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in the Galaxy, the six cluster candidates have less powerful Lyman ionizing Bxes and ionize less of the H ii mass
in the surrounding ISM. Therefore, these cluster candidates appear to be more consistent with intermediate-mass

clusters (10

3p1d M ).
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1. INTRODUCTION

Massive stars return a signibcant fraction of their mass
to the interstellar medium (ISM) by means of stellar winds
and supernovae. Massive stars are rare, have short lifetimes,
and are predominantly observed in young, massihg){Myr,
10t M ) clusters. To date, few such clusters are known and
well studied in the Galaxy because many are located in the
highly obscured Galactic disk. A complete census of young,
massive stellar clusters in the Galaxy is needed to determine
their total number and distribution. Estimates have shown that
the Galaxy should host close to 100 of these clusters (Hanson
& Popescuw2008. However, only a few such clusters are well
known and studied. For example, the Arches, Quintuplet, and
Central clusters in the Galactic center were uncovered with
infrared spectroscopic observations, and are responsible for
heating and shaping much of the surrounding ISM (Cotera
et al.1996 Figer et al.19993 1999h Lang et al.1997 2001a
2002. In addition, several other young, massive clusters in the
Galaxy have been recently studied: RSGC1 and 2 (Davies et al.
2008, W49a (Homeier & Alves2005 de Pree et al1997),

NGC 3603 (Melena et ak008 Borissova et al2008 de Pree
et al.1999, and Westerlund 1 (Brandner et aD08 Kothes &
Dougherty2007).

Over the last decade, surveys in the near-infrared and mid-
infrared (Two Micron All Sky Survey an@pitzer GLIMPSE
in particular) have revealed as many as 1000 candidate clusters
(e.g., Bicaetal2003 Mercer et al2005. A sample of 40 possi-
ble young, massive clusters were selected from these candidates
using multiwavelength data, including radio and optical obser-
vations. Among these 40 sources, six were identibed as having
bright associated radio emission from the NRAO VLA Sky Sur-
infrared data is to characterize the infrared emission surround-
ing the clusters, as well as the infrared emission arising from
cluster members. Comparison between the radio and infrared
observations provides additional insight about the interstellar
environment of the stellar clusters and the impact of the stars on
the surrounding medium.
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2. CANDIDATE MASSIVE CLUSTERS:
RACKCROIIND INEORMATION

5 yr. Optical and 1.4 GHz radio
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Figure 1. BD52: the left image shows radio contours at 8.5 GHz corresponding to levels of 3, 6, 9, 15, 30, 60, 120, 200, 300, and 450 times rms notse of 3.65
10°5 Jy beant! overlaid on color scale representiSgitzef IRAC data at 3.61m. The right image shows radio contours at 4.9 GHz corresponding to levels of 3, 5,
7,9,12, 15, 18, 50, 100, and 200 times rms noise of 8.18°* Jy bear® overlaid on color scale representiSgitzef IRAC data at 8 m. The blue lines represent

the slice taken through the shell seen in Fig@esd10. The synthesized beam of the radio image is shown in the lower left corner of each plot.

(A color version of this bgure is available in the online journal.)

Table 2 y
Table for Radio Images 54
Source Frequency Resolution rms 48"
Name (GHz) (arcsec) (mJy beah)
BD52 4.9 17.9% 11.61 0.313 42"
BD52 8.5 8.77 6.86 0.0365
BD65 4.9 16.60< 11.41 0.552 5 360
BD65 8.5 10.75¢ 6.88 0.156 5
BD84 4.9 29.15¢ 11.78 0.0675 < 200
BD84 8.5 14.68< 7.37 0.0425 2
BD95 4.9 19.24 12.76 0.281 o §
BD95 8.5 12.14¢ 6.97 0.0591 S 24
DB7 4.9 24.27 11.77 0.194 S
DB7 8.5 15.66x 6.93 0.106 18"
DBCL23 4.9 24,78 12.30 0.295
DBCL23 8.5 15.70< 6.98 0.134 120
61°51'06"
4. RESULTS
In the following sections, the morphology of the clusters 01"23M09° 07° 06° 05° 04° 03°
and their surroundings in both radio and infrared images is dis- J2000 Right Ascension

Cus-se-d' T-he C-Orrelation- between the- observed radio and infrareq—'igure 2.BD52 center with radio contours at 8.5 GHz corresponding to levels
emission in FlgureS_LE)Y is also exammed._ThPT wavele_ngths at 3.6, é), 12, and 15 times rms noise of 3651055 Jy beant® overlaid on
which the observations were taken provide information about color scale representir@pitzet IRAC data at 3.gim. The synthesized beam of
the type of emission produced by the stellar clusters. lonized hy-the radio image is shown in the lower left corner of the plot.

drogen in the clusters emits thermal freebfree emission, which(A color version of this bgure is available in the online journal.)

can be traced at radio frequencies. Emission from the thermal
dust continuum is seen at infrared frequencies. The IRAC bands . . .
at 3.6, 5.8, and @m contain polycyclic aromatic hydrocarbon  VideS us with knowledge about the morphology and emission
(PAH) features. PAH emission typically arises in PDRs and can mechanisms of the stellar clusters and their igions.

be used to delineate the edge of the PDR. Theu&and is )

dominated by stellar emission, and the® band contains pri- 4.1. Radio and Infrared Images

marily diffuse continuum and PAH emission. These two bands 4.1.1. BD52

were used for the color scale seen in Figu®swith contours

overlaid representing the radio emission at 8.5 and 4.9 GHz. Figure 1 shows BD52 with contours of radio emission (at
Comparing the distribution of radio and infrared emission pro- 8.5 GHz (left) and 4.9 GHz (right)) overlaid on 3.6 and &
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Figure 3. BD65: the left image shows radio contours at 8.5 GHz corresponding to levels of 3, 6, 9, 15, 25, 35, 45, 60, 75, 90, 120, 150, 180, 220, and 260 times rms
noise of 1.56 10 4 Jy beam?® overlaid on color scale representiBjtzer IRAC data at 3.6 m. The right image shows radio contours at 4.9 GHz corresponding

to levels of 3, 8, 15, 22, 32, 45, 60, 80, 100, and 150 times rms noise of 5152 “ Jy beam* overlaid on color scale representiigitzer IRAC data at 8 m. The
synthesized beam of the radio image is shown in the lower left corner of each plot.

(A color version of this bgure is available in the online journal.)
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Figure 4. BD84: the left image shows radio contours at 8.5 GHz corresponding to levels of 3, 6, 9, 15, 25, 35, 50, and 70 times rms noiseldf 2.2 beam !
overlaid on color scale representifigitzer IRAC data at 3.6 m. The right image shows radio contours at 4.9 GHz corresponding to levels of 3, 6, 9, 15, 25, 35, 50,
and 70 times rms noise of 6.7510 ° Jy beam! overlaid on color scale representifipitzer IRAC data at 8 m. The blue lines represent the slice taken through
the shell seen in Figurd3and14. The synthesized beam of the radio image is shown in the lower left corner of each plot.

(A color version of this bgure is available in the online journal.)

images. The radio emission associated with BD52 has anshell extending beyond the 4.9 GHz radio shell. The emission
extended morphology. The 8.5 GHz radio contours in the left is more apparent at 8m shown in the right image, and to the
image show a curved, partial-shell structure of approximately north looks more complete than at 3.61. The stellar cluster

1 (thickness) 3 (diameter) (0.4 pc 1.3 pc atd is visible in the 3.6 m image on the left. An investigation
1.44 kpc) in size, whereas the 4.9 GHz radio emission shows aof the stellar components of BD52 by C. Trombley et al. (in
complete shell-like structure as seen in the image on the right.preparation) suggests a cluster mass of 1800and an age
Given the distribution of radio emission at 4.9 GHz, it appears of 1 Myr. They conclude that several main-sequence early B
that there must be missing Bux at 8.5 GHz. Indeed, the largeststars are producing the ionizing Bux which powers thé H
angular size of the VLA interferometer at 8.5 GHz in D-array region.

is 3. This means that extended structures larger than this In the SW corner of the image is a bright radio point source
angular size (3 will not be detectable at this frequency. The (at approximately R.A., decl. (J2000): 01 23 00, 61 48 15).
4.9 GHz emission associated with BD52 shows that the sourceThis radio point source has no counterpart in the infrared and
has a diameter of about @1.7 pc atd  1.44 kpc), therefore,  is known to be a bright non-thermal extragalactic radio source
Bux is missing in the 8.5 GHz image. Two components are (Snell & Bally 1986. We calculate the spectral index of this
visible in the 3.6 and 8 m emission: the stellar sources and compact source to be2.60 0.07, which is in agreement with
the diffuse emission that appears to be part of a larger infraredthe non-thermal nature of the source.
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The 4.9 and 8.5 GHz radio emission have similar morphology, . Table 3
although the 4.9 GHz emission in the rightimage extends farther Radio Continuum Parameters
west. The 3.6 and 8m infrared morphology resembles that source Flux Density at 4.9 GHz Angular Stze Distance
of BD95 with areas of bright emission and diffuse arm-like Name (mdy) (arcsec) (kpc)
structures. One of these structures which arcs out to the NW hagps; 5030 25 250 250 1440 0.28
corresponding radio emission, most noticeable at 8.5 GHz ingpgs 41000 200 350 200 0.8
the left image. Other than this structure, the radio and infrared sps4 420 3 175 120 8.060 0.30P
are not well correlated. The emission peaks are offset with theBD95 279 20 220 220 3.240 0.56
infrared peak occurring at R.A., decl. (J2000): 07 35 3328 DB7 5110 30 200 175 2.650 0.4
45 30, and the radio peak occurring at R.A., decl. (J2000): 07 bBCL23 24400 100 120 140 3=
35 35, 1845 30. The associated source, DB8, can be seen in
the right image at R.A., decl. (J2000): 07 35 39,8 48 45. Notes.
2 Approximate angular sizes determined using the full width at zero intensity of
4.1.6. DBCL23 slices taken across each source delineated by the 4.9 Gidargours.

. . . o b Russeil et al. 2007).
Figure 7 shows DBCL23 with contours of radio emission ¢ caplan et al.2000.

(at 8.5 GHz (left) and 4.9 GHz (right)) overlaid on 3.6 and ¢ Messineo et al.2007.
5.8 mimages. The radio contours at both frequencies are very® Comegn et al. 005.
similar, and both are well correlated to the infrared emission.

There is only a slight difference in morphology between the  Based on the radio continuum parameters, physical properties
infrared and radio with the radio emission being Plled-in, and of the ionized gas associated with the candidate clusters have
the infrared emission more shell-like with a central cavity. The peen derived using the formulation of Mezger & Henderson
contours of 4.9 GHz emission shown in the image on the right (1967). In using these formulae, a uniform density, spherical,
give a diameter of approximately & pc atd 3.5 kpc) for jonization bounded i region with an electron temperature of
DBCL23. The diffuse 5.8 m emission seen in the rightimage 10,000 K and an abundance of ionized helium to hydrogen of 0.1
extends farther than the 4.9 and 8.5 GHz radio contours. Theres assumed. Tablkepresents the derived quantities from the radio
are double emission peaks separated by aboutvBfble in continuum parameters shown in Tal8leDue to Rux missing

the radio and infrared emission. The location of these peaksfrom a couple of the sources in the 8.5 GHz observations, an
in the radio emission is offset from the peaks in the infrared accurate measure of the Rux density could not be Obtained,
emission. thereby preventing a useful analysis at this frequency. Using
the formulae, we derive a linear radius of the equivalent sphere
for the Hii region ), electron densityr), emission measure

Examination of Figured£Y reveals some overall trends for  (EM), total mass of ionized gas{ ), and the Lyman continuum
the ISM surrounding the candidate clusters: (1) in all but two Photon Bux (Viyc). The Lyman continuum photon Bux is the
sources, the infrared emission (3.6 andrB) extends beyond  rate of photons emitted capable of ionizing the surrounding
the associated radio emission. The two exceptions to this arehydrogen. This value provides a measure of the clusterOs power
BD84 and DB7, for which the 4.9 GHz emission extends farther by quantifying its ability to impact the surrounding gas.
than the infrared emission; (2) the morphology of the infrared ~ The authors acknowledge that the sources presented in this
emission for the cluster sources BD52, BD84, and DBCL23 is Study are not well described by a uniform density sphere. How-
shell-like with a cavity and bright emission along the edges. €ver, past studies (most notably the work done by Balser et al.
The radio emission in BD52, BD84, and DBCL23 is also more 1999 have shown Hi region properties based on radio con-
symmetric and roughly follows the infrared emission. The shell- tinuum emission to have relatively limited model dependence.
like morphology at both radio and infrared wavelengths allows Balser etal. 1995 compared three models to describe the radio
for a more in-depth analysis to be carried out for these three continuum structure of 11 GalacticiHegions. Physical param-
sources (SectioB.1); (3) on the other hand, BD65, BD95, and eters were derived from the models using different geometries
DB7 are more complex and less symmetric in morphology at (homogeneous sphere and a spherical Gaussian) as well as by

radio and infrared wavelengths; and (4) the peak intensity seenusing peak properties in the continuum intensity maps. Compar-
in the radio emission is offset from the peak in the infrared isonbetween the three models showed no systematic differences

emission. This trend is also noticeable in the slice analysis in the derived electron density and EM, and resulted in an over-
performed on the three cluster candidates BD52, DBCL23, andall scatter of 15% between modeled parameters. In addition, the

4.2. Relationship between Radio and Infrared Emission

BD84 (see Sectioh.1). ionization properties that are of greatest interest in this analysis
_ ) ) o are a function of frequency, electron temperature, distance, and
4.3. Radio Continuum Properties of H ii Regions Bux density, all of which are model independent. The main chal-

lenge lies in accurately measuring the Rux density. Balser et al.
(1995 discovered there could be differences in measured Rux

We can estimate the physical properties of the radio contin- density of upto 50% for extended sources, which would result
uum emission by examining the Bux density of each source.in about a 50% difference in derived ionizing Bux. However, the
Flux densities have been measured within the contour repre-motivation of this work is an order of magnitude comparison
senting three times the rms level at 4.9 GHz as seen in Fjure of ionizing photon RBuxes between the sources in this study and
Approximate angular sizes have also been determined from theknown massive clusters in the Galaxy. Therefore, the results of
full width at zero intensity of slices taken across each source. this analysis are adequate for the primary goal of this study. It
The 3 contour at 4.9 GHz was used to delineate the edge of should be emphasized that the physical quantities reported in
the sources. The integrated Bux density and angular size valueJable4 derived from the radio continuum parameters are meant
are reported in Tabla. to be used for relative comparison.

4.3.1. Calculations
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Figure 8. Images show the 4.9 GHz radio continuum with contours at 3, 9, 18, 32, and 80 times rms noise in each source. Flux densities were integrated for eacl
source using the 3contour. A 4 bar with the corresponding linear size at the sourceQOs distance has been included to demonstrate the relative size scale.

The last column in Tabld gives an estimate of the spectral indicating these results are consistent with past observations
type for each cluster based on our calculated Lyman continuum(e.g., BD95; Samal et a2007 Yun et al.2008.
photon Ruxes and model stellar atmospheres derived by Smith
et al. 002. No correction for extinction was made for these 4.3.2. Properties
estimates. The stellar spectral types given are the types that ) _ ) o
would be assigned to a single ionizing source which produces The physical parameters derived in TaBlshow variation
the observed Lyman continuum Rux. It is recognized that the In physical characteristics of theiHregions associated with
ionizing photon rate calculated for the stellar clusters most likely the cluster candidate sources. The equivalent radii for the H
arises from more than one cluster member, and not a singleregions range betweenl and 9 pc, with the majority of sources
ionizing source of the estimated Spectrai type. However, the haVIngllnearSIZeS of ].jE)S pC.The electron denSItIesvrangefrom
estimate allows for a comparison between the results of this10 cmP® up to 140 cmi® with an average of 48 cn?®. The
analysis and those determined in previous studies. In generalEM differs for all sources ranging betweerl0® pc cnP® and
there was close agreement between the estimated spectral typds* 10* pc cn®. The total mass of ionized gas associated with
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Figure 9. BD52 slice near decl. 61 53 at8 m (solid line), 4.9 GHz (dotted line), and 8.5 GHz (dashed line). The position of the slice is shown exactly inlFigure
The 8 m intensity has been scaled down by a factor ¢f.10
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Figure 10. BD52 slice near decl. 61 53 at 3.6 (solid line), 4.5 (dotted line), and 5.8 (dashed line). The position of the slice is shown exactly in Figure

emission in the two emission peaks. The spike at Is¥&n in of 30. The 8 m emission has peaks on either side of the
all three bands in Figurg2 represents stellar emission. radio emission, 90 and 130. A possible interpretation is that
the Hii emission indicated by the peak is surrounded by a shell
5.1.3.BD84 of PAHs and warm dust indicated by the two infrared emission
Figure 13 shows a slice across the source BD84 at 4.9 GHz, Peaks. Asis evidentin Figure the radio continuum emission is
8.5 GHz (convolved to 4.9 GHz) and 8n. The location of this ~ More extended than the infrared emission in BD84. This is only
slice is shown in Figuré. The radio emission for this source has  Slightly apparent in the slices in Figule where the 4.9 GHz
a single peak near 115 D120 along the slice, and an FWHM  emissionis visible above the 8n emission just outside the two
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Figure 14. BD84 slice at decl. 0 4433 at 3.6 (solid line), 4.5 (dotted line), and 5.8 (dashed line). The position of the slice is shown exactly in Figure

between two emission peaks for all three sources indicates 5.2. Associated Stellar Sources: Infrared

PAHs are probably being destroyed by stellar radiation near Color-Color Diagrams

the clusters. This also provides more evidence that the infrared

emission peaks are due to PAH features, and represent the edges Photometry fromSpitzer IRAC can be used to identify
of the PDR. Our simplistic analysis for these three sources objects with infrared excess, including evolutionary classes
is consistent with the infrared dust bubble model of Watson of young stellar objects (YSOs; Allen et a2004. YSOs

et al. 008. serve as signposts for sites of ongoing star formation, and
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Table 5

Cluster Comparison Parameters
Source Distance Galactic Coordinates Age Cluster Radius Cluster Massii Mads Niye References
Name (kpc) b (Myr) (pc) (1000 M ) M) (s
Westerlund 1 3.55 339.55 0.4 3b5 1.0 45 4753 1,2
Westerlund 2 2.8 28427 0.34 1D3 7 6 100 3,4
RCW49 8 284.31 0.33 11.5 10° 3
RSGC1 6.6 25.27 0.16 10b14 1.5 30 5
RSGC2 5.8 26.19 0.07 14D20 3.2 40 5
W49a 11.4 43.17 0.0018 0.3D2 50D70 [23B 2.4 10°° 6,7
Central 8 0.00 0.01 3b7 0.23 20 32 10 8,9
Arches 8 0.12 0.02 2D3 0.23 5480 4 10° 10, 11
Quintuplet 8 0.16 0.06 3D5 1.0 20 240 7.910°° 9,12
NGC 3603 7.6 29163  0.53 25 0.7P1.5 10D16 10000 1o 13,14
CL 1806-20 8.7 10.00 0.24 3b4.5 3 15, 16
Glimpse 30 7.2 298.76 0.41 45 1.36 3 8
DBS2003 179 7.9 347.58 0.19 2b5 0.2 7 17
DBS2003 45 4.5 283.88 0.91 5b8 1 82 10% 18

References. (1) Brandner et a008 (2) Kothes & Dougherty2007 (3) Rauw et al2007 (4) Ascenso et aR007, (5) Davies et al2008 (6) Homeier
& Alves 2005 (7) de Pree et all997 (8) Kurtev et al.2007 (9) Figer et al1999h (10) Figer et al2002 (11) Lang et al20013 (12) Lang et al1997
(13) Melena et al2008 (14) de Pree et all999 (15) Bibby et al.2008 (16) Figer et al2005 (17) Borissova et aR008 (18) Zhu et al2009

sources, while those within the cluster are associated with brightimpact of these stellar clusters on the surrounding ISM. It
point sources, making these sources likely cluster members. is apparent that in general the average mass of ionized gas
implied by the radio observations for the candidate sources is
5.2.7. Overview below the well-known massive clusters. With the exception of
Inspection of the spatial distribution of objects with infrared BD65, all other cluster candidate sources have ionized masses of
excess in each of the six clusters presented in this study yieldsJVEii; ciy:)/[ni.zz(? ?r?aigcej SD(%C?%Zir?(;eB%t thvi#igﬁe;rzngo?;:ah;f;ar;ge
Zi?e"gcrierc?SSl{gsh E?ncizsifjlﬁ.sﬁ(tariscggtszlir;)sleCt\r::totiemdi;?rgi]tl)%rt]if) nOf to the ionized mass associated with Westerlund 1 (Kothes &
of infrared excess sources results from star formation triggeredzgzgr:)efrgggg? ' %’?\?55:1?: s(,j isszlgri;g?;t'ﬂg%vtﬁgtlgﬁﬁ e'%"igg
by the expansion of bubble-like i regions, but. it can also' and Quintuplet i_" regions (de Pree et al997 Lang et al
be argued that already formed protostellar objects are belng1997 20013 ' '
expos‘?d by the evolution of thg central systems. A more robust Th’e clustér candidate sources ha#@b3 orders of magnitude
analyz:s of theIYSOh pé)pulatlonhof egch c_Iustecri 'Wohu_ld bg smaller Lyman continuum photon Buxes when compared to
possible at wavelengths between those investigated in this study, ) : : . :
e.g.,Herschel and or ALMA observations. These observations g‘?;si (f’;:‘f/;}ﬁ‘;"%%‘idlmgﬁ“’lgrgiﬁg'c C\Ilglsszr?’s V;h';h have
would also prove useful as probes of triggered star fqrmapon 10 s L for BD6S5. and e.ven this value %Calmost an 6rder of
(see Zavagno et a2_010f0r one suc_h s_tudy). Maser activity is aanitude less thz;m the next closaist. value of 10°°s * for
often associated with shocked emission such as out3ows fro G%: 3603 (de Pree et 41999, The c%cndidate cluster DBCL23
YSOs (e.g., Anglada et all996; in the case of BD52 the . X : ;

; ; is also on the higher end of o range with a value of 2.7
possible EGO Is cut off by the edge of the IRAC frame, so a 0"s 1. Thisis comparable to DY(I:382003 45 which had aLyman
Prm association cannot be made. The maserbYSO association i : 3 f8% 10% s 1 (Zhu et al.2009 y
also pointed out by Cyganowski et &2008 2009 who focuson ~ continuum [sux of o. S uetal -
the aessociation bgtw)égen EGOs andqmasersa.Sbheer IRAC The impact on the ISM from massive clusters such as Arches
observations of each cluster were inspected by eye for EGOsand ((QLumtupI?t Tisélgt?S é% gllé)ab'lreh stru'cture%strzl pfﬂ_and 10pcin

ielding no obvious sources. A lack of detection of MYSOs SIZ€ (Lang et a ) - Ihe size of the HiI reglons
{bright,g extended sources in the 4.6 discussed above) is around the cluster sources BD65 and BD84 falls into this range.
partially embedded, intermediate-mass stellar clusters. The lackcandidates are more analogous to the sizes of the actual stellar
of MYSO detection also implies the candidate clusters are not clusters for some of the comparison clusters (e.g., RSGC1 and
sites of ongoing massive star formation. For DBCL23, this result 2; Davies et al2009.

is consistent with Comen et al.02005 conbrmation that it is Past studies have predicted the Galaxy to harbor about 100
not a massive star-forming site (Sectis). massive ( 10* M ) stellar clusters similar to the comparison
clusters (Hanson & Popes@009. However, using the evi-
5.3. Comparison to Known Young, Massive dence stated above, we conclude that the candidate clusters do
Clusters in the Galaxy not represent the most massive stellar clusters in the Galaxy, but

are rather intermediate-mass clusters. Messineo e2@DY
Table5 lists physical properties of 14 young, massive clusters extrapolated the number of known clusters with a mass larger
in the Galaxy that have been well-studied with which the than 1¢ M to conclude that there are about 200 clusters with
properties of the candidate clusters can be compared. Themasses-10° M . The stellar clusters presented in this study

properties most relevant to this study are thé Fhass and  may belong to this group of intermediate-mass clusters in the
the Lyman continuum photon RBux, because they quantify the Galaxy.
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