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ABSTRACT

Stellar feedback is often cited as the biggest uncertainty in galaxy formation models today. This uncertainty stems
from a dearth of observational constraints as well as the great dynamic range between the small scales (<1 pc)
where the feedback originates and the large scales of galaxies (21 kpc) that are shaped by this feedback. To bridge
this divide, in this paper we aim to assess observationally the role of stellar feedback at the intermediate scales
of Hit regions (~10-100 pc). In particular, we employ multiwavelength data to examine several stellar feedback
mechanisms in a sample of 32 H1 regions (with ages ~3—10Myr) in the Large and Small Magellanic Clouds,
respectively. Using optical, infrared, radio, and X-ray images, we measure the pressures exerted on the shells
from the direct stellar radiation, the dust-processed radiation, the warm ionized gas, and the hot X-ray-emitting
gas. We find that the warm ionized gas dominates over the other terms in all of the sources, although two have
comparable dust-processed radiation pressures to their warm gas pressures. The hot gas pressures are comparatively
weak, while the direct radiation pressures are one to two orders of magnitude below the other terms. We discuss
the implications of these results, particularly highlighting evidence for hot gas leakage from the H 1 shells and
regarding the momentum deposition from the dust-processed radiation to the warm gas. Furthermore, we emphasize
that similar observational work should be done on very young H 11 regions to test whether direct radiation pressure
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and hot gas can drive the dynamics at early times.
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1. INTRODUCTION

Stellar feedback—the injection of energy and momentum by
stars—originates at the small scales of star clusters (<1 pc), yet
it shapes the interstellar medium (ISM) on large scales (=1 kpc).
At large scales, stellar feedback is necessary in order to form
realistic galaxies in simulations and to account for observed
galaxy properties. In the absence of feedback, baryonic matter
cools rapidly and efficiently forms stars, producing an order of
magnitude too much stellar mass and consuming most available
gas in the galaxy (e.g., White & Rees 1978; Keres et al. 2009).
Stellar feedback prevents this “cooling catastrophe” by heating
gas as well as removing low angular momentum baryons from
galactic centers, thereby allowing only a small fraction of the
baryonic budget of dark matter halos to be converted to stars. The
removal of baryons may also flatten the dark matter mass profile,
critical to form bulgeless dwarf galaxies (e.g., Mashchenko
et al. 2008; Governato et al. 2010, 2012). Furthermore, stellar
feedback possibly drives kiloparsec-scale galactic winds and
outflows (see Veilleux et al. 2005 for a review) which have been
frequently observed in local galaxies (e.g., Bland & Tully 1988;
Martin 1999; Strickland et al. 2004) as well as in galaxies at
moderate to high redshift (e.g., Ajiki et al. 2002; Frye et al.
2002; Shapley et al. 2003; Rubin et al. 2013).

At the smaller scales of star clusters and giant molecular
clouds (GMCs), newborn stars dramatically influence their
environments. Observational evidence suggests that only a small
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fraction (~1%-2%) of GMC mass is converted to stars per cloud
free-fall time (e.g., Zuckerman & Evans 1974; Krumholz & Tan
2007; Evans et al. 2009; Heiderman et al. 2010; Krumholz et al.
2012). This inefficiency can be attributed to stellar feedback
processes of Hir regions that act to disrupt and ultimately
to destroy their host clouds (e.g., Whitworth 1979; Matzner
2002; Krumholz et al. 2006; Vazquez-Semadeni et al. 2010;
Goldbaum et al. 2011; Dale et al. 2005, 2012, 2013). In addition
to the pressure of the warm ionized H 11 region gas itself, there
are several other forms of stellar feedback that can drive the
dynamics of Hul regions and deposit energy and momentum
in the surrounding ISM: the direct radiation of stars (e.g.,
Krumholz & Matzner 2009; Fall et al. 2010; Murray et al.
2010; Hopkins et al. 2011), the dust-processed infrared radiation
(e.g., Thompson et al. 2005; Murray et al. 2010; Andrews
& Thompson 2011), stellar winds and supernovae (SNe; e.g.,
Yorke et al. 1989; Harper-Clark & Murray 2009; Rogers &
Pittard 2013), and protostellar outflows/jets (e.g., Quillen et al.
2005; Cunningham et al. 2006; Li & Nakamura 2006; Nakamura
& Li 2008; Wang et al. 2010).

From a theoretical perspective, SNe were the first feedback
mechanism to be considered as a means to remove gas from
low-mass galaxies (e.g., Dekel & Silk 1986) and to prevent the
cooling catastrophe (e.g., White & Frenk 1991). However, reso-
lution limitations precluded the explicit modeling of individual
SNe in galaxy formation simulations, so phenomenological pre-
scriptions were employed to account for “sub-grid” feedback
(e.g., Katz 1992; Navarro & White 1993; Mihos & Hernquist
1994). Since then, extensive work has been done to improve and
to compare these sub-grid models (e.g., Thacker & Couchman
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2000; Springel & Hernquist 2003; Saitoh et al. 2008; Teyssier
etal. 2010; Hopkins et al. 2011; Scannapieco et al. 2012; Stinson
et al. 2012; Aumer et al. 2013; Kim et al. 2014). Furthermore,
the use of “zoom-in” simulations (which can model feedback
physics down to 21 pc scale) has enabled the modeling of sev-
eral modes of feedback simultaneously (e.g., Agertz et al. 2013;
Hopkins et al. 2013; Renaud et al. 2013; Stinson et al. 2013;
Agertz & Kravtsov 2014; Ceverino et al. 2014).

While simulations are beginning to incorporate many feed-
back mechanisms, most observational work focuses on the
effects of the individual modes. Consequently, the relative con-
tribution of these components and which processes dominate
in different conditions remains uncertain. To address this issue,
we recently employed multiwavelength imaging of the giant
Hir region N157 (30 Doradus; “30 Dor” hereafter) to assess
the dynamical role of several stellar feedback mechanisms in
driving the shell expansion (Lopez et al. 2011). In particular, we
measured the pressures associated with the different feedback
modes across 441 regions to map the pressure components as a
function of position; we considered the direct radiation pressure
exerted by the light from massive stars, the dust-processed ra-
diation pressure, the warm ionized (~10* K) gas pressure, and
the hot shocked (~107 K) gas pressure from stellar winds and
SNe. We found that the direct radiation pressure from mas-
sive stars dominates at distances <75 pc from the central star
cluster R136, while the warm (~10* K) ionized gas pressure
dominates at larger radii. By comparison, the dust-processed ra-
diation pressure and the hot (~10” K) gas pressure are weak and
are not dynamically important on the large scale (although small
bubbles of the hot gas can have significant pressures—Pellegrini
et al. 2011; see the Appendix of this paper for a discussion on
how the choice of hot gas filling factor is critical when evaluating
the dynamical role of hot gas).

In this paper, we extend the methodology applied to 30 Dor to
a larger sample of 32 H 11 regions in the Large and Small Mag-
ellanic Clouds (LMC and SMC, respectively), with the aim of
probing how stellar feedback properties vary between sources.
The organization of this paper is as follows. Section 2 describes
our LMC and SMC Hi1 region sample and the data we have
employed for our analyses. Section 3 outlines the methods we
have used to assess the dynamical role of several stellar feed-
back mechanisms in the 32 sources. Section 4 presents the re-
sults from these analyses, and Section 5 explores implications
of our findings related to the importance of radiation pressure
(Section 5.1), the confinement of hot gas in the Hi regions
(Section 5.2) and the momentum deposition of the dust-
processed radiation to the warm gas (Section 5.3). Finally, we
summarize this work in Section 6.

2. SAMPLE AND DATA

For our feedback analyses, we selected the 16 LMC and
16 SMC Hu regions of Lawton et al. (2010), who chose
sources based on their bright 24 um and Ho emission and
which are distributed throughout these galaxies. We opted to
include sources based on both IR and He, since bright Ho
emission alone is not unique to H1i regions. For example,
several of the emission nebulae identified by Kennicutt &
Hodge (1986) are now known to be supernova remnants (SNRs).
Furthermore, bright 24 ;m emission arises from stochastically
heated small dust grains (i.e., dust is heated by collisions
with starlight photons: e.g., Draine & Li 2001), so it is
well correlated with Hul regions within the Milky Way and
other galaxies.
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Table 1
Sample of H 1 Regions

Source Alt Name R.A. Decl. Radius® Radius?

(J2000) (J2000) (arcmin) (pc)

LMC sources
N4 DEM L008 04:52:09 —66:55:13 0.7 10.2
NI11 DEM L034, L041 04:56:41 —66:27:19 10.0 145
N30 DEM L105,L106 05:13:51 —67:27:22 3.1 45.1
N44 DEM L150 05:22:16 —67:57:09 7.1 103
N48 DEM L189 05:25:50 —66:15:03 52 75.6
N55 DEM L227,1.228 05:32:33 —66:27:20 3.6 524
N59 DEM L241 05:35:24 —67:33:22 39 56.7
N79 DEM LO10 04:52:04 —69:22:34 44 64.0
N105 DEM L086 05:09:56  —68:54:03 2.9 422
NI119 DEM L132 05:18:45 —69:14:03 59 85.8
N144 DEM L199 05:26:38  —68:49:55 49 71.3
N157 30 Dor 05:38:36  —69:05:33 6.8 98.9
N160 05:40:22 —69:37:35 5.0 40.0
N180 DEM L322,1323 05:48:52 —70:03:51 2.7 39.3
N191 DEM L064 05:04:35 —70:54:27 2.1 30.5
N206 DEM L221 05:30:38  —71:03:53 7.7 112
SMC sources

DEM S74 00:53:14 —73:12:18 2.7 479
N13 00:45:23  —73:22:38 0.5 8.87
N17 00:46:41 —73:31:38 1.5 26.6
NI19 00:48:23  —73:05:54 0.7 12.4
N22 00:48:09 —73:14:56 0.9 16.0
N36 00:50:26  —72:52:59 2.5 44.4
N50 00:53:26  —72:42:56 4.3 76.3
N51 00:52:40 —73:26:29 1.9 33.7
N63 00:58:17 —72:38:57 1.3 23.1
N66 00:59:06 —72:10:44 3.6 63.9
N71 01:00:59 —71:35:30 0.2 3.55
N76 01:03:32 —72:03:16 3.1 55.0
N78 01:05:18 —71:59:53 2.6 46.1
N80 01:08:13  —72:00:06 2.2 39.0
N84 01:14:56  —73:17:51 5.7 101
N9O 01:29:27 —73:33:10 1.7 30.2

Notes. * Radii were selected such that they enclose 90% of the Ho emission of
the sources. Radius in parsecs is calculated assuming distances of D = 50kpc
to the LMC and D = 61 kpc to the SMC.

Our final sample of H1l regions are listed in Table 1, and
Figures 1 and 2 shows the three-color images of the LMC
and SMC H1 regions, respectively. We note that although our
sample spans a range of parameter space (e.g., two orders
of magnitude in radius and in ionizing photon fluxes S), the
Hu regions we have selected represent the brightest in the
Magellanic Clouds in He and at 24 pum.

We utilize published UBV photometry of 624 LMC star
clusters (Bica et al. 1996) to assess upper limits on the cluster
ages and lower limits on star cluster masses powering our
sample. Within the radii of the LMC Hu regions, we found
one to eight star clusters from the Bica sample. To estimate the
cluster ages, we compare the extinction-corrected UBV colors of
the enclosed star clusters to the colors output from Starburst99
simulations (Leitherer et al. 1999) of a star cluster of 106M@
that underwent an instantaneous burst of star formation. For
this analysis, we adopt a color excess E(B — V) = 0.06, the
foreground reddening in the direction of the LMC (Oestreicher
et al. 1995). This value is almost certainly an underestimate
and represents the minimum reddening toward our clusters (for
example, the reddening in R136 is E(B — V) = 0.3-0.6) and
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Figure 1. Three-color images of the 16 LMC H 11 regions analyzed: MIPS 24 um (red), Ho (green), and 0.2-2.1keV X-rays (blue). White circles denote apertures
used when calculating integrated pressures of the regions. The radius of each region was defined as the aperture which contained 90% of the total H flux. We opted
for this phenomenological definition of the radii to reduce the systematic uncertainties between sources. White bars in the bottom right of images have lengths of 1’ ~

14.5 pc (assuming a distance of 50 kpc to the LMC). North is up, east is left.

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

neglects local extinction. Based on the clusters’ UBYV colors, we
find upper limit ages of ~3—15 Myr; greater extinction toward
the clusters would yield younger ages. Additionally, we estimate
the lower limit of the star cluster masses by normalizing 10° M,
by the ratio of the V-band luminosities of our clusters with those
of the simulated clusters at their respective ages. We find cluster
masses of ~300-3 x 10*M,.

As relatively bright and evolved sources, the dynamical
properties of our sample may differ from more dim H 11 regions
(those powered by smaller star clusters) and H 11 regions which
are much younger or older. For our analyses, we employed data

at several wavelengths; a brief description of these data is given
below. Throughout this paper, we assume a distance D of 50 kpc
to the LMC (Pietrzynski et al. 2013) and of 61 kpc to the SMC
(Hilditch et al. 2005).

2.1. Optical

To illustrate the Hu regions’ structure, we show the Ho
emission of the 32 sources in Figures 1 and 2. We used the
narrow-band image (at 6563 A, with 30 AFWHM) that was
taken with the University of Michigan/CTIO 61cm Curtis
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Figure 2. Three-color images of the 16 SMC H 11 regions analyzed: MIPS 24 um (red), Ha (green), and 0.5-2.1keV X-rays (blue). White circles denote apertures
used when calculating integrated pressures of the regions. The radius of each region was defined as the aperture which contained 90% of the total Ho flux. We opted
for this phenomenological definition of the radii to reduce the systematic uncertainties between sources. White scale bars have lengths of 1’ ~ 17.7 pc (assuming a

distance of 61 kpc to the SMC). North is up, east is left.

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

Schmidt Telescope at CTIO as part of the Magellanic Cloud
Emission Line Survey (MCELS; Smith & MCELS Team 1998).
The total integration time was 600 s, and the reduced image has
a resolution of 2" pixel .

To estimate the Ho luminosity of our SMC sources within the
radii given in Table 1, we used the flux-calibrated, continuum-
subtracted MCELS data. As the flux calibrated MCELS data
of the LMC is not yet available, we employed the Southern
Ha Sky Survey Atlas (SHASSA), a robotic wide-angle survey
of declinations § = +15° to —90° (Gaustad et al. 2001), to
measure Ho luminosities of our LMC H1r regions. SHASSA

data were taken using a CCD with a 52 mm focal length Canon
lens at f/1.6. This setup enabled a large field of view (13° x 13°)
and a spatial resolution of 47764 pixel~'. The total integration
time for the LMC exposure was ~21 minutes.

2.2. Infrared

Infrared images of the LMC were obtained through the
Spitzer Space Telescope Legacy program Surveying the Agents
of Galaxy Evolution (SAGE: Meixner et al. 2006). The survey
covered an area of ~7° x 7° of the LMC with the Infrared Array
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Camera (IRAC; Fazio et al. 2004) and the Multiband Imaging
Photometer (MIPS; Rieke et al. 2004). Images were taken in all
bands of IRAC (3.6, 4.5, 5.8, and 7.9 um) and of MIPS (24, 70,
and 160 pm) at two epochs in 2005. For our analyses, we used
the combined mosaics of both epochs with 172 pixel~! in the
3.6 and 7.9 um IRAC images and 2749 pixel~! and 4’8 pixel ™!
in the MIPS 24 pum and 70 pm, respectively.

The SMC was also surveyed by Spitzer with the Legacy
program Surveying the Agents of Galaxy Evolution in the
Tidally Stripped, Low Metallicity Small Magellanic Cloud
(SAGE-SMC; Gordon et al. 2011). This project mapped the
full SMC (~30 degz) with IRAC and MIPS and built on the
pathfinder program, the Spitzer Survey of the Small Magellanic
Cloud (S*MC; Bolatto et al. 2007), which surveyed the inner
~3 deg? of the SMC. SAGE-SMC observations were taken at
two epochs in 2007-2008, and we employed the combined
mosaics from both epochs (plus the S’MC data).

2.3. Radio

The LMC and SMC were observed with the Australian Tele-
scope Compact Array (ATCA) as part of 4.8 GHz and 8.64 GHz
surveys (Dickel et al. 2005, 2010). These programs had iden-
tical observational setups, using two array configurations that
provided 19 antenna spacings, and the ATCA observations were
combined with the Parkes 64 m telescope data of Haynes et al.
(1991) to account for extended structure missed by the interfer-
ometric observations. For our analyses, we utilized the result-
ing ATCA + Parkes 8.64 GHz (3.5 cm) images of the LMC and
SMC, which had Gaussian beams of FWHM 22" and an average

rms noise level of 0.5 mJy beam™!.

2.4. X-Ray

Given the large extent of the LMC, Chandra and XMM-
Newton have not observed the majority of that galaxy. Thus,
for our X-ray analyses of the 16 LMC HiI regions, we use
archival data from ROSAT. The LMC was observed via pointed
observations and the all-sky survey of the ROSAT Position
Sensitive Proportional Counter (PSPC) over its lifetime (e.g.,
Snowden & Petre 1994). ROSAT/PSPC had modest spectral
resolution (with AE/E ~ 0.5) and spatial resolution (~25")
over the energy range of 0.1-2.4keV, with ~2° field of view.
Table 2 lists the archival PSPC observations we utilized in our
analyses of our sample. All the LMC H11 regions except for
N191 were observed in pointed observations from 1991 to 1993
with exposures ranging from ~4000-45000s. Some of these
observations were presented and discussed originally in Dunne
et al. (2001).

The SMC was surveyed by XMM-Newton between 2009 May
and 2010 March (Haberl et al. 2012). We exploit data from this
campaign as well as from pointed XMM-Newton observations
for 13 of the 16 SMC Hu regions. For the other three SMC
sources (N66, N76, and N78), we use deep Chandra/ACIS-1
observations. N66 was targeted in a 99.9 ks ACIS-I observation
(Nazé et al. 2002, 2003). N76 and N78 are in the field of a
Chandpra calibration source, the SNR 1E 0102—7219, so they
have been observed repeatedly since the launch of Chandra
in 1999. We searched these calibration data and merged all
the observations where the Chandra chip array imaged the
full diameter of the sources: 52 observations for N76, and 36
observations for N78.
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Table 2
X-Ray Observation Log
Source Obs Date Archive Number Integration
(ks)
LMC sources: ROSAT PSPC observations
N4 1993 Jul rp500263n00 12.7
N11 1992 Nov rp900320n00 17.6
N30 1992 Feb rp500052a01 8.0
N44 1992 Mar rp500093n00 8.7
N48 1991 Oct rp200692n00 44.7
N55 1991 Oct rp200692n00 447
N59 1993 Dec rp900533n00 1.6
N79 1993 Oct rp500258n00 12.7
N105 1992 Apr rp500037n00 6.8
NI119 1993 Jun rp500138a02 14.6
N144 1993 Jun rp500138a02 14.6
30 Dor 1992 Apr rp500131n00 16.0
N160 1992 Apr rp500131n00 16.0
N180 1993 Oct rp500259n00 4.0
N191* . .. ..
N206 1993 Dec rp300335n00 11.3
SMC sources: XMM-Newton or Chandra observations
DEM S74 2009 Nov 0601211401 46.8
N13 2009 Oct 0601211301 32.7
N17 2009 Oct 0601211301 32.7
NI19 2007 Mar 0403970301 39.1
N22 2000 Oct 0110000101 28.0
N36 2010 Mar 0656780201 12.8
N50 2003 Dec 0157960201 14.8
N51 2007 Apr 0404680301 20.4
N63 2009 Oct 0601211601 32.3
N66° 2001 May 1881 99.9
N71 2007 Jun 0501470101 16.1
N76P 2000 Mar-2009 Jan® 52 Observations® 471.0
N78b 2000 Dec—2009 Febd 36 Observations? 297.6
N80 2009 Nov 0601211901 31.6
N84 2006 Mar 0311590601 11.3
N9O 2010 Apr 0602520301 96.3
Notes.

4 N191 is not in any pointed PSPC observations, so we exclude it from our hot
gas pressure analyses.

b For these sources, we analyze the Chandra/ACIS observations instead of the
XMM-Newton data because the Chandra observations have longer integrations.
¢ N76is in the field of the Chandra calibration source, SNR 1E 0102—7219, and
has been observed repeatedly over Chandra’s lifetime. For our analysis of N76,
we have merged 52 ACIS-I observations together with the following ObsIDs:
136, 140, 420, 439, 440, 444, 445, 1313, 1314, 1315, 1316, 1317, 1529, 1542,
1543,2837,2839,2842,2863, 3532, 3537, 3538, 3539, 3540, 5137, 5138, 5139,
5140,5144,5147,5148,5149, 5150, 5151, 5154, 6050, 6051, 6052, 6053, 6054,
6057, 6060, 6747, 6748, 6749, 6750, 6751, 6754, 6757, 8361, 8363, 10652.
d'N78 is in the field of the Chandra calibration source, SNR 1E 0102—7219,
and has been observed repeatedly over Chandra’s lifetime. For our analysis
of N78, we have merged 36 ACIS-I observations together with the following
ObsIDs: 1527, 1528, 1533, 1534, 1535, 1536, 1537, 1544, 1783, 1784, 1785,
2840, 2841, 2858, 2859, 2860, 2861, 2864, 3527, 3528, 3529, 3530, 3531, 3541,
5145, 5152, 5153, 6055, 6056, 6060, 6753, 6755, 6757, 8362, 9691, 10650.

3. METHODOLOGY

We follow the same methodology as in our 30 Dor pressure
analysis (Lopez et al. 2011) with only a few exceptions, de-
scribed below. Instead of calculating spatially resolved pressure
components for the sources, we determine the average pressures
integrated over the radii listed in Table 1. Thus, these pressure
components are those “felt” within the H 11 shells. We describe
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the uncertainties associated with the calculation of each term in
Section 3.5.

To select the radius of each region, we produced surface
brightness profiles of their Ho emission, and we determined the
apertures which contained 90% of the total Ho fluxes. We opted
for this phenomenological definition of the radii to reduce the
systematic uncertainties between sources. As seen in Figures 1
and 2, the H1 regions are quite complex, and the calculations
below are simple and aim to describe the general properties of
these sources.

3.1. Direct Radiation Pressure

The light output by stars produces a direct radiation pressure
that is associated with the photons’ energy and momentum. The
resulting radiation pressure P,q at some position within the H1
region is related to the bolometric luminosity of each star Ly,
and the distance r the light traveled to reach that point:

P =Y 2 ()

4zr2c’

where the summation is over all the stars in the region. The
volume-averaged direct radiation pressure Py, is then

3 /R Ly 3Lyl
dr =
47 R3 Jo

1
%=V/%MV= %)

c 4R’
where V is the total volume within the H 11 region shell and R is
the H 11 region radius.

The above equation is the formal definition of radiation
pressure (i.e., it is the trace of the radiation pressure tensor). We
note that radiation pressure and radiation force do not always
follow the same simple relationship as, e.g., gas pressure and
force, where the force is the negative gradient of pressure. In
particular, Pellegrini et al. (2011) point out that in a relatively
transparent medium (such as the interior of an H1 region), it
is possible for the radiation pressure to exceed the gas pressure
while the local force exerted on matter by the radiation is smaller
than the force exerted by gas pressure. However, at the H 11 shells
where the gas is optically thick to stellar radiation, radiation
force and pressure follow the same relationship as gas force and
pressure, and the radiation pressure defined by Equation (1) is
the relevant quantity to consider.

To obtain Ly, of the stars in our 30 Dor analyses, we employed
UBYV photometry of R136 from Malumuth & Heap (1994) using
Hubble Space Telescope Planetary Camera observations, and
the ground-based data of Parker (1993) and Selman & Melnick
(2005) to account for stars outside R136. While several large-
scale optical surveys of the LMC have now been done and
include UBV photometry (e.g., Massey 2002; Zaritsky et al.
2004), these data do not resolve the crowded regions of young
star clusters, and they focus principally on the (uncrowded) field
population.

An alternative means to estimate the bolometric luminosities
of the star clusters is using the extinction-corrected Ho lumi-
nosities of the H 11 regions. From Kennicutt & Evans (2012), for
a stellar population that fully samples the initial mass function
(IMF) and the stellar age distribution, the bolometric luminosity
Lyo11vr 1s related to the extinction-corrected Hoe luminosity Ly,
by the expression Lo mr = 138 Ly, . We use the SHASSA and
MCELS data to estimate the observed Ho luminosities Ly, obs
within the radii listed in Table 1.

To correct for extinction, we employ the reddening maps of
the LMC and SMC presented in Haschke et al. (2011), from the
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third phase of the Optical Gravitational Lensing Experiment
(OGLE III). These authors used observations of red clump
and RR Lyrae stars to derive spatially resolved extinction
estimates (with typical subfield sizes of 4/5x4!5) across the
LMC and SMC, and these data are publicly available through the
German Astrophysical Virtual Observatory (GAVO) interface.’
Using GAVO, we obtained the mean extinction in the B and
V bands, Ag and Ay, respectively. In the cases when the Hui
region radii included multiple subfields of the OGLE extinction
measurements, we calculated the average Ag and Ay over that
aperture. Then, we use the color excess E(B — V) = Ag — Ay
to compute Ay, the extinction at the wavelength A of the Ho
line, given

Ape = k(Hyo)E(B — V), 3)

where k(Hp,) is the value of the extinction curve at the
wavelength of the Ho line. Calzetti et al. (2000) derive the
best-fit expression for k()) at optical wavelengths as

k(L) = 2.659(—2.156+1.509/A — 0.198 /1% +0.011/2*) + Ry,
4
where Ry = Av/E(B — V). We adopt the standard Ry = 3.1,
which Gordon et al. (2003) demonstrate to be valid in the optical
for the LMC and SMC, and we find k(Ho) = 2.362. Finally, the
extinction-corrected Hoe luminosity Ly, is

Lig = Lg,os 107445 )

The parameters associated with these calculations, including the
intrinsic Ho luminosities and corresponding Ly me of the 32
Hu regions, are listed in Table 3. The extinction-corrected Ho
luminosities are typically 10%—-20% greater than the observed
Ho luminosities. We note that local reddening and extinction
may be greater than the average values obtained in the OGLE
IIT maps, and thus the bolometric luminosities of the star clusters
may be greater. However, even if the local extinction is a factor of
ten larger, the direct radiation pressure will still be dynamically
insignificant, as seen in the results given in Section 4.

One issue related to the above estimates of Lyo vr is the
star formation history. While both the Hoa and bolometric
luminosity of an actively star-forming region are dominated by
massive stars with lifetimes <5 Myr, the bolometric luminosity
also contains a non-negligible contribution from longer-lived
stars. The implication is that the ratio of Ha to bolometric
luminosity of a stellar population evolves with time. The relation
Lyoive = 138 Ly, is appropriate for a population with a
continuous star formation history over 100 Myr, but for a nearly
coeval stellar population as in our star clusters, the Ho to
bolometric ratio will start out somewhat larger than Kennicutt
& Evans (2012) value, then decline below it over a timescale of
~5 Myr. Thus, depending on the age of the stellar population,
Ly, mvr can be either an underestimate or an overestimate. Given
that our stellar sources are bright H11 regions and thus the stars
are likely to be young, the latter seems more likely.

We also note uncertainty related to IMF sampling. Stellar
populations with masses below ~10* Mg do not fully sample
the IMF, and this makes the Ho to bolometric luminosity ratio
vary stochastically (Cervifio & Luridiana 2004; Corbelli et al.
2009; da Silva et al. 2012). Most of our clusters are near the
edge of the stochastic regime. For a randomly selected cluster,
the most common effect is to lower the He luminosity relative to
the bolometric luminosity; the expected magnitude of the effect

7 http://dc.zah.uni-heidelberg.de/mex
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Table 3
Parameters to Estimate Extinction Correction

Source AB AV AHO( log LH(x,obsa log LHab log Lbo]leFc log S

(erg s’l) (erg s’l) (erg s’l) (photons s’l)

LMC sources
N4 0.31 0.24 0.17 37.1 37.2 394 49.2
NI11 0.08 0.06 0.05 38.9 39.0 41.1 51.0
N30 0.26 0.20 0.14 37.7 37.8 39.9 49.7
N44 0.28 0.22 0.14 38.5 38.6 40.7 50.6
N48 0.19 0.14 0.12 37.8 37.9 40.0 49.9
N55 0.30 0.23 0.17 38.0 38.0 40.2 50.0
N59 0.36 0.28 0.19 38.4 38.5 40.6 50.5
N79 0.40 0.30 0.24 38.1 38.2 40.4 50.2
N105 0.20 0.15 0.12 38.1 38.2 40.3 50.1
N119 0.20 0.15 0.12 38.5 38.5 40.7 50.5
N144 0.35 0.27 0.19 38.4 38.4 40.6 50.4
N157 0.76 0.59 0.40 39.5 39.7 41.8 51.7
N160 0.57 0.44 0.31 38.9 39.0 41.1 51.0
N180 0.36 0.28 0.19 38.0 38.1 40.2 50.1
N191 0.18 0.13 0.12 37.0 37.0 39.2 49.0
N206 0.30 0.23 0.17 38.5 38.5 40.7 50.5

SMC sources
DEM S74 0.16 0.12 0.09 37.1 37.1 39.3 49.1
NI13 0.25 0.19 0.14 37.0 37.1 39.2 49.0
N17 0.21 0.16 0.12 37.1 37.2 39.3 49.1
NI19 0.25 0.19 0.14 36.7 36.8 38.9 48.8
N22 0.27 0.21 0.14 37.0 37.1 39.2 49.1
N36 0.24 0.18 0.14 37.8 37.9 40.0 49.9
N50 0.19 0.14 0.12 37.8 37.8 39.9 49.8
N51 0.15 0.12 0.08 36.8 36.8 39.0 48.8
N63 0.22 0.17 0.12 37.0 37.0 39.1 49.0
N66 0.08 0.06 0.05 38.6 38.6 40.8 50.6
N71 0.11 0.09 0.05 36.2 36.3 38.4 48.2
N76 0.09 0.07 0.05 38.0 38.0 40.2 50.0
N78 0.13 0.10 0.07 37.7 37.7 39.9 49.7
N80 0.16 0.12 0.09 374 37.5 39.6 494
N84 0.32 0.24 0.19 38.2 38.2 40.4 50.2
N90 0.19 0.14 0.12 37.5 37.5 39.7 49.5
Notes.

LOPEZ ET AL.

2 Observed Ho luminosity (i.e., without extinction correction).
b Intrinsic Ha luminosity (i.e., with extinction correction).

¢ Lol MF is the bolometric luminosity estimated based on the intrinsic He luminosity assuming a fully sampled IMF.
d S is the ionizing photon rate, as calculated using Ly, and Equation (13).

is a factor of ~3 (e.g., Figure 7 of Corbelli et al. 2009). This
will tend to make our Ly, pvr an underestimate by this amount.
However, the real effect is likely to be smaller, because our
sample is not randomly selected. For a rare subset of clusters
stochasticity has no effect or actually raises the Ho to bolometric
ratio compared to that of a fully sampled IMF, and since our
sample is partly selected based on Hoe luminosity, it is biased
in favor of the inclusion of such clusters. It is not possible
to model this effect quantitatively without knowing both the
underlying distribution of cluster masses and the selection
function used to construct the sample. Thus we restrict ourselves
to noting that this effect probably introduces a factor of ~2 level
uncertainty into Ly pvr- In the remainder of this paper, we will
use Lo, mmr = Lupor to calculate Pg;.

3.2. Dust-processed Radiation Pressure

The pressure of the dust-processed radiation field Pir is
related to the energy density of the radiation field absorbed

by the dust, u,, (i.e., assuming a steady state),
1
Pr = guu- (6)

We follow the same procedure of Lopez et al. (2011) to estimate
the energy density u, of the radiation absorbed by the dust in
our sample. Specifically, we measure the flux densities F, in
the IRAC and MIPS bands and compare them to the predictions
of the dust models of Draine & Li 2007 (hereafter DLLO7). The
DLO07 models determine the IR spectral energy distribution for a
given dust content and radiation field intensity heating the dust.
DLO07 assume a mixture of carbonaceous grains and amorphous
silicate grains that have a size distribution that reproduces the
wavelength-dependent extinction in the local Milky Way (see
Weingartner & Draine 2001). In particular, polycyclic aromatic
hydrocarbons (PAHs) contribute substantial flux at ~3-19 um
and are observed in normal and star-forming galaxies (e.g.,
Helou et al. 2000; Smith et al. 2007).

To account for the different spatial resolutions of the IR
images, we convolved the 3.6, 8, and 24 um images with kernels
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Figure 3. Measured IR flux ratios for the 16 LMC H 11 regions (filled black circles) and 16 SMC H 11 regions (open squares) and the predicted flux ratios for different
PAH mass fractions gpag and scaling U of the energy density of the dust-processed radiation field (Equation (9)) from Draine & Li (2007). The black star denotes the
values for 30 Dor. We interpolate the grid of predicted flux ratios to obtain gpan and U for each region listed in Table 4.

to match the point-spread function of the 70 ©m image using the
convolution kernels of Gordon et al. (2008). Then, we measured
the average flux densities F, at 8, 24, and 70 um wavelengths
in the apertures listed in Column 5 of Table 1. We removed the
contribution of starlight to the 8 and 24 um fluxes using the
3.6 um flux densities and the empirical relations

F™(8 um) = F,(8 um) — 0.232F, (3.6 um), 7

F™(24 um) = F,(24 um) — 0.032F,(3.6 um),  (8)

where F* is the non-stellar flux at the respective wavelengths.
The coefficients 0.232 and 0.032 are given in Helou et al. (2004).
In Figure 3, we plot the resulting ratios (v F, )55 /(v F, )79 ver-
sus (VF,)g*/(vF,)5; measured for the 32 H regions. Addition-
ally, we plot the Draine & Li (2007) predictions for given values
of gpan, the fraction of dust mass in PAHs, and U, the dimen-
sionless scale factor of energy density u, of radiation absorbed

by the dust, where
u, = Uu®SF, )

Here, u'RSF is the energy density of the 41v < 13.6 eV photons

in the local ISM, 8.65 x 10~'3 erg cm ™ (Mathis et al. 1983).

The 32 Hu regions span a factor of ~20 in (vF,)g*/(vF, )53,
with the SMC Hu regions having systematically lower
(vVF,)g*/(vF,)5; than the LMC Hu regions. The LMC and
SMC sources have a similar range of a factor of ~6 in
(VF,)55/(vF,)70. Broadly, the data follow a similar arc-like
trend in the ratios as we found in the spatially resolved re-
gions of 30 Dor (Lopez et al. 2011). Errors in our flux ratios are
~2.8% from a ~2% uncertainty in the Spitzer photometry.

We interpolate the U—gpay grid using Delaunay triangulation,
a technique appropriate for a non-uniform grid, to find the U and
gpan values for our regions. For the points that lay outside the

ns

grid, we translated them to (VF,)g*/(vF,)5; within the grid.
Since the y-axis ratio largely determines U, this adjustment
does not affect the pressure calculation for those sources.
Figure 4 plots the interpolated values of U versus gpap; we
also print the results in Table 4 so individual sources can be
identified. We find that the U values of the LMC and SMC H1ui
regions span a large range, with U =& 37-856 (corresponding
to u, ~ 3.2 x 10°1-74x%x10710 erg cm™3), and several of
the SMC sources have U < 100. The PAH fractions of the
SMC H regions (with gpag <1%) are suppressed relative to
those of the LMC H 11 regions (with gpay 21%). The smaller
PAH fractions in the low metallicity SMC are consistent with
the results of Sandstrom et al. (2012), who find a deficiency
of PAHs in the SMC based on observations with the Spitzer
Infrared Spectrograph (IRS). Based on PAH band ratios in
the IRS data, these authors suggest that this deficiency arises
because SMC PAHs are smaller and more neutral than PAHs in
higher metallicity galaxies.

Finally, we employ the interpolated U values and Equa-
tions (6) and (9) to estimate the dust-processed radiation pres-
sure P in our 32 sources.

3.3. Warm Ionized Gas Pressure

The warm ionized gas pressure is given by the ideal gas law,
Pyn = (n. + ng + nyge)kTyy, where n,, ny, and ny. are the
electron, hydrogen, and helium number densities, respectively,
and Ty is temperature of the H1r gas, which we assume to be
the same for electrons and ions. If helium is singly ionized, then
e + Ny + e ~ 2n,. If we adopt the temperature Ty = 10* K,
then the warm gas pressure is determined by the electron number
density n.. One way to estimate n, is via fine-structure line
ratios in the IR (e.g., Indebetouw et al. 2009): since these
lines have smaller excitation potentials than optical lines, they
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Figure 4. Plot of U vs. PAH fraction gpay for the 16 LMC H 11 regions (black circles) and 16 SMC H 11 regions (open squares), as given by the interpolation of the
grid in Figure 3. The numerical values for the two parameters are given in Table 4, and the black star denotes the values for 30 Dor.

depend less on temperature and depend sensitively on the density
(Osterbrock & Ferland 20006).

Here, we estimate n, using an alternative means: by measuring
the average flux density F, at 3.5 cm, where free—free emission
dominates in H 11 regions. For free—free emission, n, is given by
Equation (5.14b) of Rybicki & Lightman (1979):

(10)

<6.8 x 1034 nDszTHléIz>l/2
ne = - s
gV

where g is the Gaunt factor and D is the distance to the sources,
and V is the volume of the sources. If we set the Gaunt factor
g = 1.2, we derive the densities n, listed in Table 4. We find
both the LMC and SMC H1 regions have moderate densities,
with n, &~ 22-500 cm 3.

3.4. Hot Gas Pressure

The hot gas pressure is also given by an ideal gas law:
Px = 1.9nxkTx, where nx is the electron density and Tx is
the temperature of the X-ray-emitting gas. The factor of 1.9 is
derived assuming that He is doubly ionized and the He mass
fraction is 0.3. Furthermore, we assume that the electrons and
ions have reached equipartition, so that a single temperature
describes both populations. To estimate nx and Tx, we model the
bremsstrahlung emission at X-ray wavelengths of our sources
using pointed ROSAT/PSPC observations (for the LMC sources)
and Chandra observations (for N66 in the SMC). The other
H1r regions in the SMC are undetected by XMM-Newton and
Chandra, and we use these data to set upper limits on hot gas
pressure in those targets. In the analyses described below, we
assume a filling factor fx = 1 of the hot gas (i.e., that the hot
gas occupies the full volume of our sources). For the purposes
of measuring the large-scale dynamical role of the hot gas,
the appropriate quantity is the volume-averaged pressure. We

explain in detail why this approach is critical when assessing
global dynamics in the Appendix.

For the ROSAT analyses of the LMC H 1 regions, we used
FTOOLS, a software package for processing general and mission-
specific FITS data (Blackburn 1995), and XSELECT, a command-
line interface of FrooLs for analysis of X-ray astrophysical data.
We produced X-ray images of the sources (shown in blue in
Figure 1), and we extracted spectra from within the radii given
in Table 1 as well as from background regions to subtract from
the source spectra. Appropriate response matrices (files with
probabilities that a photon of a given energy will produce an
event in a given channel) and ancillary response files (which
has information like effective area) were downloaded® for each
observation’s date and detector.

Resulting background-subtracted source spectra (shown in
Figure 5) were fit using XSPEC version 12.4.0 (Arnaud 1996).
Spectra were modeled as an absorbed hot diffuse gas in colli-
sional ionization equilibrium (CIE) using the XSPEC compo-
nents phabs and apec. In these fits, we assumed a metallicity
Z ~ 0.5Zg, the value measured in Hul regions in the LMC
(Kurt & Dufour 1998), and we adopted the solar abundances
of Asplund et al. (2009). In some sources (N11, 30 Dor, and
N160), we found the addition of a power-law component was
necessary in order to account for excess flux at energies >2 keV,
a feature that is likely to be from non-thermal emission from
SNRs or from point sources in the regions.

For the Chandra analysis of N66, we extracted a source spec-
trum using the CIAO command specextract; a background spec-
trum was obtained from a circular region of radius ~50" off-
set ~1’ northeast of N66. The resulting background-subtracted
spectrum (grouped to 25 counts per bin) is shown in Figure 6.

8 Response matrices and ancillary response files are available via anonymous
ftp at ftp://legacy.gsfc.nasa.gov/caldb/data/rosat/pspc/cpf/.
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Table 4
Dust and Warm Gas Properties

Source U 4gPAH Ne

(em™)

LMC sources

N4 740 2.1 500
NI11 230 3.2 50
N30 250 34 60
N44 230 2.8 60
N48 140 >4.6 50
N55 200 2.6 50
N59 400 1.9 120
N79 320 2.0 80
N105 340 2.2 130
N119 200 3.0 60
N144 270 2.3 70
30 Dor 860 1.0 250
N160 380 2.1 120
N180 230 2.1 120
NI191 500 1.9 50
N206 140 34 50
SMC sources
DEM S74 40 0.9 30
NI13 280 0.7 260
N17 120 0.8 70
N19 140 <0.5 160
N22 740 <0.5 160
N36 80 <0.5 60
N50 50 0.7 20
N51 140 0.7 30
N63 90 0.7 60
N66 380 <0.5 100
N71 240 <0.5 330
N76 130 0.6 70
N78 570 <0.5 70
N80 90 0.6 50
N84 160 0.6 30
N90 110 0.6 50

We first attempted to fit the spectrum with an absorbed hot dif-
fuse gas in CIE as above (with XSPEC components phabs and
apec) assuming a Z = 0.2 Z, metallicity plasma. The fit was
statistically poor (with reduced chi-squared values of x2/dof =
317/90), with the greatest residuals around emission line fea-
tures. Consequently, we considered an absorbed CIE plasma
with varying abundances (with XSPEC components phabs and
vapec). In this model, we let the abundances of elements in the
spectrum (O, Ne, Mg, Si, and Fe) vary freely. The fit was dra-
matically improved (with x2/dof = 128/86) in this case. We
found that the Mg and Fe abundances were consistent with those
of the SMC, while O, Ne, and Si had enhanced abundances of
~0.7 Zg. The elevated metallicity of the hot plasma is sugges-
tive that the X-ray emission is from a relatively young (a few
thousand years old) SNR, and the enhanced abundances are sig-
natures of reverse shock-heated ejecta. A young SNR in N66
has been identified previously as SNR B0057—724 based on its
non-thermal radio emission (Ye et al. 1991), its high-velocity
Ha emission (Chu & Kennicutt 1988), and its far-ultraviolet
absorption lines (Danforth et al. 2003).

The ROSAT and Chandra X-ray spectral fit results are given
in Table 5, including the absorbing column density Ny, the
hot gas temperature kTx, the hot gas electron density ny, their
associated 90% confidence limits, and the reduced chi-squared
for the fits, x?/dof. Hot gas temperatures were generally low,

10

LOPEZ ET AL.

with kTx ~ 0.15-0.6 keV. Comparing ROSAT results for 30
Dor to those from Chandra in Lopez et al. (2011), we find that
the integrated Chandra spectral fits gave temperatures a factor
of ~60% above those given by ROSAT. This difference can be
attributed to the fact that the ROSAT spectra were extracted from
a much larger aperture than those from Chandra. Broadly, the
X-ray luminosity Lx derived from our fits are consistent with
previous X-ray studies of H 11 regions in the LMC (Chu & Mac
Low 1990; Wang & Helfand 1991; Chu et al. 1995).

For the SMC H 1 regions (except N66), we calculate upper
limits on Px based on the non-detections of these sources
in Chandra (for N76 and N78) and XMM-Newton data. In
particular, we measured the full-band count rates (0.5-8.0keV)
within the aperture of our sources and converted these values
to absorbed X-ray flux Fx us upper limits using WebPIMMS,’
assuming the emission is from a Z = 0.2 Z metallicity plasma
with kTx = 0.15keV. We then corrected for absorption to
derive unabsorbed (emitted) X-ray fluxes Fx ynabs, assuming
an absorbing column equal to the weighted average Ny in the
source direction, given by the Kalberla et al. (2005) survey
of Galactic neutral hydrogen. Finally, we simulated spectra of
the Z = 0.2Zq, kTx = 0.15keV plasma to determine the
emission measure EMx (and consequently, the electron density
nx = +«/EMx/ V). The results of these analyses for the 15 SMC
Hu regions are listed in Table 6.

3.5. Errors Associated with Each Term

Each pressure term calculated using the methods described
above will have an associated error, and there are many un-
certainties which will contribute given the variety of data and
analyses required. Nonetheless, we attempt to assess these errors
in the following ways. For the direct radiation pressure Py, the
dominant uncertainty is the relation of Ly, to Ly, as described
in Section 3.1. Thus, for our error bars on Pg;; have incorpo-
rated the factor-of-two uncertainty in the conversion of Ly, to
Lior. Our calculation of Py is fairly robust, and the largest error
comes from the 2% uncertainty in the Spitzer photometry, which
corresponds to a 2.8% error in the flux ratios of Figure 3. There-
fore, we interpolated the U-gpay grid for £2.8% of our flux
ratios to obtain a corresponding error in U. These uncertainties
lead to errors of the order of 5%—-10% in Pir.

In the case of Py, we have uncertainty in the flux density F),
over the radii of our H 11 regions due to the low resolution of the
radio data. Therefore, we have measured F, for =1 resolution
element in our radio image and obtained the corresponding
uncertainty in n,. This error is relatively small, ~10%-15%
in n, and Pyy. Finally, the range of Pyx is given by the
uncertainty in the X-ray spectral fits of emission measure (and
correspondingly, the hot gas density nx) and of the temperature
kTx. We employ these 90% confidence limits derived in our
spectral fits, as listed in Table 5. Generally, the density nx was
poorly constrained in lower signal sources (e.g., N4, N30, and
N59), as further evidenced by the poor reduced chi-squared
values in those fits. Therefore, in some cases, the error bars on
Px can be relatively large, although the typical uncertainties
were around ~30%-50% in nx.

4. RESULTS

Following the multiwavelength analyses performed above,
we calculate the pressure associated with the direct stellar

°  http://heasarc.nasa.gov/Tools/w3pimms.html
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Figure 5. Integrated background-subtracted ROSAT X-ray spectra for the 15 LMC H 1 regions.

radiation pressure Pgi;, the dust-processed radiation pressure
PR, the warm ionized gas pressure Pyy, and the hot X-ray
gas pressure Px. Table 7 gives the pressure components and
associated errors measured for all the H 11 regions, and Figure 7

11

plots the pressure terms versus their sum, Py, to facilitate
visual comparison of the parameters. As shown in Figure 8, we
do not find any trends in the pressure terms versus size R of the
Hu regions. In all the targets except one, Pyy dominates over
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Figure 6. Background-subtracted Chandra X-ray spectrum for the SMC H 11 region N66. The best-fit model was an absorbed CIE plasma with enhanced abundances
of O, Ne, and Si relative to the SMC metallicity of 0.2 Zg. These enhanced abundances suggest the X-ray emission in N66 arises from a relatively young (a few

thousand years old) supernova remnant.

Table 5
X-Ray Spectral Fit Results
Source Nu kTx nx log Lx*  x?/dof
(x10%! cm™2) (keV) (cm™3) (erg s7h
LMC sources
N4 1.6° 0.15+0.04 0.28 £0.27 34.1 13/9
NI11 1.9 0.20 + 0.01 0.04 £ 0.01 36.3 100/99
N30 1.9° 0.67 +£0.30 0.27 £0.09 34.6 20/52
N44 6.0 0.22 + 0.07 0.12 £ 0.07 37.0 156/107
N48 4.7 0.54 +0.41 0.03 £+ 0.02 35.6 135/123
N55 1.20 0.62+0.16 0.01 £0.01 344 34/53
N59 1.6° 0.63 +0.13 0.04 +0.02 35.6 19/54
N79 1.6° 045+0.12 0.02+£0.01 35.1 47/47
N105 2.1° 0.25 +0.03 0.09 + 0.04 35.6 68/74
NI119 2.1° 0.23 +0.01 0.06 + 0.02 35.9 181/109
N144 2.0 0.25 +0.01 0.07 + 0.02 36.0 166/115
30 Dor 3.0° 0.39 +£0.04 0.08 £0.03 36.8 204/165
N160 8.1 0.54 +0.17 0.04 £+ 0.03 34.8 62/40
N180 2.5b 0.30 £ 0.06  0.06 £ 0.03 352 11/31
N191 ..
N206 3.0 0.28 £0.14  0.05£0.04 36.3 141/96
SMC sources
N66 3.3b 0.38 +0.01 0.06 + 0.03 35.7 128/86
Notes.

2 X-ray luminosity of the thermal emission from the sources, corrected for
absorption and in the 0.5-2.0 keV band.

b Ny was frozen to the weighted average value in the direction of the source, as
obtained by the Leiden/Argentine/Bonn Survey of Galactic H1 from Kalberla
et al. (2005).

Pir and Px. The exception is N191, which has a Pigr roughly
equal to its Py, although the errors on P are quite large. For
all sources detected in the X-rays except N30, Py is a factor
of two to seven above Px and Pir 2 Px in all sources. Broadly,
the relation between the terms is Py > Pr > Px > P

12

In the entire sample, Py, is one to two orders of magnitude
smaller than the other pressure components. We note that while
Pgir > Pyp at distances <75 pc from R136 in the giant Hit
region 30 Doradus (Lopez et al. 2011), the warm ionized gas
is what is driving the expansion currently and dominates the
energetics when averaged over the entire source.

5. DISCUSSION
5.1. The Importance of Direct Radiation Pressure

From Section 4, it is evident that direct radiation pressure
does not play a significant role in the dynamics of the regions.
However, given the age and size of our sources, they are
too large/evolved for the radiation pressure to be significant.
The reason is that the pressure terms have a different radial
dependence: Pgiy < ry 121, while Pyp o« ry ?1/ 2, where rgyp
is the shell radius. One can obtain a rough estimate of the
characteristic radius r., where a given source transitions from
radiation pressure driven to gas pressure driven by setting the
total radiation pressure (i.e., the direct radiation as well as the
dust-processed radiation) equal to the warm gas pressure and
solving for r.y. In this case, we find

2 5 WZ S
> flrap,tot?’

where € 13.6 eV, the photon energy necessary to ionize
hydrogen, oy is the case-B recombination coefficient, and ¢ is
a dimensionless quantity which accounts for dust absorption of
ionizing photons and for free electrons from elements besides
hydrogen. In a gas-pressure-dominated H 11 region, ¢ =0.73 if
He is singly ionized and 27% of photons are absorbed by dust
(McKee & Williams 1997). The firp, o TEpPresents the factor
by which radiation pressure is enhanced by trapping energy
in the shell through several mechanisms, including trapping
of stellar winds, infrared photons, and Lya photons. Here, we

€0
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Y (. — 1
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Table 6
X-Ray Upper Limits for SMC Sources

Count Rate?

b
FX.abs

e

log Lxd

Source Nu FX unabs® ny
(x10%! cm—2) (counts s~1) (erg cm2s71) (erg em 2571 (erg ) (cm™3)

DEM S74 5.06 0.0293 1.8 x 10713 4.6 x 10712 36.3 0.37
N13 3.58 0.0013 8.7 x 10713 1.0 x 10714 33.6 0.69
N17 3.33 0.0078 53 x 10714 52 % 10713 354 0.31
N19 4.76 0.0026 1.6 x 10714 3.6 x 10713 352 0.76
N22 4.44 0.0025 1.6 x 10714 3.0x 10713 35.1 0.52
N36 5.02 0.0241 1.5 x 10713 3.7 x 10712 36.2 0.41
N50 4.86 0.0532 33x 10713 7.7 x 10712 36.5 0.24
N51 4.41 0.0137 8.7 x 10714 1.6 x 10712 35.9 0.39
N63 4.60 0.0065 4.1 x 10714 83 x 10713 35.6 0.55
N71 2.49 0.0002 1.1 x 10715 6.5 % 1071 33.5 0.70
N76 345 0.1821 2.9 x 10712 3.1 x 10711 37.1 0.46
N78 3.49 0.0853 1.3 x 10712 1.5 x 1071 36.8 0.41
N80 3.48 0.0173 1.2 x 10713 1.3 x 10712 35.8 0.25
N84 3.52 0.2549 1.7 x 10712 1.9 x 1071 36.9 0.23
N90 2.10 0.0194 14 x 10713 6.4 x 1013 355 0.26
Notes.

4 Count rate in the 0.5-8.0 keV band observed by XMM-Newton or Chandra within the radius of the H 1 region.
b Upper limit on the absorbed flux from the source in the 0.5-10.0keV band, as predicted by WebPIMMS based on the measured count rates.
¢ Upper limit on the unabsorbed flux from the source in the 0.5-10.0 keV band, as predicted by WebPIMMS based on the measured count rates

and Ny.

d Upper limit on the absorption-corrected X-ray luminosity in the 0.5-10.0keV band.
¢ Upper limit on nx, determined from the emission of a simulated Z = 0.2 Zg, kTx = 0.15 keV X-ray spectrum of a source with an X-ray flux

equal to that listed in Column 5.

adopt firap,ot = 2, as in Krumholz & Matzner (2009), although
we note this factor is uncertain and debated, as discussed in
Section 5.3. Lastly, v is the ratio of bolometric power to the
ionizing power in a cluster; we set ¥ = 3.2 using the (S)/(M,.)
and the (L)/({M,) relations of Murray & Rahman (2010). Using
these values, the above equation reduces to

Fch = 0.072 S49 pc, (12)

where S is the ionizing photon rate, and Sy = S/10% s~
We note that the derivation of Equations (11) and (12) required
several simplifying assumptions (e.g., regarding the coupling
of the radiation to dust), and thus the estimate of r., should be
viewed as a rough approximation of the true radius when an H1t
region transitions from radiation to gas pressure dominated.

We can estimate Ss9 for our H1 regions based on their Ho
luminosity (McKee & Williams 1997):

Lyg = 1.04 x 10%7 Sy ergs™. (13)
We list the resulting ionizing photon rates S for our sample in
Table 3. Given these values, we find a range ., ~ 0.01-7 pc for
31 Hi regions and r¢, =~ 33 pc for 30 Dor. As our sample have
radii ~10-150 pc, the 32 H 11 regions are much too large to be
radiation pressure dominated at this stage.

This result demonstrates the need to investigate young, small
Hi regions to probe radiation pressure dominated sources.
The best candidates would be hypercompact (HC) H 11 regions,
which are characterized by their very small radii <0.05 pc and
high electron densities n, 2 10° cm™3 (Hoare et al. 2007). HC
Hu regions may represent the earliest evolutionary phase of
massive stars when they first begin to emit Lyman continuum
radiation, and thus they offer the means to explore the dynamics
before the thermal pressure of the ionized gas dominates.

Giant H1 regions which are powered by more massive star
clusters may also be radiation pressure dominated. For example,

13

Krumholz & Matzner (2009) showed that the super star clusters
(with masses M ~ 10°—10°My,) in the starburst galaxy M82 are
likely radiation pressure dominated.

5.2. Hot Gas Leakage from H 11 Shells

In Section 4, we have demonstrated that the average X-ray
gas pressure Py is below the 10* K gas pressure Pyy. For the
X-ray-detected H1r regions, the median Px/Pyy is 0.22, with
a range in Px/Pyy ~ 0.13-0.50 (excluding N30, which has
Px/Pun =~ 3.7 £ 2.1). For the 15 non-detected sources, we set
upper limits on Px requiring at least 13 of the 15 H 11 regions to
have Px/Pyy < 1 and nine to have Pyy = 2 Px.

The low Px values we derive are likely due to the partial/
incomplete confinement of the hot gas by the Hir shells (e.g.,
Rosen et al. 2014). If completely confined by an Hu shell
expanding into a uniform density ISM, the hot gas pressure
Px would be large (Castor et al. 1975; Weaver et al. 1977).
Conversely, a freely expanding wind would produce a negligible
Px (Chevalier & Clegg 1985). In the intermediate case, a wind
bubble expands into an inhomogeneous ISM, creating holes
in the shell where the hot gas can escape and generating a
moderate Px. For example, Harper-Clark & Murray (2009)
argue the Carina nebula is experiencing hot gas leakage based
partly on its observed X-ray gas pressure of Px ~ 2 x 1071°
dyn cm™2, whereas the complete confinement model predicts
Px ~ 107 dyn cm™2 and the freely expanding wind model
predicts Px ~ 10~'3 dyn cm~2 for Carina.

Recent observational and theoretical evidence has emerged
that hot gas leakage may be a common phenomenon. Simula-
tions have demonstrated that hot gas leakage can be significant
through low-density pores in molecular material (Tenorio-Tagle
et al. 2007; Dale & Bonnell 2008; Rogers & Pittard 2013). Ob-
servationally, signatures of hot gas leakage in individual Hu
regions has been noted based on their X-ray luminosities and
morphologies, such as in M17 and the Rosette Nebula (Townsley
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Table 7
Pressure Results?
Source Pir PR Puu Px
(x10712 dyn cm~2) (x10710 dyn cm2) (x10710 dyn cm~2) (x10710 dyn cm~2)
LMC sources

N4 1824132 2.1340% 13.8+£0.1 2.31+£2.29
N11 5.0875%, 0.667%% 1.38 £0.01 0.22 £ 0.08
N30 331733k 0.724928 1517004 5.64 +3.17
N44 4214421 0.65 £ 0.09 169490, 0.83 £0.52
N48 1574157 0.40 + 0.04 1334000 0.43 4043
N55 4414440 0.58+%03 1.28400, 0.22 4+ 0.11
N59 11474054 115799, 3.35%% 0.78 +£0.35
N79 4.964% 0.94+9.28 2.2540.0% 0.29 £ 0.16
N105 9.347%% 0.99 + 0.04 3.63+002 0.66 £ 0.33
N119 5.24%524 0.57%%, 162740 0.44 £0.13
N144 6.18*5 18 0.78 £ 0.03 1,97+, 0.51+0.14
30 Dor 55.77%% 2477008 6.99+002 0.98 £ 0.39

21.1 0.04 0.03
N160 21.1%25L 1.10749% 3.32400 0.70 % 0.57
N180 9.0379:%3 0.67 £ 0.03 3217004 0.51 +£0.32
N191 1.34+53% 1.43+1%9 1.43 £0.01 .
N206 3.26+32 0.41+108 128001 0.39 + 0.39

SMC sources

DEM S74 0.67+%¢7, 0.11 £0.01 0.69*%04 <0.88

6.9 . 0.59
N13 16.9+15 0.817%0% 7.28+02% <1.65

2.3 0.02 0.06
N17 237433 0.33+9%2 2.00*%% <0.75
N19 4.674, 0.407%% 4.401%%, <1.82
N22 5784578 2.124912 431702 <1.25
N36 4.34+43% 0.22+9.92 1631004 <0.99
N50 1.25442 0.15 +0.01 0.63 + 0.01 <0.58
N51 0.717%7L 0.39 £ 0.02 0.87 £ 0.01 <0.94
N63 2.20%%%% 0.26*90L 1.57+,9% <131
N66 12,1421, 1.1019%, 2.92+0.04 0.65 £ 0.39
N71 16.6795) 0.68 £ 0.03 9.16719% <1.69
N76 4.107%1% 0.38 £ 0.02 2,019 <1.10
N78 3.0253% 166749 1.96 + 0.03 <0.98
N80 221722} 0.26*%%2 1.27 £0.02 <0.60
N84 2.01729) 0.47 £ 0.02 0.91 £ 0.01 <0.55
N90O 42555 0.33 £ 0.02 1.47 £ 0.08 <0.62

Note. * See Section 3.5 for how error bars were assessed for each term.

et al. 2003), the Carina Nebula (Harper-Clark & Murray 2009),
and 30 Dor (Lopez et al. 2011). The results we have presented
here on a large sample demonstrate that hot gas leakage may be
typical among evolved H 11 regions, implying that the mechani-
cal energy injected by winds and SNe can be lost easily without
doing work on the shells.

5.3. How Much Momentum Can Be Imparted to Gas by
Dust-processed Radiation?

Although we have found that the warm gas pressure Py
dominates at the shells of our sources, a couple H1 regions
(N191 in the LMC and N78 in the SMC, although we caution that
the uncertainty in Pir in N191 is large) have nearly comparable
Pir and Py, and all 32 sources have Pig > Pg,. Physically,
this scenario can occur if the shell is optically thick to the dust-
processed IR photons, amplifying the exerted force of those
photons. In all 32 regions of our sample, the amplification factor

14

caused by trapping the photons firap R = Pir/ Puir 1S quite large,
with firap R ~ 4-100 and a median value of fip R ~ 10.

From a theoretical perspective, it has been debated in the lit-
erature how much momentum can be deposited in matter by IR
photons. Krumholz & Matzner (2009) argued that the imparted
momentum would be limited to0 firap 1R < a few because holes
in the shell would cause the radiation to leak out of those pores.
Conversely, if every photon is absorbed many times, then all the
energy of the radiation field is converted to kinetic energy of
the gas; this scenario imparts the most momentum to the shell.
An intermediate case is in optically thick systems, where pho-
tons are absorbed at least once, and the momentum deposition
is dependent on the optical depth tig of the region (Thomp-
son et al. 2005; Murray et al. 2010; Andrews & Thompson
2011).

Recent simulations by Krumholz & Thompson (2012, 2013)
indicate that fi.p r can be large as long as the radiation flux
is below a critical value that depends on the dust optical depth.
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Figure 7. Individual pressure terms and associated uncertainties vs. the total pressure Py for the 32 H 11 regions. Dashed lines are meant to show how much each term
contributes to the total pressure. The light blue arrows represent the Px upper limits of the 15 SMC H 11 regions that are not detected in archival XMM-Newton and
Chandra data; for our calculation of Py, we assume the SMC Px upper limits are the pressures of the hot gas. Section 3.5 describes how error bars were calculated

for each term.

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

This critical value corresponds to the radiation flux being large
enough so that the pressure of the dust-trapped radiation field
is at the same order of magnitude as the gas pressure. At fluxes
above the critical value, a radiation-driven Rayleigh—Taylor
(RRT) instability develops and severely limits the value of
Jfirap,Ir Dy creating low-density channels through which radiation
can escape. For example, in one case in Krumholz et al.
(2012) where the RRT instability does not develop, they obtain
Siwap R & 90, whereas when the radiation flux is increased so
that radiation forces become significant and there is instability,
firap, iR drops to a few. Clearly in the case of our sources, we
are in the regime where the radiation pressure is not dominant
compared to the warm gas pressure, and RRT instability is not
expected (though two of our sources are near the threshold
of instability). Thus, the high values of f., r We obtain are
consistent with these models.

6. SUMMARY

In this paper, we have performed a systematic, multiwave-
length analysis of 32 H 11 regions in the Magellanic Clouds to
assess the role of stellar feedback in their dynamics. We have
employed optical, IR, radio, and X-ray images to measure the
pressures associated with direct stellar radiation, dust-processed
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radiation, warm ionized gas, and hot X-ray-emitting plasma at
the shells of these sources. We have found that the warm ion-
ized gas dominates over the other terms in all sources, although
two H 11 regions have comparable dust-processed components.
The hot gas pressures are relatively weaker, and the direct ra-
diation pressures are one to two orders of magnitude below the
other terms.

We explore three implications to this work. First, we empha-
size that younger, smaller H 11 regions, such as HC H1i1 regions,
should be studied to probe the role of direct radiation pressure
and the hot gas at early times. Secondly, the low X-ray luminosi-
ties and pressures we derive indicate the hot gas is only partially
confined in all of our sources, suggesting that hot gas leak-
age is a common phenomenon in evolved H 11 regions. Finally,
we have demonstrated that the dust-processed component can
be significant and comparable to warm gas pressure, even if the
direct radiation pressure is comparatively less. These observa-
tional results are consistent with recent numerical work showing
that the dust-processed component can be largely amplified as
long as it does not drive winds.

Support for this work was provided by National Aero-
nautics and Space Administration through Chandra Award
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Figure 8. Pressures vs. H11 region size R of the 32 H11 regions. The light blue arrows represent the Px upper limits of the 15 SMC H 1 regions that are not detected in
archival XMM-Newton and Chandra data; see Section 3.5 for how error bars were assessed for each term.

(A color version of this figure is available in the online journal.)
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APPENDIX
THE FILLING FACTOR OF THE HOT GAS

The conversion of emission measure EMx to hot gas electron
density nx requires an assumption about the volume occupied

16

by the hot gas, parameterized by a filling factor fx. For a fixed
gas temperature kTx (which is determined from the spectral
fitting and is independent of the assumed fx), the inferred

density and pressure scale as fy "2 One can attempt to deduce
Jfx from a combination of morphology and spectral modeling
(as in, e.g., Pellegrini et al. 2011). However, for the purposes
of understanding the global dynamics, this approach can be
misleading, as we demonstrate here. Following the reasoning
outlined below, we set fx = 1.

We are interested in the global dynamics of the regions,
which are described by the virial theorem. Neglecting magnetic
fields (which may not be negligible, but we lack an easy means
to measure them), the Eulerian form of the virial theorem is
(McKee & Zweibel 1992):

1. 1d
[ =2T-T)+R—-TR, S 2y.ds, (Al
5 ( )+ s+ W 261”fs(pvr) (A1)
where
I = / prtdV, (A2)
\%4
1 2
T:z (3P + pv*)dV, (A3)
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1
TS:—/r~H~dS, (A4)
2 Js
R = l/lraddV, (AS)
14
R, = / V- P - dS, (A6)
S
W = —/pl‘~V¢dV. (A7)

Here, V is the volume, S is the surface of this volume, p, v,
and P are the gas density, velocity, and pressure, Il = pvv + PI
is the fluid pressure tensor, u;q is the frequency-integrated
radiation energy density, P4 is the radiation pressure tensor,
¢ is the gravitational potential, and I is the identity tensor.
The terms I, 7, R, and W may be identified, respectively,
as the moment of inertia, the total thermal plus kinetic energy, the
total radiation energy, and the gravitational binding energy. The
terms subscripted with s represent external forces exerted at the
surface of the volume, and are likely negligible in comparison
with the internal terms for an H 11 region with large energy input
by massive stars.

Since manifestly / either is very positive now, or was in
the recent past (otherwise the shell would not have expanded),
the goal of this work is to understand the balance between the
various positive terms on the right-hand side of the equation.
The terms Pr and Py, are simply two different parts of
R, corresponding to energy stored in different parts of the
electromagnetic spectrum, while Pyy and Py are part of 7.
Writing out the virial theorem in this manner makes the
importance of the filling factor clear. The term we are interested
in evaluating is the kinetic plus thermal energy of the X-ray-
emitting gas,

3
Tx=§/deV=(Px)V,

(A8)
where we have dropped the pv? term on the assumption that
the flow velocity is subsonic with respect to the hot gas sound
speed, and in the second step we have defined the volume-
averaged pressure (Px), as distinct from the local pressure at a
given point. The quantity (Px) can be understood as the partial
pressure of the hot gas, including proper averaging down for
whatever volumes it does not occupy. Thus we see that the
quantity of interest is not the local number density or pressure
of the hot gas, it is the volume-averaged or partial pressure. Now
recall that, for fixed Tx and fixed observed emission measure,
local pressure scales with filling factor as Px o fy Y 2, SO a
small volume filling factor increases Px. However, since the
volume occupied by the hot gas scales as fy, it follows that
Tx o« (Px) o f);/z, i.e., a small volume filling factor implies
that the hot gas is less, not more, important for the large-scale
dynamics.

This analysis has two important implications. First, the choice
that makes the hot gas as dynamically important as possible is
to set fx = 1, i.e., to assume that the hot gas fills most of the
available volume. In this case we simply have Px = (Px), and
this is the choice we make in this work. A detailed assessment
of fx that gives a value « 1, as performed by Pellegrini et al.
(2011), can imply an even smaller dynamical role for the hot
gas, but not a larger one (although understanding of filling
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factors is important for other considerations, such as the internal
dynamics of Hu regions). The second implication is that it
is inconsistent to treat Px as the quantity of interest for the
global dynamics while simultaneously adopting fx < 1. Once
can certainly attempt to measure fy and thus obtain a more
accurate assessment of Py, but in this case the quantities that
should be compared with other pressures is (Px) = fx Px, not
Px. The volume-averaged pressure is the relevant quantity for
global dynamics, not the local pressure. We note that the above
discussion of the filling factor applies to the warm gas as well,
and we have also assumed a filling factor of order unity for the
warm 10* K gas.
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