analysis
Compact sources were extracted from the SPIRE/PACS images
using getsources, a multi-scale, multiwavelength source-finding
algorithm briefly described in Men’shchikov et al. (2010).
Several sets of extractions were obtained, including one for the
entire field and one for the main subfield of the Aquila com-
plex (see Fig. 1). At this early stage of the scientific exploitation
of the Herschel survey, we only considered robust sources with
significant (S/N > 7.5) detections in at least two SPIRE bands,
especially since the significance of the sources depends slightly
on the adopted set of extractions.

For the Aquila main subfield (see Fig. 1), Spitzer 24 µm ob-
servations were used in combination with PACS 70 µm data to
distinguish between starless cores and young (proto)stellar ob-
jects (YSOs). In this subfield, objects detected in emission above
the 5! level at 70 µm and/or 24 µm were classified as YSOs,
while cores undetected in emission (or detected in absorption) at
both 70 µm and 24 µm were classified as starless. This classifi-
cation yielded 452 starless cores in the Aquila main subfield.

Outside the main subfield, we had to rely only on our PACS
70 µm data to distinguish between starless and protostellar cores.
Based on the results obtained in the main subfield, we estimate
that the lack of Spitzer 24 µm information leads only to a "3%
error in the classification. Altogether, we identified a total of 541
starless cores and 201 embedded YSOs in the entire field. The
YSOs include "45–60 Class 0 protostars depending on the se-
lection criteria (see Bontemps et al. 2010).

Based on our Herschel data, we constructed dust temperature
(Td) and column density (#) maps. To do this, we first smoothed
all Herschel images to the 500 µm resolution (36.9!!) and repro-
jected them to the same 6!!pixel grid. Weighted spectral energy
distributions (SEDs) were then constructed for all map pixels
from the 5 observed SPIRE/PACS wavelengths.

Assuming single-temperature dust emission, we fitted each
SED by a grey-body function of the form I" = B"(Td)(1 # e##"),
where I" is the observed surface brightness at frequency ",
#" = $"# is the dust optical depth, and $" is the dust opacity per
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Fig. 4. Spectral energy distributions of a newly discovered bright Class 0 (left panel) and of a weaker Class 0 object (right panel), which was
previously detected with Spitzer in Gutermuth et al. (2008).

Fig. 5. Herschel SPIRE 350 µm image of the Serpens South region with
the distribution of Herschel candidate protostars (blue circles) from the
whole field extraction, of the 7 newly discovered Class 0 protostars
(green circles), and of the Spitzer YSOs (red crosses; Gutermuth et al.
2008).

by adding the 8 and 24 µm Spitzer and the 1.2 mm MAMBO
data to the 5 Herschel bands.

A synthesized view of these first results based on this novel
panchromatic analysis of infrared to millimeter range data for
this area is given in Fig. 5. It shows the distribution of Herschel
protostars compared to the Spitzer sources. The first analysis of
this field indicates that even in a highly clustered region like
Serpens South, a significant population of protostars were found
to be missing by pure near and mid-infrared imaging with as
many as 7 newly detected Class 0 objects in this field. We also
note that the Spitzer protostars (most of these not detected with
Herschel) probably correspond to evolved or low-luminosity
Class I objects.

5. Global view of the protostellar population
in Aquila

Using the basic properties derived in Sect. 4.3, we can draw the
first picture of the property space Herschel is going to cover

Fig. 6. Distribution of the Herschel sample of protostars in the proto-
stellar evolutionary diagram Menv!Lbol. The green and red circles are
for the Class 0 and Class I protostars with L!>350

submm/L
70!500
bol > 0.03 and

<0.01 (see text), respectively. The intermediate, more uncertain cases
with 0.03 > L!>350

submm/L
70!500
bol > 0.01 are displayed as light blue circles.

The evolutionary tracks for 0.2, 0.6, 2.0, and 8.0 M" are displayed as
dotted curves. The formal separation between Classes 0 and I in this
diagram corresponds to 50% of the mass accreted, which corresponds
to the locii of the first arrows on the curves (see also the dashed sepa-
rating line). The second arrows on the curves indicate 90% of the mass
accreted.

thanks to its unprecedentedly sensitive and high spatial resolu-
tion in the far-infrared.

In Fig. 6 we plotted the location of the 201 Herschel YSOs
obtained in the entire field in a Menv!Lbol evolutionary diagram
used to compare observed properties with theoretical evolution-
ary models or tracks. The displayed tracks represent the expected
evolution of protostars of masses 0.2, 0.6, 2.0, and 8.0 M" from
the earliest times of accretion (upper left part of the diagram) to
the time of 50% mass accreted (conceptual limit between Class 0
and Class I YSOs), and the time for 90% mass accreted (see
Bontemps et al. 1996; Saraceno et al. 1996; André et al. 2000;
André et al. 2008). In this plot, we distinguished objects with
an L!>350

submm/L
70!500
bol higher than 0.03 which could be safely recog-

nized as Class 0 objects, from YSOs with L!>350
submm/L

70!500
bol lower

than 0.01 which are proposed to be Class I sources. The inter-
mediate objects with 0.03 > L!>350

submm/L
70!500
bol > 0.01 should be

seen as objects with an uncertain classification. A forthcoming
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Mass segregation

Histogram of 
ranks in distance
from the 
geometrical
cluster centre.

Evolutionary sequence:
n increases - age increases

<30         30-50       50-100     >100 sinks
most massive

second most massive

third most  massive

distance from geometrical centre



Upper stellar mass function

Is the IMF universal?

or rather

Which bit of the IMF is universal?

The Exponent?
The Upper limit?
(cf. work of Weidner & Kroupa)

Method of data analysis:
1. Assume Model (truncated power law)
2. Estimate parameters
3. Check agreement of data and best-fit model

! = 2.35
m > 0.5 M!

m <?

dP (m)

dm
! m!!



A tool for the upper mass end: the SPP plot

Cumulative distributions vs. m 
show all data points but are 
hard to read 
(curvature).

i! 0.5

n

0

1
P (m)

m(i) 0

1

1

i! 0.5

n

P (m(i))m(i)

Solution: 
plot cumulative distribution of 
data vs. cumulative distribution 
of model.
Compare data to a straight line. 
Can even show KS test.

m



Mass function in one Cluster
Mass function follows a 
truncated power law!

Estimated exponent: 1.80

Estimated upper limit:
23.5 Msun.

Not consistent with 150 
Msun.

150 M!

! = 2.35



Mass function of all stars
Adding up all stars in clusters 
to have a homogeneous 
sample.

Truncated power law not a 
good fit.
Data curve towards a turn-
down at high masses.

A sign of the IGIMF effect?



IGIMF effect?
Consequence of a “non-
universal” IMF

Large simulation produces 
several clusters.

If you add up mass functions 
with different truncation 
masses, the resulting mass 
function will have a different 
shape.

Steepening of the high-mass 
slope or turn-down.

log m

log IMF



Conclusions

Subclusters are usually round.
Mergers can disturb the shape.
Subclusters quickly reach a central concentration.

Future massive stars are seeds of subclusters.
Subclusters are mass segregated at an age of 0.5 Myr.

The mass function in a subcluster is rather flat.
The mass function in a subcluster is strongly truncated.

There might be signs of the IGIMF effect.

Further reading: Maschberger, Clarke, Bonnell & Kroupa
                        2010, MNRAS 404, p.1061 


