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Main questions

What is their star formation history? 

Single burst, Age spread, sequential star formation 

What is the role of feedback and filaments? 

Are there differences with cluster morphology?



How do we study them?
Stellar content 

Near-infrared imaging and spectroscopy: stellar 
properties 
Mid-infrared imaging: Young Stellar Objects 

 Dust: 
Far- infrared (Herschel) and Sub-mm 

 Gas: 
Radio and mm observations



near-infrared spectroscopy with SINFONI (VLT) and LUCI(LBT) 

Multi-object-spectroscopy 

Integral field spectroscopy

Spectral classification
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Star formation history
Age dating clusters using: 

absolute ages by placing stars in HRD 

Caution: Accretion history, initial conditions is 
important(Preibisch et al, 2012, Soderblom et al, 2014) 

relative ages 

stars vs YSOs, class II vs class I sources 

size of HII regions 

deeply embedded vs not embedded



Star formation history CN15
M. Gennaro et al.: Multiple episodes of star formation in the CN15/16/17 molecular complex.
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Fig. 1. Left: SofI J (blue), H (green) and KS (red) composite image of the CN15/16/17 complex. Right: Spitzer/IRAC 3.6µm (blue), 5.8µm
(green) and 8.0µm (red) composite image for the same region. The white contours are NVSS radio continuum maps. The physical length-scale
of 0.2 pc is estimated at a distance of 1200 pc (see Sect. 5).

Over the past decade, the search for new clusters has gained
fresh interest thanks to near infrared surveys such as DENIS
(Epchtein et al. 1999), 2MASS (Skrutskie et al. 2006), UKIDSS-
GPS (Lucas et al. 2008) and VISTA-VVV (Arnaboldi et al.
2007; Minniti et al. 2010). In parallel to these near infrared
ground based surveys, mid infrared surveys of the Galactic
Plane have been carried out using the IRAC camera on board
the Spitzer Space Telescope. Churchwell et al. (2006, 2007)
found almost 600 molecular bubbles in the GLIMPSE I and II
surveys. Molecular bubbles associated with H ii regions are a
tracer of young, massive clusters hosting O-type or early B-type
stars. Within the sample identified in the GLIMPSE II survey
(|l| < 10!, |b| < 1!), 29 bubbles are associated with H ii regions,
meaning that they very likely host massive stars.

We recently started a campaign aimed at characterizing the
stellar content of these 29 regions, using a combination of imag-
ing and long slit spectroscopy. In this paper we present the re-
sults for CN15/16/17. We observed the region using the SofI
near infrared instrument mounted on the ESO-NTT telescope in
La Silla, Chile. The observing strategy consisted of a combina-
tion of deep JHKS imaging and long slit K band spectroscopy
of the brightest candidate members. By combining photometry
and spectroscopy we have been able to confirm the presence of
early B type stars and to constrain the region’s distance using
their spectral type classification (see Sect. 5).

The CN15/16/17 complex of molecular bubbles is a star
forming region (SFR) hosting young stars in di!erent evolu-
tionary phases (see Fig. 1). The region is projected towards the
Galactic Center (l = 0.!58, b = "0.!85) and was first detected
by Churchwell et al. (2007), by visually searching the inner 20!
of the Galaxy, using mid infrared data from the GLIMPSE II
survey (Benjamin et al. 2003; Churchwell et al. 2009). The
Spitzer/IRAC images of the region show a very pronounced dif-
fuse emission in the 8µm channel, originating from PAH emis-
sion. Two stellar clusters are associated with the region and
are visible in the near infrared. The clusters were first identi-

fied by Dutra & Bica (2000) using 2MASS images (Skrutskie
et al. 2006). One of them (DB11) has already emerged from its
parental cloud and therefore its stellar population is detectable in
the near infrared. The second (DB10) is still deeply embedded
and the high extinction only allows the detection of the bright-
est sources. Dutra et al. (2003) further studied the clusters us-
ing H and KS band imaging also obtained with NTT/SofI. In
addition, a third, very deeply embedded SFR is present. This
youngest region consists of a group of young stellar objects
(YSOs) visible in the Spitzer images and corresponds to the
IRAS 17470-2853 source. It is associated with a radio detected
Ultra Compact H ii region as well as several methanol masers
(Walsh et al. 1998).

In Fig. 1, left panel, we show a JHKS composite image of the
region from our SofI observations. Objects DB10 and DB11 are
clearly visible. DB11 is the central, larger cluster, while DB10 is
the smaller cluster west of DB11. The Spitzer/IRAC composite
image, right panel, is dominated by bright PAHs emission in the
8µm channel. The contours indicate the radio continuum flux at
1.4 GHz from the NRAO VLA Sky Survey (NVSS, see Condon
et al. 1998). From the radio contours it is possible to identify
two H ii regions, one associated with DB11, and the other with
the aforementioned Ultra Compact H ii region, corresponding to
the third, deeply embedded, SFR in the complex. In the latter, a
group of YSOs can be seen in the IRAC channels, but most of
them are too deeply embedded to be detected in the JHKS im-
age. In fact, only two are visible as very red sources. Weaker,
but still traceable radio emission is also observed at DB10’s po-
sition, resulting in an elongation of the contours.

The paper structure is as follows: in Sect. 2 we describe re-
duction and photometry for the new JHKS SofI images, Sect. 3
deals with YSO identification using IRAC photometry, in Sect. 4
we describe our SofI K band spectroscopic observations, which
are used in Sect. 5 to derive the spectro-photometric distance of
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Fig. 1. Left: SofI J (blue), H (green) and KS (red) composite image of the CN15/16/17 complex. Right: Spitzer/IRAC 3.6µm (blue), 5.8µm
(green) and 8.0µm (red) composite image for the same region. The white contours are NVSS radio continuum maps. The physical length-scale
of 0.2 pc is estimated at a distance of 1200 pc (see Sect. 5).

Over the past decade, the search for new clusters has gained
fresh interest thanks to near infrared surveys such as DENIS
(Epchtein et al. 1999), 2MASS (Skrutskie et al. 2006), UKIDSS-
GPS (Lucas et al. 2008) and VISTA-VVV (Arnaboldi et al.
2007; Minniti et al. 2010). In parallel to these near infrared
ground based surveys, mid infrared surveys of the Galactic
Plane have been carried out using the IRAC camera on board
the Spitzer Space Telescope. Churchwell et al. (2006, 2007)
found almost 600 molecular bubbles in the GLIMPSE I and II
surveys. Molecular bubbles associated with H ii regions are a
tracer of young, massive clusters hosting O-type or early B-type
stars. Within the sample identified in the GLIMPSE II survey
(|l| < 10!, |b| < 1!), 29 bubbles are associated with H ii regions,
meaning that they very likely host massive stars.

We recently started a campaign aimed at characterizing the
stellar content of these 29 regions, using a combination of imag-
ing and long slit spectroscopy. In this paper we present the re-
sults for CN15/16/17. We observed the region using the SofI
near infrared instrument mounted on the ESO-NTT telescope in
La Silla, Chile. The observing strategy consisted of a combina-
tion of deep JHKS imaging and long slit K band spectroscopy
of the brightest candidate members. By combining photometry
and spectroscopy we have been able to confirm the presence of
early B type stars and to constrain the region’s distance using
their spectral type classification (see Sect. 5).

The CN15/16/17 complex of molecular bubbles is a star
forming region (SFR) hosting young stars in di!erent evolu-
tionary phases (see Fig. 1). The region is projected towards the
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survey (Benjamin et al. 2003; Churchwell et al. 2009). The
Spitzer/IRAC images of the region show a very pronounced dif-
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sion. Two stellar clusters are associated with the region and
are visible in the near infrared. The clusters were first identi-

fied by Dutra & Bica (2000) using 2MASS images (Skrutskie
et al. 2006). One of them (DB11) has already emerged from its
parental cloud and therefore its stellar population is detectable in
the near infrared. The second (DB10) is still deeply embedded
and the high extinction only allows the detection of the bright-
est sources. Dutra et al. (2003) further studied the clusters us-
ing H and KS band imaging also obtained with NTT/SofI. In
addition, a third, very deeply embedded SFR is present. This
youngest region consists of a group of young stellar objects
(YSOs) visible in the Spitzer images and corresponds to the
IRAS 17470-2853 source. It is associated with a radio detected
Ultra Compact H ii region as well as several methanol masers
(Walsh et al. 1998).

In Fig. 1, left panel, we show a JHKS composite image of the
region from our SofI observations. Objects DB10 and DB11 are
clearly visible. DB11 is the central, larger cluster, while DB10 is
the smaller cluster west of DB11. The Spitzer/IRAC composite
image, right panel, is dominated by bright PAHs emission in the
8µm channel. The contours indicate the radio continuum flux at
1.4 GHz from the NRAO VLA Sky Survey (NVSS, see Condon
et al. 1998). From the radio contours it is possible to identify
two H ii regions, one associated with DB11, and the other with
the aforementioned Ultra Compact H ii region, corresponding to
the third, deeply embedded, SFR in the complex. In the latter, a
group of YSOs can be seen in the IRAC channels, but most of
them are too deeply embedded to be detected in the JHKS im-
age. In fact, only two are visible as very red sources. Weaker,
but still traceable radio emission is also observed at DB10’s po-
sition, resulting in an elongation of the contours.

The paper structure is as follows: in Sect. 2 we describe re-
duction and photometry for the new JHKS SofI images, Sect. 3
deals with YSO identification using IRAC photometry, in Sect. 4
we describe our SofI K band spectroscopic observations, which
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Star formation history
Theoretical explanations for age spread: dynamical time, 

density of the core, SFR and core formation efficiency (Elmegreen 
2000, Dib 2013, Parmentier 2013) 

Age spread inside a cluster hard to measure: 

Starburst clusters: no age spread (Kudryavsteva 2012) 

Extended cluster: age spread detected (Bik 2012, Da Rio 2014, 
Reggiani 2011) 

OB associations with no age spread (Preibisch et al, 2012)



Cluster formation

How important is feedback? 
Filaments?



Hernandez et al, 2008
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Average: 7.7 ± 2.3 % 
   < 1pc: 9.4 ± 3.0 % 
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Disk fraction

Low average disk fraction in W3 Main: 

EUV (λ < 1200 Å) radiation confined in HII regions and 
does not reach the entire cluster. 

Stellar densities to low to affect disks via dynamical 
interaction (Megeath et al, 1996, Olczak et al, 2010, Juan de Ovelar et 
al, 2013) 

FUV (λ > 1200 Å) heats the disks and enhances accretion  
and shortens disk lifetimes (Fang et al, 2012)



Triggered star formation?
The Astrophysical Journal, 754:87 (22pp), 2012 August 1 Wang et al.

Figure 23. Single-dish 13CO(2–1) channel map and the 6 cm VLA continuum image (Tieftrunk et al. 1997) of W3 Main. The top left panel shows the 6 cm VLA
continuum image, and the contour levels start at 2.8 mJy beam!1 and continue in steps of 50 mJy beam!1. The rest of the panels show the single-dish 13CO(2–1)
channel map with a spectral resolution of 1.2 km s!1, with contour levels starting at 5! and continuing in steps of 20! (1! = 0.35 K). The crosses mark the position
of the SMA continuum sources SMS1-MM1, SMS2-MM2, SMS3-MM1, and SMS3-MM2. The three circles/ellipses outline the approximate position and size of the
three H ii regions, W3 A, H, and D (Tieftrunk et al. 1997). The beam of the single-dish data is shown in the bottom left corner of each panel.
(A color version of this figure is available in the online journal.)

associated with HCH ii regions are even younger (few times
104 yr; Mottram et al. 2011; Davies et al. 2011). Furthermore,
the potential starless cores in SMS3 are still at the onset of
massive star formation. The age differences reveal different
stellar populations. The OB stars associated with the diffuse
H ii regions and the low-mass cluster members are the first
generation stars, and the exciting sources of the UCH ii regions
and our SMA continuum sources are the second generation stars.
The second generation star formation might be triggered by the
first generation stars or perhaps the star formation activities last
over a prolonged period (Feigelson & Townsley 2008).

To investigate the interactions between the H ii regions and the
molecular cloud, we construct the single dish 13CO(2–1) channel
map (Figure 23). The channel map shows that the molecular
cloud forms circle-like structures with velocity gradients around
the H ii regions W3 A, H, and D. For W3 A, in the panel
!40 km s!1 of Figure 23, the molecular cloud forms a “ring”
around W3 A with two main clumps located at the northeast
and west of the H ii region’ s edge. These two main clumps
move to the south a bit in the panel !38.8 km s!1, but the
“ring” is still there. In the panel !37 km s!1, the “ring” is no
longer present, and the clumps move to the south and join into
one. Finally, in the panel !34 km s!1, the clump moves to the
southwest. These structures indicate a velocity gradient of the
molecular cloud around the H ii region W3 A from the north to
the south. A similar velocity gradient is also found around the
H ii region W3 H, which starts in the panel !44.8 km s!1 and
the direction is from the east to the southwest. For the H ii region

W3 D, a “ring” structure is found in the panel !43.6 km s!1

of Figure 23, and the clumps move south and east of W3 D
in the next three channels. These velocity gradients suggest
that the H ii regions are expanding and interacting with the
ambient molecular gas. Furthermore, the young stellar objects
(YSOs) and potential starless cores of the SMS1, SMS2, and
SMS3 regions are located close to the edge of the H ii regions.
These facts together indicate that the H ii regions may have even
triggered the star formation in these subregions.

Similar structures with molecular gas distributed as a ring
structure have also been found around many H ii regions or
bubbles (Deharveng et al. 2009; Beaumont & Williams 2010;
Fang et al. 2012).

In the S255 complex, Wang et al. (2011) revealed three
massive star-forming regions with different evolutionary stages
within the same region. Based on the age difference between the
low-mass cluster and the central high-mass protostellar objects,
they suggest that the low-mass stars form first under pressure
of the H ii regions sitting around them, and then the low-
to intermediate-mass stars may enhance the instability of the
central high-mass cores and may potentially have triggered the
formation of the central high-mass stars. Unlike the symmetric
geometry of the S255 complex, W3 Main is more randomly
distributed.

SMS1 sits between W3 A and W3 B, and is also associated
with the dense young stellar cluster (Feigelson & Townsley
2008; Megeath et al. 1996), which has the highest YSO density
in W3 Main. The exciting source of W3 A has an age of
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generation stars, and the exciting sources of the UCH ii regions
and our SMA continuum sources are the second generation stars.
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first generation stars or perhaps the star formation activities last
over a prolonged period (Feigelson & Townsley 2008).
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in the next three channels. These velocity gradients suggest
that the H ii regions are expanding and interacting with the
ambient molecular gas. Furthermore, the young stellar objects
(YSOs) and potential starless cores of the SMS1, SMS2, and
SMS3 regions are located close to the edge of the H ii regions.
These facts together indicate that the H ii regions may have even
triggered the star formation in these subregions.

Similar structures with molecular gas distributed as a ring
structure have also been found around many H ii regions or
bubbles (Deharveng et al. 2009; Beaumont & Williams 2010;
Fang et al. 2012).

In the S255 complex, Wang et al. (2011) revealed three
massive star-forming regions with different evolutionary stages
within the same region. Based on the age difference between the
low-mass cluster and the central high-mass protostellar objects,
they suggest that the low-mass stars form first under pressure
of the H ii regions sitting around them, and then the low-
to intermediate-mass stars may enhance the instability of the
central high-mass cores and may potentially have triggered the
formation of the central high-mass stars. Unlike the symmetric
geometry of the S255 complex, W3 Main is more randomly
distributed.

SMS1 sits between W3 A and W3 B, and is also associated
with the dense young stellar cluster (Feigelson & Townsley
2008; Megeath et al. 1996), which has the highest YSO density
in W3 Main. The exciting source of W3 A has an age of
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-37.6 km/s -36.4 km/s -35.2 km/s -34.0 km/s

radio

Wang et al, 2012
Fig. 23.— The single dish 13CO(2! 1) channel map and the 6 cm VLA continuum image (Tieftrunk et al.
1997) of W3 Main. The top left panel shows the 6 cm VLA continuum image, and the contour levels start
at 2.8 mJy beam!1 in steps of 50 mJy beam!1. The rest panels show the single dish 13CO(2 ! 1) channel
map with a spectral resolution of 1.2 km s!1, the contour levels start at 5! in steps of 20! (1! = 0.35 K).
The crosses mark the position of the SMA continuum source SMS1-MM1, SMS2-MM2, SMS3-MM1 and
SMS3-MM2. The three circles/ellipses outline the approximate position and size of the three HII regions,
W3 A, H, and D (Tieftrunk et al. 1997). The beam of the single dish data is shown in the bottom left corner
of each panel.
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More triggered SF?

Large association: Gem OB1 

harbors many HII regions 
and small embedded 
clusters 

focus on S247 and its 
environment.

Bik et al, in prep
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...or filaments?

Large association: Gem OB1 

Outer galaxy 

harbors many HII regions 
and embedded clusters 

focus on S247 and its 
environment.

Bik et al, in prep

Object: S247
distance:1.7 kpc
Most massive star: 15 Msun (O9V)
Estimated cluster mass: ∼1000 M⊙

Ks, 3.6micron,4.5 micron

Herschel 250 micron



Spatial distribution
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Towards extreme environments
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Towards extreme environments
Object: W49
distance:11.4 kpc
Most massive star: 100-180 Msun
Estimated cluster mass: >104 M⊙
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Towards extreme environments
Object: W49
distance:11.4 kpc
Most massive star: 100-180 Msun
Estimated cluster mass: >104 M⊙

Wu et al, 2014 Poster Shiwei WUFilaments feeding mass to W49 GMC, Galvan-Madrid et al, 2013



Spectroscopic survey W49

Wu et al, 2014

O2-O3.5If* (supergiant): 

M=80-180 Msun 

Strong stellar wind 

Many more early O stars 
(Poster Shiwei Wu) 



Feedback has little effect in forming the bulk of stars.  
(see also Kendrew 2012) 
Embedded clusters form at crossing points of filaments  

Filaments transfer mass to the forming high-mass cluster 

HII region heats up the dust and affects the filament 
(some triggering). 

Densest filament in region 

most recent star formation

Filaments vs triggering



Conclusions
Star formation history is complex: 

Sequential star formation (different sub clusters with 
different ages) 

Age spread sometimes observed, sometimes not, related 
to dynamical time? 

Cluster formation: 

feedback does not cause the bulk of the star formation 

star formation at the crossing points of filaments


