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ABSTRACT

Aims. We present a study of the molecular gas and interstellar dust distribution in the environs of the Hu region NGC 3503 associated
with the open cluster Pis 17 with the aim of investigating the spatial distribution of the molecular gas linked to the nebula and achieving
a better understanding of the interaction of the nebula and Pis 17 with their molecular environment.

Methods. We based our study on '2CO(1-0) observations of a region of ~0%6 in size obtained with the 4-m NANTEN telescope,
unpublished radio continuum data at 4800 and 8640 MHz obtained with the ATCA telescope, radio continuum data at 843 MHz
obtained from SUMSS, and available IRAS, MSX, IRAC-GLIMPSE, and MIPSGAL images.

Results. We found a molecular cloud (Component 1) having a mean velocity of —24.7 km s~!, compatible with the velocity of the
ionized gas, which is associated with the nebula and its surroundings. Adopting a distance of 2.9 + 0.4 kpc, the total molecular mass
yields (7.6 + 2.1) x 10*> M, and density yields 400 + 240 cm™>.

The radio continuum data confirm the existence of an electron density gradient in NGC 3503. The IR emission shows a PDR bordering
the higher density regions of the nebula. The spatial distribution of the CO emission shows that the nebula coincides with a molecular
clump, and the strongest CO emission peak is located close to the higher electron density region. The more negative velocities of the
molecular gas (about —27 km s7!), are coincident with NGC 3503. Candidate young stellar objects (YSOs) were detected toward the
Huregion, suggesting that embedded star formation may be occurring in the neighborhood of the nebula. The clear electron density
gradient, along with the spatial distribution of the molecular gas and PAHs in the region indicates that NGC 3503 is a blister-type

Hu region that has probably undergone a champagne phase.

Key words. ISM: molecules — ISM: clouds — radio continuum: ISM — HII regions — photon-dominated region (PDR) —

ISM: kinematics and dynamics

1. Introduction

It is well established that massive stars have a strong impact on
the dynamics and energetics of the interstellar medium (ISM)
surrounding them. In the classical scenario, OB stars are born
deeply buried within dense molecular clumps and emit a copious
amount of far ultraviolet (FUV) radiation (hv > 13.6 eV). The
FUV photons ionize the neutral hydrogen, creating an Hrregion
that expands into the molecular cloud due to the pressure dif-
ference between the molecular and ionized gas. At the interface
between the ionized and molecular gas, where photons of lower
energies (6 eV < hv < 13.6 eV) dominate, photodissociation re-
gions (PDR) are known to exist (see Hollenbach & Tielens 1997,
for a complete review).

The molecular component of Hiregions has been studied in
detail by many authors (Keto & Ho 1989; Russeil & Castets
2004). Many attempts have been made to observe the interac-
tion between the Hn regions and their parental molecular clouds,
and some evidence has been presented showing that molecular
gas near Hirregions may be kinematically disturbed by several
km s~! (Elmegreen & Wang 1987). Understanding the complex
interaction between massive young OB stars, Huregions, and
molecular gas is crucial to studying massive star formation and
the impact of massive stars on their environment.

NGC 3503 (=Hf 44=BBW 335) (I, b =28951, +0°12) is
a bright and small (~3’ in diameter) optical emission neb-
ula (Dreyer & Sinnott 1988) ionized by early B-type stars
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belonging to the open cluster Pis 17 (Herbst 1975; Pinheiro
et al. 2010), and it is seen projected onto an extended region
of medium brightness in He known as RCW 54. This last re-
gion is centered on (/, b) = (289°4, —026), and has dimensions
(Al X Ab) = (325 x 120) (Rodgers et al. 1960). The point source
IRAS 10591-5934, which appears projected onto NGC 3503, is
the infrared counterpart of the optical nebula. For the sake of
clarity, we show the main components and their relative loca-
tion in Fig. 1 superimposed on a DSSR image of the region of
interest.

In their southern hemisphere catalog of bright-rimmed
clouds (BRCs) associated with IRAS point sources, Sugitani
& Ogura (1994) quote SFO 62 as related to NGC 3503. BRCs
are defined as isolated molecular clouds located at the edges of
evolved Hmregions, and are suspected of being potential sites
of star formation through the radiation-driven implosion (RDI)
process (Sugitani et al. 1991; Urquhart et al. 2009). Making use
of the Australian Telescope Compact Array (ATCA), Thompson
et al. (2004) carried out radio continuum observations toward
all BRCs cataloged by Sugitani & Ogura (1994). These authors
classified SFO 62 as a broken-rimmed cloud associated with an
evolved stellar cluster that is about to disrupt its natal molecu-
lar cloud. Later on, Urquhart et al. (2009) claim that SFO62 was
incorrectly classified as a BRC and that the RDI process is not
working in this region.

Using the [Su] 16716/16731 line ratio of NGC 3503, Copetti
et al. (2000) detect a significant electron density dependence on
position, which according to the authors, could be interpreted
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Fig.1. DSSR image of the brightest part of RCW 54. The image is ~1°5 X 1°5 in size, centered at (I, b) = (2895, (°25). Our region of interest is

delimited by the white dashed square.

as a radial gradient. The authors claim that NGC 3503 may be a
candidate for showing a “champagne flow”. In their Ha survey
of the Milky Way toward / = 290°, Georgelin et al. (2000) re-
port a radial velocity' of =21 km s~ toward NGC 3503 and pro-
pose that NGC 3503 is linked to a complex of Hir regions placed
at a distance of about 2.7 kpc, with radial velocities of about
—25 km s~!. Published distance determinations of NGC 3503
vary between a minimum of 2.6 kpc (Herbst 1975) and a maxi-
mum of 4.2 kpc (Moffat & Vogt 1975). In this paper we adopt a
distance of 2.9 + 0.4 kpc (Pinheiro et al. 2010).

NANTEN 3CO (J = 1 — 0) (HPBW = 2.7’) line obser-
vations were carried out by Yamaguchi et al. (1999) toward 23
Hu regions associated with 43 BRCs cataloged by Sugitani &
Ogura (1994), with a grid spacing of ~4” X 4’. The aim of that
work was to investigate the dynamical effects of Hu regions sta-
tistically on their associated molecular clouds and star forma-
tion. A square region of ~024 in size towards NGC 3503 was ob-
served, and a single and slightly extended 6’ diameter molecular
cloud was found to have a peak radial velocity of —24.9 km s'.
After adopting a distance of 2.9 kpc, this molecular structure

' Radial velocities are referred to the local standard of rest (LSR).
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has a linear radious of 2 pc and a total mass of ~500 M. The
authors rejected this cloud from the analysis sample, since it
was detected at only one position. The '2CO, '3CO, and '8CO
(J =1 - 0) MOPRA position-switched observations were car-
ried out by Urquhart et al. (2009). The ON position was centred
on the position of the IRAS source associated with NGC 3503.
The least abundant of the isotopes was not detected, while the
emission lines of the other two isotopes show a double-peaked
profile. From a Gaussian fitting, their peak radial velocities are
~+20kms~' and -25.6 km s~

Molecular line observations provide an invaluable support
toward a better understanding of the interaction of Hm regions
with their surroundings. Although providing important informa-
tion about the molecular gas associated with NGC 3503 previous
observations of Yamaguchi et al. (1999) and Urquhart et al.
(2009), do not offer a complete picture of the molecular environ-
ment of the nebula. Bearing this in mind, the goals of this paper
are twofold: a) to map the spatial distribution of the molecular
gas associated with NGC 3503 and study its physical character-
istics, and b) to achieve a better understanding of the interac-
tion of NGC 3503 and Pis 17 with their molecular environment.
These aims were addressed by analyzing new '2CO (J = 1 — 0)
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data gathered by using the NANTEN telescope to observe a
square region ~0°6 in size, centered on ([, b) = (289236, +0202).
Molecular observations were combined with unpublished radio
continuum data, and optical, mid-, and far-infrared archival data.

The structure of the paper is the following. In Sect. 2, the CO
and radio continuum observations are briefly described along
with a short mention of the archival data used in this work.
The main observational results of the molecular, ionized, and
dust emission are detailed in Sect. 3, while both the comparison
among these interstellar phases and the action of the stellar ion-
izing sources of NGC 3503 over its interstellar environs, as well
as the star formation activity, are explained in Sect. 4. Finally, a
possible scenario is put forward to explain the stellar and inter-
stellar interactions. A summary is presented in Sect. 5.

2. Observations and data reductions
The databases used in this work are

1. Intermediate angular resolution, medium sensitivity, and
high-velocity resolution '2CO (/ = 1 — 0) data ob-
tained with the 4-m NANTEN millimeter-wave telescope
of Nagoya University. At the time the authors carried
out the observations, April 2001, this telescope was in-
stalled at Las Campanas Observatory, Chile. The half-power
beamwidth and the system temperature, including the atmo-
spheric contribution toward the zenith, were 2!7 (~2.3 pc
at 2.9 kpc) and ~220K (SSB) at 115 GHz, respectively.
The data were gathered using the position-switching mode.
Observations of points devoid of CO emission were in-
terspersed among the program positions. The coordinates
of these points were retrieved from a database that was
kindly made available to us by the NANTEN staff. The
spectrometer used was an acusto-optical with 2048 chan-
nels providing a velocity resolution of ~0.055 kms~'.
For intensity calibrations, a room-temperature chopper
wheel was employed (Penzias & Burrus 1973). An ab-
solute intensity calibration (Ulich & Haas 1976; Kutner
& Ulich 1981) was achieved by observing Orion KL
(RA(1950.0) = 5"32m4750, Dec (1950.0) = —5°24721"), and
p Oph East (RA(1950.0) = 16"29™20%9, Dec (1950.0) =
—24°22’13"”). The absolute radiation temperature, Ty, of
Orion KL and p Oph East, as observed by the NANTEN
radiotelescope, were assumed to be 65 K and 15 K, re-
spectively (Moriguchi et al. 2001). The CO observations
covered a region (Al X Ab) of 351 x 35’1 centered on
(I,b) = (28936, +0°02), and the observed grid consists of
points each located one beam apart. A total of 169 positions
were observed. Typically, the integration time per point was
16s, resulting in an rms noise of ~0.3 K. A second-order
degree polynomial was substracted from the observations to
account for instrumental baseline effects. The spectra were
reduced using CLASS software (GILDAS working group).

2. Unpublished radio continuum data at 4800 and 8640 MHz
which were kindly provided by J. S. Urquhart and M. A.
Thompson. The images were obtained in March 2005 with
the Australia Telescope Compact Array (ATCA) with syn-
thesized beams of 23755 x 18762 and 14773 x 11774 at
4800 and 8640 MHz, respectively. The rms noises for these
frequencies are 0.82 mlJy beam™' and 0.56 mJy beam™!.
Radio continuum archival images were also obtained from
the Sydney University Molonglo Sky Survey (SUMSS)?

2 http://www.astrop.physics.usyd.edu.au/cgi-bin/
postage.pl

(Bock et al. 1999) at 843 MHz, with angular resolution of
45" x 45" cosec(0).

3. Infrared data retrieved from the Midcourse Space
Experiment (MSX)? (Price et al. 2001), high resolu-
tion IRAS images (HIRES)* at 60 and 100 um (Fowler &
Aumann 1994), Spitzer images at 8.0 and 4.5 um from the
Galactic Legacy Infrared Mid-Plane Survey Extraordinaire
(GLIMPSE)’ (Benjamin et al. 2003), and Multiband
Imaging Photometer for Spitzer (MIPS) images at 24
and 70 um from the MIPS Inner Galactic Plane Survey
(MIPSGAL)® (Carey et al. 2005).

4. Optical data retrieved from the 2nd Digitized Sky Survey
(red plate)” (McLean et al. 2000).

3. Results and analysis
3.1. Carbon monoxide

In order to illustrate in broad terms the molecular structures de-
tected toward the region under study, a series of CO profiles
are displayed in Fig. 2. Profiles a) and c¢) show the CO emis-
sion along the line of sight to NGC 3503 and the bright edge
of SFO62. In both spectra the bulk of the molecular emis-
sion is detected between —30 and —20 km s~! and from +15
to +25 kms™', in good agreement with previous results by
Urquhart et al. (2009).

The medium-brightness optical region northeast of
NGC3503 (from here onward MBO), however, also de-
picts a double peak structure (see profile b) and displays some
small-scale structure in the feature peaking at ~+20 km s,
while the most negative CO feature is detected at ~—18 km s
The molecular gas along regions of high optical absorption
is shown in profiles d) and e). The former resembles the CO
spectrum observed towards NGC 3503, and is characteristic of
the molecular emission in the region of high optical absorption
seen northwest of NGC3503. The roundish patch of high
absorption seen at ([, b) = (289:55,+0°07) only shows the CO
peak at positive velocities.

The spatial distribution of the molecular gas observed in the
three velocity intervals mentioned above is shown in the left
hand panels of Fig. 3. In order of increasing radial velocity,
the CO components are referred to as Component 1 (peaking
at ~—25km s~!), Component 2 (peaking at ~—16 km s~'), and
Component 3 (peaking at ~+20 km s™!). To facilitate the com-
parison between the spatial distribution of molecular and ionized
gas, the right hand panels of Fig. 3 show the same molecular con-
tours as the left hand panels superimposed on the DSSR image in
grayscale. The difference in spatial distribution among the three
components is readily appreciated. The molecular gas in the ve-
locity interval —29 to —20 km s~! (Component 1) shows two well
developed concentrations, whose emission peaks are located at
(I, b) = (289247,+0212) (clump A) and (/, b) = (289232, +0203)
(clump B). Component 1 has a very good morphological corre-
spondence with the high optical obscuration region seen north
and northwest of NGC 3503.

Component 2 peaks at (I, b)= (28955, +0°17) near
both NGC3503and MBO and is projected onto a region

3 http://irsa.ipac.caltech.edu/Missions/msx.html

4 http://irsa.ipac.caltech.edu/applications/IRAS/IGA/
5 http://sha.ipac.caltech.edu/applications/Spitzer/
SHA//

% http://sha.ipac.caltech.edu/applications/Spitzer/
SHA//

7 http://skyview.gsfc.nasa.gov/cgi-bin/query.pl
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Fig. 2. CO emission profiles toward five positions around NGC 3503. The CO profiles are averaged over a square area ~3’ in size, centered on the

black/white dots drawn in the DSSR image (center). The intensities are

without appreciable optical absorption. Finally, Component 3
(I, b) = (289245, —(0218), does not show any clear morpholog-
ical correspondence either with ionized regions or in areas
displaying strong absorption.

For the three molecular components, a mean radial velocity
(V) weighted by line temperature was derived by means of

‘-/ _ Zi TPeaki X VPeakl-
Zi TPeaki

where Tpear; and Vpeqy, are the peak T temperature and the peak
radial velocity of the i-spectrum observed within the 3 rms con-
tour line defining the outer border. Mean radial velocities of
247kms™ !, -16.6kms~!, and +19.5kms~' were obtained
for Component 1, 2, and 3, respectively.

Based on V, we tried to estimate the kinematical dis-
tance of Component 1. The analytical fit to the rotation curve
by Brand & Blitz (1993) along [ = 2895 shows that ra-
dial velocities that are more negative than —15.5 kms™! are
forbidden for this galactic longitude. However, the ionized
gas along this galactic longitude exhibits velocity departures
that are more negative than —7 kms™! relative to the cir-
cular rotation model, such as the cases of the Hu regions
Gum37 (I, b) = (290265, +0226) (d =2.7 kpc) and Gum 38a
(I, b) = (291228, +0271) (d = 2.8 kpc), whose radial velocities
are in the range —25 to —28 km s™! and —25 to =29 km s~!, re-
spectively (Georgelin et al. 2000). Bearing in mind that, close to
the tangential point along [ = 290°5, the radial velocity gradient

D
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given as absolute radiation temperature Ty.

is very small and that the Hu regions located at distances be-
tween 2.7 and 2.8 kpc exhibit forbidden radial velocities sim-
ilar to those found for Component 1, we adopt a distance of
2.9 + 0.4 kpc for the latter (Pinheiro et al. 2010), which is also
the kinematical distance corresponding to the tangential point.

Component 1 shows an excellent morphological resem-
blance to a region of high optical absorption next to
NGC 3503 (see Fig. 3), and its mean velocity is in good agree-
ment with the velocity of the Ha line towards the nebula
(=21 km s~!; Georgelin et al. 2000). It is also worth noting
that the velocity interval of Component 1 is in excellent agree-
ment with the velocity of SFO 62 found by Sugitani & Ogura
(1994) (28 < vsg <-20kms~!, at '2CO), by Yamaguchi
et al. (1999) (-24.9 km s~'at *CO), and by Urquhart et al.
(2009) (=25.6 at '>CO and —25.7 kms~! at '*CO). Based on
the above, we conclude that Component 1 is associated with
NGC 3503 and its environs. The bright rim of SFO 62 clearly
follows the southernmost border of clump A, which very likely
indicates that the molecular gas on the southern border of this
clump is being ionized, giving rise to the bright optical rim.

On the other hand, considering that the mean radial velocity
of Component 2 (-16.5 km s7!) is close to the radial velocity of
the tangential point at / = 28925 (~15.5 km s™!), we suggest that
Component 2 may be located in the neighborhood of the tangen-
tial point, close to Component 1. From the mean radial velocity
of Component 3, a kinematic distance of ~8 kpc is determined,
indicating that Component 3 is unrelated to NGC 3503. Very
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Fig. 3. Upper panels (left): averaged T}, in the velocity range ~—29 to 20 km s~ (Component 1). Contour levels start at 0.42 K (23 rms) and the
contour spacing is 0.6 K. The beam size of the CO observations is shown by a circle in the lower left corner. right: overlay of the T} values in
the same velocity interval (contours), superimposed on the DSSR image (grayscale). Middle panels: averaged Ty in the velocity range ~—17.5 to
-15.5 km s~ (Component 2). Contour levels start at 0.7 K (23 rms) and the contour spacing is 1 K. Lower panels: averaged Ty, in the velocity
range ~+14 to +24 km s~! (Component 3). Contour levels start at 0.35 K (23 rms) and the contour spacing is 0.45 K. In the left panels, the
grayscale goes from 0.35 K to 3.9 K. The orientation of the equatorial system is indicated in the top left panel.

likely, Component 3 is associated with the complex of Hu re-
gions at a velocity of ~+20 km s™! (Georgelin et al. 2000).

A direct comparison of Component 1 with the molecular
cloud detected by Yamaguchi et al. (1999) (see Fig. 2u from that
work) shows that the angular size of Component 1 is about a fac-
tor 3—4 greater than the latter. Clearly, only the densest part of
the molecular cloud associated with NGC 3503 (clump A) was
detected in the '*CO observations of Yamaguchi et al. (1999).
From here onwards, the analysis of the molecular gas associated
with NGC 3503 focuses on Component 1.

The kinematics of Component 1 was studied by using
position-velocity maps across selected strips. The map obtained
along b = +0212 (corresponding to clump A) is shown in the up-
per panel of Fig. 4. A noticeable velocity gradient is observed at
velocities from about —23 km s™! to about —28 km s .

Additional support for the existence of this gradient can be
obtained through a moment analysis. Due to the large angular di-
mensions of Component 1 and the spatial sampling of NANTEN
observations, 28 independent CO profiles were observed toward
the region enclosed by the 0.42 K-contour line in Fig. 3. Since
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Fig. 4. Upper panel: velocity-galactic longitude map obtained in a strip
along b = +0211 (corresponding to clump A) showing 7. Contour lev-
els start at 0.7 K and the contour spacing is 0.7 K. The dotted lines
indicate the location of NGC 3503. Lower panel: mean velocity map of
Component 1. Contours levels go from —26 to —24 km s~!, with inter-
val of 0.2 km s™' . The dotted ellipse depicts approximately the region
of clump A.

these spectra have a high signal-to-noise ratio (S/N > 10), they
are well-suited to studying possible variations in the CO pro-
files across Component 1 in some detail. With this aim, we
used the AIPS package to calculate the first three moments (in-
tegrated area, temperature weighted mean radial velocity, and
velocity dispersion) of the CO profiles. In the lower panel of
Fig. 4, the temperature-weighted, mean radial velocity distribu-
tion of CO is shown. A clear velocity gradient is observed along
Component 1, particulary in the region of clump A (depicted
by the dotted ellipse), with mean radial velocities more nega-
tive toward the position of NGC 3503. A velocity shift of about
~1.4km s™! is observed across the region of clump A, which at a
distance of 2.9 kpc translates to a gradient w ~ 0.15km s~ pc~!.
This panel also shows that the CO emission corresponding to
clump B does not show any significant velocity gradient.

To offer a complete picture of the kinematical properties of
clump A, we show in Fig. 6 the spatial distribution of the CO
emission within the velocity range from —27.4 to —23.4 km s~!.
Each image depicts mean T;-values (in contours) over a velocity
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Fig. 5. Spatial distribution of 7. for Component 1. Contours leves are
5.7,7.9,10.2, 12.4, 14.5, and 16.6 K.

interval of 1 kms™! superimposed on the 8.13 um MSX emis-
sion (in grayscale). In the velocity range from -27.4 to —
26.4 km s~!, the molecular emission arising from clump A is
slightly displaced from the brightest MSX emission located at
(I, b) = (2895, +0211). As we move toward more positive ve-
locities, the maximum of the CO emission gradually shifts west-
ward.

Following Urquhart et al. (2009), we analyzed the excita-
tion temperature (7ex.) obtained from the CO data to probe the
surface conditions of Component 1. The excitation temperature
of the '?CO line can be obtained considering that '>CO is opti-
cally thick (r, < 1). Then, the peak temperature of this line is
given by

Tpeak (IZCO) = Jy(Texe) — Jv(Tbg) (2)

(Dickman 1978) where J, is the Planck function at a fre-
quency v. Assuming Gaussian profiles for the '>CO line, com-
bining the order-zero moment map (i.e., integrated area) with
the order-two moment map (i.e., velocity dispersion) and us-
ing Eq. (2), we obtain the Ty distribution map (Fig. 5). As ex-
pected, the T distribution is quite similar to the CO emission
distribution of Component 1, reaching a maximum of ~17.7 K
at (I, b) = (289245, +0211). It is worth noting that the obtained
value of T.,,. toward the center of clump A is lower than the ob-
tained by Urquhart et al. (2009) toward ([, b) = (2895, +0°11)
(Texe = 23.9 K). This difference may be explained in terms of a
beam smearing of our NANTEN data, which implies that the
values of Ty shown in Fig. 5 must be considered as lower
limits.

The mass of the molecular gas associated with
NGC3503can be derived by using the empirical relation-
ship between the molecular hydrogen column density, N(Hj),
and the integrated molecular emission, licq (= f Ty dv). The
conversion between /20 and N(H,) is given by the equation
NH,) = (1.9 + 03) x 10 Incg  (cm™) 3)

(Digel et al. 1996; Strong & Mattox 1996). The total molecular
mass My, was calculated through

M = (man)™ prmy " Q N(Hy) & Mo) (4
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Fig. 6. Overlay of mean T;-values (contours) in the velocity range from —27.4 to —=23.4 km s™' and the MSX band A emission (grayscale). Every
image represents the CO emission distribution averaged in a velocity interval of 1 km s~!. The velocity interval is indicated in the bottom right
corner of each image. The lowest temperature contour is 0.84 K (~12 rms). The contour spacing temperature is 1.4 K.

where myg,, is the solar mass (~2 x 10°? g), u the mean molec-
ular weight, assumed to be equal to 2.8 after allowance of a
relative helium abundance of 25% by mass (Yamaguchi et al.
1999; Yamamoto et al. 2006), my is the hydrogen atom mass
(~1.67 x 107* g), Q the solid angle subtended by the CO fea-
ture in ster, d the distance expressed in cm, and My is given
in solar masses. For Component 1, we obtain a mean column
density of N(H,) = (1.9 + 0.3) x 10*' cm™2 and a total molecu-
lar mass of My = (7.6 £ 2.1) X 103 M, . The uncertainty in My
(~28 %) stems from the distance uncertainty and from the error
quoted for the coeficient in Eq. (3). Areas having T; > 0.42 K
were taken into account. The difference with the value derived
by Yamaguchi et al. (1999) (500 M, ) is due to both the subsam-
pled observations of these authors and the fact that '*CO line is
a better tracer of high-density regions.

The mean volume density (ny,) of Component 1 can be de-
rived from the ratio of its molecular mass and its volume con-
sidering that the volume of Component 1 is the result of the
addition of an ellipsoid with major and minor axes of 7!5 and
4’5, respectively, centered at ([, b) ~ (289?42, +0°15) (which in-
cludes clump A), and a sphere of 45 in radius, centered at
(I, b) ~ (289233, +0204) (which includes clump B). We derived

ny, ~ 400 cm~>. Taking the mass and volume uncertainties into
account, we derive a conservative density error of about 60%
(~240 cm™3).

3.2. Radio continuum emission

Figure 7 shows the radio continuum images at 843, 4800, and
8640 MHz (in contours) superimposed on the DSSR image in a
region of ~9” X 9’ centred on NGC 3503. The continuum images
show an extended source coincident with NGC 3503. The max-
ima at the three frequencies coincide with the brightest optical
emission region. The source, which has a good morphological
correspondence with the optical emission, exhibits a cometary
shape with its symmetry axis in the image at 4800 MHz (Fig. 7,
top right panel). The fainter emission area detected at 843
and 4800 MHz to the northeast of NGC 3503 coincides with
MBO and appears to be linked to the emission of the neb-
ula at ([, b) ~ (28953, +0°13). The emission region detected
at ([, b) ~ (289248, +0°08) at 843 MHz depicts some morpho-
logical correspondence with the bright rim of SFO 62. The
point-like source placed at (/, b) ~ (289249,+0°15) without op-
tical emission counterpart is labeled G289.49+0.15 in Fig. 7.

A149, page 7 of 15


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201117958&pdf_id=6

A&A 537, A149 (2012)

s - g . v N -
- _— ‘ .
0.20 [+ 843 MHz 4800 MHz
o g ., ) = o, o
g - | .. ey » 4.\;-.
oy
<
~
2
O 0.15
<
3
S
0.10
\ ..
. A 3
289.50 289.45
0.20 GALACTIC LONG.
= / \
Q /o
~ / \
R \
5 \
I \
R / \
\
‘\\
| | |
0.06 0.04 0.02 0

GALACTIC LONG.

ANGULAR DISTANCE (deg)

Fig.7. Upper left panel: radio continuum image at 843 MHz (contours) superimposed on the DSSR image (grayscale). Contours levels go from

4 mJy beam™! (~3 rms) to 12 mJy beam™!

in steps of 4 mJy beam™!, and from 20 mJy beam

~!in steps of 10 mJy beam™.. Upper right panel: radio

continuum image at 4800 MHz (contours) superimposed to the DSSR image (grayscale). Contours levels go from 2.4 mJy beam™' (~3 rms) to
10.4 mJy beam™! in steps of 2 mJy beam™, and from 10.4 mJy beam™" in steps of 4 mJy beam~. The symmetry axis of the nebula is depicted by
the dotted line. Lower left panel: radio continuum image at 8640 MHz (contours) superimposed to the DSSR image (grayscale). Contours levels
go from 15 mJy beam™' (~3 rms) in steps of 1 mJy beam™'. Lower right panel: emission measure profile obtained from the 4800 MHz radio

continuum image along the symmetry axis of NGC 3503.

Table 1. Radio continuum flux densities measurements of NGC 3503.

843 MHz
320 + 30

4800 MHz
270 £+ 50

8640 MHz
240 + 40

Frequency
Flux density (mJy)

From its flux densities Fgq3 = 100 mJy, F4g00 = 17.1 mJy, and
Fgea0 = 11.5 mly, we derived a spectral index @ = —0.92 + 0.03
(S, o< v*), which suggests that G289.49+0.15 is a nonther-
mal extragalactic source. We substracted the emission of this
source in order to calculate radio continuum flux densities of
NGC 3503. The results are given in Table 1. The spectral index
based on these estimates is @ = —0.12 + 0.03, typical of the ther-
mal free-free radio continuum emission of an Hi region.

We estimated the emission measure EM (= f n2 dl) along the

symmetry axis of the nebula using the image at 4800 MHz. The
brightness temperature (7%) is related to the optical depth (7) by

To() =Tex (1 —e™) (5
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where 7. = 8100 = 700 K (Quireza et al. 2006) is the electron
temperature, and the optical depth 7 is given by

7=8235 x 1027, v EM. (6)

In this last expression, v is given in GHz and EM in pc cm™.
The EM profile is shown in the lower right hand panel of
Fig. 7. As expected, two maxima are observed, one in the
brightest section of NGC 3503 and the other coincident with
MBO, indicating that the electron density is higher toward
these regions than in the sorroundings. The EM profile of
NGC 3503 1is consistent with the cometary shape morphology
of the nebula seen in the radio continuum and optical images.
The EM profile shows a sharp border toward the west of the
nebula, while toward the east it decreases smoothly, indicat-
ing the existence of an electron density gradient. The observed
EM profile agrees with the results of Copetti et al. (2000),
who report an electron density gradient in the east-west direc-
tion. Using the peak values EM = 18000 pc cm™® (obtained at
(L b) ~ (289250, +0°11) for NGC3503) and EM = 7000 cm™®
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Fig. 8. Left panel: composite image of NGC 3503 and its environs. Red and green show emission at 8.13 um (MSX) and 24 um (MIPSGAL).

)

The color scale goes from 1 x 107 to 4 x 107> W m™ sr™! and from 27 to 100 MJy ster™!, respectively. The white rectangle encloses the IR
counterpart of NGC 3503 (IRK). Right panel: composite image of NGC 3503. Red, green, and blue show emission at 8§ um (IRAC-GLIMPSE), 24,
and 70 um (MIPSGAL), respectively. Colors scales range from 40 to 500 My ster™! (24 um), from 300 to 2000 MJy ster™! (70 um), and from 30
to 400 MJy ster™! (8 um). The location of the members of Pis 17 is indicated with black crosses. MSX and 2MASS candidate YSOs are indicated

with red and green crosses (see text).

(obtained at (I, b) ~ (28953, +0°18) for MBO), and consider-
ing a pure hydrogen plasma with a depth along the line of sight
equal to the size in the plane of the sky, an electron density
estimates of n. =75 + 14 cm™ is obtained for NGC 3503 and
ne =45+ 9 cm™ for MBO.

As a different approach to NGC 3503, the rms electron
density and ionized mass can be obtained using the spheri-
cal model of Mezger & Henderson (1967) and the flux den-
sity at 4800 MHz. Assuming a constant electron density,
and a radius Ry = 1.25 pc, we obtain n. = 54 + 13 cm™ and
My = 11 £ 3 M. Thus, the electron density of NGC 3503 is
about a factor of 5 lower than the density of Component 1, which
clearly indicates that the nebula has expanded. An estimate of the

filling factor (f = +/ne/n;) can be obtained by taking the max-
imum electron density derived from optical lines into account
(n, = 154*32 cm™; Copetti et al. 2000). We obtain f = 0.5-0.8.
Then, the ionized mass for f = 0.5—-0.8 is in the range 8—10 M.

Regarding MBO, rms electron densities and masses es-
timated from the image at 843 MHz are n. ~33 cm™> and

MHII ~6 M@.

3.3. Infrared emission

The emission distribution at 8.13 um (MSX-A band) superposed
on the image at 24 ym (MIPSGAL) is shown in the left hand
panel of Fig. 8. The MSX Band A includes the strong emis-
sion features at 7.7 and 8.6 um attributed to PAH molecules,
which are considered tracers of UV-irradiated PDR (Hollenbach
& Tielens 1997). This image displays a small and strong feature,
from here on dubbed the IR Knot, or IRK for short (indicated

with a white rectangle), which is coincident with the location
of NGC 3503, and a weaker and more extended emission re-
gion detected in the northwestern area of the image. The last
feature is referred to as the extended IR emission (EIE). The
IR emission at 8.3 and 24 um appears mixed along the whole
feature. A region of low IR emission is seen between the IRK
and the EIE. The bright rim of SFO 62 is detected in the IR
as the bright filament observed from (/, b) = (289?42, +0203) to
(I,b) = (289250, +0208), which appears to be the southernmost
boundary of EIE. The presence of PAH emission coincident with
this bright rim suggests there is a PDR at the southern edge of
Component 1.

The right hand panel of Fig. 8 shows a detailed image of
the IRK at 8.0 um (Spitzer-IRAC band 4), 24 um (MIPSGAL),
and 70 um (MIPSGAL, in blue). The emissions at 8 and 70 um
show a bright half shell-like feature, which encloses the posi-
tion of the stars of Pis 17. Arc-shaped faint filaments are also
detected in the 8§ um emission in the northeastern section of
IRK. The morphology of the IR emission is compatible with
the cometary-shape of the Huregion and very likely indicates
a PDR between NGC 3503 and clump A. The MIPSGAL emis-
sion at 24 um, which is projected onto the center of the structure,
indicates the existence of warm dust inside the Hi region (such
as the cases of N10 and N21, Watson et al. 2008).

IRAS 60 and 100 um data show dust with color tempera-
tures between about 20 to 100 K, which corresponds to the “cool
dust component” (see Sreenilayam & Fich 2011, and references
therein). A dust temperature (74) map was produced using the

equation
Ty = 95.94 / In(B,) (K) (7
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Fig.9. Upper panel: T, distribution estimated from HIRES IRAS im-
ages at 60 and 100 um. Contour levels go from 25 to 31 K in steps of
1 K, and from 33 K in steps of 2 K. Lower panel: overlay of the Ty
distribution (contours) and the DSSR image.

(Draine 1990; Whittet 1992; Cichowolski et al. 2001), where
B, = 1.667%"(F 00/ Feo) is the modified Planck function, with
Fio0 and Fgp the 100 um and 60 um fluxes. The parameter
n = 1.5 is related to the absorption efficiency of the dust (k, o
V', normalized to 40 cm? g‘1 at 100 um). The obtained dust tem-
perature map is shown in the upper panel of Fig. 9. The dust
temperature goes from 25 K to 46 K. Figure 9 (lower panel)
also shows that the region with the highest dust temperatures
(~46 K) coincides with the brightest section of NGC 3503. This
temperature is in good agreement with those obtained in RCW
121 and RCW 122 (Arnal et al. 2008) and in NGC 6357 (Cappa
et al. 2011), although they are slightly higher than typical val-
ues for Hir regions (~30 K) (see Cappa et al. 2008; Cichowolski
et al. 2009; Vasquez et al. 2010). The stellar UV radiation field
of the stars in NGC 3503 is responsible for heating the dust im-
mersed in the Hiuregion. A noticeable feature is a fringe of cold
(~25 K) dust surrounding the position of NGC 3503, which co-
incides with the region showing low emission at 8.3 um placed
between IRK and EIE described above. An extended region of
warmer (~36 K) dust is detected to the northeast of NGC 3503,
coincident with the position of MBO, indicating that this opti-
cal feature has a radiatively heated dust component. In Table 2
we summarized the IR and dust parameters for IRK and EIE.
The averaged dust temperatures (7) are calculated using Eq. (7)
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Table 2. Main infrared parameters inferred from IRAS fluxes at 60 um
and 100 pum.

Parameter IRK EIE
Seo0 Jy) 1470 20 700 £ 15
S100 Jy) 2170 £25 1970 £ 25
T4 (K) ~37 ~28
My (M) ~3 ~7

and flux densities at 60 and 100 yum obtained integrating several
polygons around the sources. Dust masses are derived from

Mg =my, Feod® (B> = 1) (Mo) ®)
where d the distance in kpe, Fgo is given Jy, and
my5 = 0.3 x 107°. Based on the molecular gas mass derived for
Component 1, the ionized gas of NGC 3503 and MBO, and the
dust masses obtained for the IRK and the EIE (~10 M, ), we
derive a mean weighted gas-to-dust ratio of about ~800 + 300.
This ratio is a factor of about ~5 higher than the average val-
ues assumed for the Galaxy (140 + 50; Tokunaga 2000), how-
ever, dust with temperatures 7, < 20 K (“cold dust compo-
nent”), which is detected at wavelengths not surveyed by IRAS
(4> 100 um), dominates the dust mass by a factor greater than
~70 with respect to the cool dust component (Sreenilayam &
Fich 2011). This notoriously decreases the gas-to-dust ratio. The
dust temperature estimated for EIE may suggest the existence of
ionizing sources inside Component 1. However, a search for OB
stars embedded in Component 1 performed using the available
VizieR catalogs failed to detect such sources.

To investigate the presence of protostellar candidates possi-
bly related to NGC 3503, we used data from the MSX, 2 MASS,
and IRAS point source catalogs. We searched for point sources
in a region of about 10" in size centered on the position of the
Hu region. After taking sources with flux quality ¢ > 2 into
account, a total of 69 MSX point sources were found projected
onto the area. Based on F»/Fg and F4/F, ratios, where Fyg,
F12, F14, and F3; are the fluxes at 8.3, 12, 14, and 21 um, respec-
tively, and after applying the criteria summarized by Lumsden
et al. (2002), we were left with three sources with F»i/Fg > 2
and F4/F1» < 1, which are classified as compact Huregions
(CHn). This is indicative of stellar formation. The location of
these sources is indicated with red crosses in Fig. 8.

Using the 2 MASS catalog (Cutri et al. 2003), which pro-
vides detections in J, H and K, bands, we searched for point
sources with infrared excess. Taking into account sources with
signal-to-noise ratio (S/N) > 10 (corresponding to quality
“AAA”), we found 5528 sources projected onto a circular re-
gion of 5" in radius. Following Comerén et al. (2005), we de-
termined the parameter ¢ = (J — H) — 1.83 X (H — K;). Sources
with ¢ < —0.15 are classified as objects with infrared excess , i.e.
candidate young stellar objects (YSOs). By applying the above
criteria, we found only nine sources projected onto NGC 3503.
The location of these sources is also indicated in Fig. 8 with
green crosses. The location of the 2 MASS source 11011390-
5949099 (source #12) is almost coincident with the MSX source
(G289.4859+00.1420 (source #1). These sources are projected
onto an intense mid-IR clump, located on the northeastern border
of the bright half shell-like feature, at (I, b) = (289248, +0214 )
(see Fig. 8, right panel), and onto a small enhancement in the ra-
dio continuum emission detected at 4800 MHz (see Fig. 10 be-
low). These characteristics make this object an excellent candi-
date for investigating star formation with high angular resolution
observations. The names of the candidate YSOs, their position,
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Table 3. Candidate YSOs obtained from the MSX and 2 MASS catalogs.

(, b) MSX source Fsdy) Fndy) Fiudy) Fudy)
1 289.48, +0.14  G289.4859+00.1420  1.49250 1.8145 0.9005 0.3180
2 289.49, +0.12  G289.4993+00.1231  0.82699 1.4887 1.2237 4.3818
3 289.50, +0.11  G289.5051+00.1161  0.87911 2.8632 1.6759 5.6330
I, b) 2 MASS source J(mag) H (mag) K (mag)
4 289.49, +0.14  11011934-5949422 13.277 13.047 12.806
5 289.50, +0.15  11012021-5949123 15.084 14.837 14.506
6 289.50, +0.13  11011933-5950037 14.539 14.100 13.696
7 289.50, +0.14  11012329-5949269 14.862 14.380 14.027
8 289.54, +0.13  11013591-5951037 15.237 14.592 14.106
9 289.53, +0.12  11013263-5951140 15.633 14.946 14.404
10 289.52, +0.10  11012238-5952449 12.747 11.744 10.836
11 289.52,+0.15  11013238-5949339 14.754 14.243 13.873
12 289.48, +0.14  11011390-5949099 14.888 13.661 12.827

fluxes, and magnitudes at different IR wavelengths are listed in
Table 3.

4. Discussion
4.1. The ionized gas

The number of ionizing Lyman continuum photons (Npyc)
needed to sustain the ionization in NGC 3503 can be calculated
using the equation given by Simpson & Rubin (1990)

©))

where d is the distance in kpc, and S 4soo Mz the flux den-
sity at 4800 MHz in Jy. We obtain Nyye = (1.8 + 0.4) x 104 s7!.
This number is a lower limit to the total number of Lyman
continuum photons required to maintain the gas ionized, since
about 25-50% of the UV photons are absorbed by interstel-
lar dust in the Hir region (Inoue 2001). Consequently, we need
Niye 3.6 X 107 571, The number of Lyman continuum pho-
tons emitted by a BO V star is NEyc =1.07 x 10¥ s~! (Sternberg
et al. 2003), which is capable of ionizing NGC 3503, in agree-
ment with previous results by Thompson et al. (2004) and
Pinheiro et al. (2010). The last authors asserted one BO V star
and three B2 V stars belonging to the open cluster Pis17 inside
the nebula,as ionizing sources. Since the ionizing photons emit-
ted by a B2 V star are far fewer than those of a BO V star, their
contribution to the energetics of the nebula can be neglected.

In Sect. 3.2 we pointed out the discrepancy between the elec-
tron and molecular densities. The density of Component 1 is
about a factor of 5 higher than the electron density of NGC 3503,
which clearly indicates that NGC 3503 has been expanding as
a result of unbalanced pressure between ionized and molecular
gas. To estimate the dynamical age (t4y,) of the Huregion, we
used the model of Dyson & Williams (1997). The radius of an
Huregion (Ryy) in a uniform medium is given by

@:(1

Niye = 4.45% 10% T, 045 g (4800 MHz) a’

(10)

Rs

7 vs Tdyn 7
4 Rg

where Ryg is the radius of the Stromgren sphere (Stromgren 1939)
1/3
J4 2ny,2a) ", and

vs is the sound speed in the ionized gas (~10kms™"). For
Ryn =~ 1.25 pc (1!5 at a distance of 2.9 kpc), an ambient den-
sity ny, = 400 + 240 cm™ (see Sect. 3.1.3), and Nfiyc =1.07 x

10* 7!, we infer 74yn ~ 2 X 10° yr. The expansion velocity of

before expanding, given by Rg = (3N]’:yc

the Huregion can be estimated by means of Ry = v, (%

yielding an expansion velocity of about ~5 km s~!. The ob-
tained dynamical age and expansion velocity agree with those
obtained in typical Huregions (Gum 31, Cappa et al. 2008; Sh2-
173, Cichowolski et al. 2009).

The total number of ionizing Lyman continuum
photons needed to sustain the ionization in MBO is
Niye 2.5 x 10¥7 seg™!. To search for stars that can provide the
necessary UV photons, we used the available VizieR catalogs.
CP-59 2951 is a B1 V star placed at ([, b) = (289511, +0°195)
(Buscombe & Foster 1999). Using the cataloged spectral
type, the visual magnitude, and the calibration of Schmidt-
Kaler (1982), we estimated a distance d =2.7 +0.8 kpc.
The continuum ionizing photons emitted by the star are
N]’iyc =3.2x10* 7! (Smith et al. 2002). Although the dis-
tance of this star agrees (within errors) with the distance of
NGC 3503, the value of N]’iy . is almost one order of magnitude
lower than required to ionize MBO. The presence of Pis17 at
a projected distance of 3.4 pc (~4’ at a distance of 2.9 kpc)
indicates that the contribution of the star cluster to the ionization
of MBO cannot be ruled out.

)—3/4

’

4.2. Star formation process

In Sect. 3.3 we reported twelve candidate YSOs that are pro-
jected onto the region of NGC 3503. This suggests that they may
have been triggered by the expansion of the Huregion through
the “collect and collapse” model, which indicates that expand-
ing nebulae compress gas between the ionization and the shock
fronts, leading to the formation of molecular cores where new
stars can be embedded. Using the analytical model of Whitworth
et al. (1994) for the case of expanding Hiregions, we derived the
time when the fragmentation may have occurred (#f5¢), and the
size of the Huregion at #f,y (Rfrag), Which are given by

trrag[10° yr] = 1.56a3 " n*/" N/ (11)
and
Rpglpel = 5.8ay " n}" NI, (12)

where a, is the sound velocity in units of 0.2 km s, oy =
ny,/1000, and Nyg = NEYC/IO‘“”. Adopting 0.3 km s~! for this re-
gion for the sound velocity, which corresponds to temperatures
of 10-15 K in the surrounding molecular clouds (see Sect. 3.1.2),
we obtained fgae ~ 3.5 X 10° yr, and Ry, ~ 7.5 pe. Considering
that the values of #f,e and Ry, are higher than 74y, and Rypr (see
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Sect. 4.1), we can conclude that the fragmentation at the edge of
NGC 3503 is doubtful.

4.3. Kinematics of clump A

In Sect. 3.2 we reported a velocity gradient across clump A.
Velocity gradients in molecular cores/clumps were usually in-
terpreted as gravitationally bound rotation motions (particulary
in dense and small molecular cores). Several theoretical mod-
els predict cloud flattening perpendicular to the rotation axis in
response to centrifugal stress, which at first glance seems to be
suitable for clump A. To investigate the dynamical stability of
clump A, we use the parameter 8 defined by Goodman et al.
(1993) to quantify the dynamical role of rotation by comparing
the rotational kinetic energy to the gravitational energy. Thus, g8
can be written as

R Ww? B3
= qGT/R = (1/2) (p/q) G M

B (13)

where I is the moment of inertia (I = pMR?), gGM?/R is
the gravitational potential energy, and w’ = w/ sin(i), where
i is the inclination of the cloud along the line of sight.
Considering p/g=0.22 (see Goodman et al. 1993), sin(i) = 1,
w=0.15km s "pc™! (see Sect. 3.1.2), R ~ 4.5 pc, and a lower
limit mass to clump A (M ~ 3 x 10° My ), we obtain 8 =~ 0.02.
This extremely low value of g indicates that the effect of rota-
tion, if it exists, is not significant for mantaining the dynamical
stability of clump A. This might weaken the rotating cloud inter-
pretation. Furthermore, Figs. 4 and 6 show that only molecular
gas at more negative velocities (~—27 km s~ /=26 km s~!) coin-
cides with NGC 3503, which suggests that the velocity gradient
might be a direct consequence of an interaction between clump
A and NGC 3503.

Therefore, although rotation cannot be entirely ruled out
with the present data, we consider different origins for the veloc-
ity gradient observed across clump A; namely, 1) the expansion
of the nebula at ~5 kms™! (see Sect. 4.1) has been accumulat-
ing molecular gas of clump A behind the shock front and ex-
panding it at approximately the same velocity as the ionized gas,
as expected according to the models of Hosokawa & Inutsuka
(2006), 2) the velocity gradient of clump A is the consequence of
a collision between Component 1 and another molecular cloud,
which in turn might have induced the formation of Pis 17 and
the candidate YSOs reported in Sect. 3.3. Although they are
rare, cloud-cloud collisions can lead to gravitational instabilities
in the dense, shocked gas, resulting in triggered star formation
(see Elmegreen 1998, and references therein), 3) clump A is ac-
tually composed of different subclumps at different velocities,
which are not resolved by the NANTEN observations. In this
case, NGC 3503 might be related to a subclump at more nega-
tive velocities.

Further high-resolution studies with instruments like APEX
may help to clarify this question.

4.4. The PDR at the interface between NGC 3503
and clump A

As mentioned in Sect. 3.1.2, clump A exhibits an exci-
tation temperature Tey > 17.7 K, which is also the high-
est excitation temperature along Component 1. This tem-
perature is higher than expected inside molecular cores if
only cosmic ray ionization is considered as the main heating
source (T ~ 8-10 K, van der Tak & van Dishoeck 2000), which
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implies that additional heating processes are present close to
clump A. Very likely, clump A is being externally heated through
the photoionisation of its surface layers (Urquhart et al. 2009) as
a consequence of its proximity to NGC 3503. This scenario is
in line with the presence of the PDR at the interface between
NGC 3503 and clump A (see Sect. 3.3). In this context, it would
be instructive to make a simple comparison of the PDR dust sur-
face temperature, with the dust temperature obtained before to-
wards the edge of NGC 3503 (see Fig. 9).

The structure of a PDR is governed by the intensity of the
UV radiation field impinging upon the cloud surface (Gy) in
units of the Habing (1968) FUV flux (1.6 x 1073 erg cm™2 s71),
with Gy o N;yzc/ 3 n3 L, y (Tielens 2005), where y is the frac-
tion luminosity over 6 eV, and L, is the luminosity of the star. By
adopting N1y = 1.07x 10* s7! and L = 7.6 x 10* Ly, (Sternberg
et al. 2003), y = 1, and considering n, ~ 75-154 cm™ (see
Sect. 3.2), arange of Gy ~ (0.5-1.5) X 10° is obtained. The dis-

tribution of dust temperature in the PDR (ngI) is governed by
the absorption of the stellar photons that are reemited by dust
grains as IR photons. Following Tielens (2005), we can relate

ngr to the visual absorption along the PDR (A,) as

(TP = vy Gy 714 4 In(3.5 x 1021100 To) 7100 To®  (14)
where vy is the frequency at 0.1 um, 7190 = 1073 the effective
optical depth at 100 um, and T is the temperature of the slab
estimated as Ty = 12.2 Go'/3. Considering both, the position of
NGC 3503 at the edge of clump A and the low value of visual
absorption derived for the members of Pis 17 (A, = 1.6 mag,
Pinheiro et al. 2010) are probably due to the interstellar ab-
sorption in the line of sight of the Huregion, we can assume
Ay ~ 0O for the surface of the PDR. Taking the range of Gy

and Eq. (14) into account, we obtain ngr ~ 40-55 K, in accor-
dance with the observed dust color temperature estimated for
NGC 3503 (~46 K). This gives additional support to the exis-

tence of a PDR between NGC 3503 and clump A.

4.5. Possible scenario

Figure 10 displays a composite image of NGC3503 and its en-
virons with the radio continuum emission at 4800 MHz cor-
responding to NGC3503 and MBO and the CO emission. The
color scale shows the emission at 8 um and 4.5 ym.

As described in Sects. 3.3 and 4.3, emission attributed
to PAHs encircles the southern and western borders of the
Huregion, indicating the location of the PDR. The position
of NGC 3503 near the border of clump A and the existence
of an electron density gradient along the symmetry axis of
the Huregion (with the higher electron densities close to the
strongest CO emission) suggest that the ionised gas is being
streamed away from the densest part of the molecular cloud. This
is indicative that NGC 3503 is a blister-type Hmregion (Israel
1978) that has probably undergone a champagne phase.

The so-called champagne-flow model (Tenorio-Tagle 1979;
Bedijn & Tenorio-Tagle 1981; Tenorio-Tagle & Bedijn 1982)
proposes that an expanding Horegion placed on the edge of a
molecular cloud eventually reaches the border of the cloud and
expands freely in the lower density surrounding gas. This sce-
nario was formerly proposed by Copetti et al. (2000) to explain
the electron density gradient observed across NGC 3503. The
location of Pis 17 close to the brightest radio continuum re-
gion is consistent with a projection effect (Yorke et al. 1983).
In this scenario, Pis 17 created NGC 3503, which reached the
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Fig. 10. Composite image of NGC 3503 and its environs. Red and green show emission at 8 and 4.5 um (IRAC-GLIMPSE), respectively. White
and light blue contours show the radiocontinuum 4800 MHz and CO line emission.

northeastern border of clump A after 2 X 10° yr. This time rep-
resents a lower limit to the age of the Huregion, since the in-
ferred main-sequence life time of the main ionizing star is about
(3-3) x 10° yr (Massey 1998). The leakage of ionized gas and
UV photons might have contributed to the formation of MBO,
since its location (along the symmetry axis of NGC 3503 ) and its
low density (about half of NGC 3503 ) suggest that this feature
may consist of ionized gas that has scaped from NGC 3503 after
a time of 2 x 10° yr.

The velocities of both the molecular and ionized gas are
compatible with the champagne scenario. The mean velocity of
Component 1 (—24.7 km s~!, see Sect. 3.1.1) corresponds to the
natal cloud where NGC 3503 originated. Molecular gas with
more negative velocities is mainly linked to clump A and may
represent material moving away from the ionized gas placed in
front of the Hurregion (as a result of expanding motions or an
external impact over Component 1). The ionized gas, having a
velocity of 21 km s™! (Georgelin et al. 2000), might be reced-
ing the observer. We note, however, that the Fabry-Perot obser-
vations ;by Georgelin et al. (2000) have a spectral resolution of
Skms™.

NGC 3503 resembles the two well-studied cases of S305 and
S307. These Huregions show a non spherical morphology in the
1465 MHz map of Fich (1993), and they are placed close to '>CO
emission peaks, which suggests that they are located close to

the hottest part of their parental molecular clouds (see Russeil
et al. 1995, and references therein). Both objects show signifi-
cant electron density dependence on position, which can also be
interpreted as radial gradients (Copetti et al. 2000). Furthermore,
both Huregions show discrepancies of about ~12kms™! be-
tween the velocities of the ionized and molecular gas, probably
due to a champagne effect producing a flow toward the observer
(Russeil et al. 1995). In the case of S307, the champagne sce-
nario is reinforced by its half-shell shape, and the high density
in the brightest part of the nebula (Felli & Harten 1981; Albert
et al. 1986).

According to the champagne scenario, a velocity gradient
along the symmetry axis of the nebula can be expected (Garay
et al. 1994). For NGC 3503, increasing velocities with the dis-
tance to the molecular cloud are expected. Thus, high spectral
resolution radio recombination are required to analyze the ion-
ized gas velocities and may give additional support to our inter-
pretation.

5. Summary

NGC 3503 is a bright Hin region of ~3’ in size centered at
(I, b) = (289251, +0212) and located at a distance of 2.9+0.4 kpc.
The ionizing sources are B-stars belonging to the open cluster
Pis 17. With the aim of investigating the molecular gas and dust
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distribution in the environs of the Hi region and analyzing the
interaction of the nebula and Pis 17 with their molecular envi-
ronment, we analyzed the '>CO(1-0) data of a region of (026
in size obtained with the NANTEN telescope (HPBW = 2!7).
To study the ionized gas in the nebula, we used radio contin-
uum data at 4800 and 8640 MHz obtained with the ATCA tele-
scope (with synthesized beams of 21”7 and 13”, respectively),
and 843 MHz data retrieved from SUMSS. Available IRAS,
MSX, IRAC-GLIMPSE, and MIPSGAL images were used to
analyze the properties of the dust.

The analysis of the CO data allowed the molecular gas linked
to the nebula to be mapped. This molecular gas (Component 1)
has a mean velocity of —24.7 km s7!, a total mass of (7.6 +
2.1) x 10> Mgand a density 400 + 240 cm™, and displays
two clumps centered at ([, b) = (289247, +0212) (clump A) and
(I, b) = (289232, +0203) (clump B). The morphological corre-
spondence of the molecular emission with a large patch of high
optical absorption adjacent to NGC 3503 is excellent. NGC 3503
is projected near the border of clump A, with the strongest
molecular emission adjacent to the highest electron density re-
gions. Both, the agreement of the molecular velocities with the
velocity of the ionized gas (21 km s~!) and the morphological
correspondence with the nebula indicate that clump A is asso-
ciated with NGC 3503. The more negative velocities of the gas
in clump A, coincident with the Hu region, are probably due
to the expansion of the Hu region or an external impact over
Component 1.

The analysis of the radio continuum images confirms the
electron density gradient previously found by Copetti et al.
(2000). The images show that NGC 3503 exhibits a cometary
morphology, with the higher density region near the maximum
of clump A. The rms electron density amounts to 54 + 13 cm™
and the ionized mass to 9 = 3 My. A low density ionized re-
gion (MBO) located close to the lower electron density area of
NGC 3503 is also identified in these images.

Strong emission at 8 um surrounds the bright radio contin-
uum region of the nebula, indicating the presence of a photodis-
sociated region at the interface between the ionized region and
clump A. MIPSGAL emission at 24 ym shows there is warm
dust inside the Hu region. Based on high-resolution IRAS im-
ages at 60 and 100 um, a mean dust color temperature and dust
mass of 37 K and 3 M were estimated for NGC 3503. The pres-
ence of candidate YSOs projected onto the HII region, detected
using MSX and 2MASS point source catalogs, suggests the exis-
tence of protostellar objects in the neighbourhood of NGC 3503,
although there is no clear evidence of triggered star formation.

Both the location of NGC 3503 at the edge of a molecu-
lar clump and the electron density gradient in the Hu region,
suggest that NGC 3503 is a blister-type Hu region that has un-
dergone a champagne phase. In this scenario, the massive stars
of Pis 17 created NGC 3503, which reached the border of the
molecular cloud after 2 x 10° yr. The leakage of ionized gas and
UV photons has probably contributed to the formation of MBO.
Thus, the spatial distribution of the molecular gas and PAHs
give additional support to a scenario first proposed by Copetti
et al. (2000). The proposed scenario for NGC 3503 may explain
the slight difference between the main velocity of its parental
molecular cloud (-24.7 km s~!) and the velocity of its ionized
gas (21 km s™!). High-resolution radio recombination line ob-
servations may help to confirm the proposed scenario.
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