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Abstract. The interstellar gas of the Magellanic System is subject to the harassment of tidal
interactions on galaxy-wide scales and stellar energy feedback on sub-galactic scales. HI surveys
of the Magellanic System have produced spectacular images of the tidally displaced interstellar
gas in the Magellanic Bridge and Streams. Multi-wavelength observations of the interstellar gas
in the Magellanic Clouds have revealed gas components in physical conditions ranging from
cold molecular cloud to hot ionized coronal gas. While stellar energy feedback is responsible for
heating and dispersing interstellar gas, it can also compress ambient cloud to form stars. I will
use Chandra, XMM-Newton, FUSE, HST, Spitzer, ATCA, and other ground-based observations
to illustrate the interplay among massive stars, interstellar medium, and star formation.
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1. Introduction: ISM in the Magellanic System

The tidal interactions among the Magellanic Clouds and the Galaxy have wildly dis-
rupted the interstellar medium (ISM) in this system. As show in the H1 Parkes All-Sky
Survey (HIPASS), H1 is distributed not only within the LMC and SMC, but also in
the Magellanic Bridge between them and the leading and trailing Streams outside them
(Putman et al. 1998). Interstellar absorption observations of abundances in the Magel-
lanic Streams rule out a primordial origin of the gas (Gibson et al. 2000), and suggest
that the gas has been pulled out of the SMC (Sembach et al. 2001).

Since the last TAU Symposium on the Magellanic Clouds in 1998, the Australia Tele-
scope Compact Array (ATCA) surveys of HI in the LMC and SMC have been com-
bined with Parkes single-dish observations to recover large-scale diffuse emission. Figure
1 shows the new H1 column density maps of the SMC (Stanimirovié et al. 2004) and
the LMC (Kim et al. 2003; Staveley-Smith et al. 2003). The effects of tidal interactions
are clearly evidenced in the position-velocity plots of the SMC (Fig. 2-left), where dou-
ble velocity components are seen everywhere. The position-velocity plots of the LMC
show high-velocity clouds (HVCs); while some HVCs result from tidal interactions, oth-
ers are associated with supergiant shells, such as LMC 3 and LMC 8, where stellar energy
feedback may be responsible for the HVCs (see Fig. 2-right; Staveley-Smith et al. 2003).

In the bodies of the Magellanic Clouds, over scales of a few to ~1000 pc, the structure of
the ISM is mainly determined by stellar energy feedback via fast stellar winds, supernova
explosions, and UV radiation. The energetic interactions have produced multiple phase
components of the ISM, which require observations at multiple wavelengths. For example,
cold molecular gas requires mm-wavelength CO observations, interstellar dust requires
far-IR observations, HT gas requires 21-cm line observations, warm (10* K) ionized gas is
best observed with optical recombination and forbidden lines, hot (10°—10" K) ionized
gas requires X-ray observations, and the interface between hot ionized gas and cooler gas
is best studied in far-UV.
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Figure 1. HI column density maps of the SMC (top) and the LMC (bottom) from
Stanimirovié¢ et al. (2004) and Kim et al. (2003), respectively.
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Figure 2. H1 position-velocity plots of the SMC (left) from Stanimirovié¢ et al. (2004) and the
LMC (right) from Staveley-Smith et al. (2003). High-velocity clouds are observed at ~150 km
s~! toward the supergiant shells LMC 3 and LMC 8.

2. ISM surveys in the last decade

The most exciting surveys of the ISM in the Magellanic Clouds are perhaps the Spitzer
observations of the dust component in the MIPS bands at 24, 70, and 160 gym and IRAC
bands at 3.6, 4.5, 5.8, and 8.0 um. The Spitzer survey of the LMC, aka SAGE (Meixner
et al. 2006), has been used to study dust properties (Bernard et al. 2008) and star
formation (Whitney et al. 2008; Gruendl & Chu 2008). The Spitzer survey of the SMC,
aka S3MC (Bolatto et al. 2007), has also been used to study the dust mass and properties
(Leroy et al. 2007) and star formation (in the giant H1I region N 66, Simon et al. 2007).

The molecular clouds in the Magellanic Clouds have been extensively surveyed with the
NANTEN telescope (LMC: Fukui et al. 2001; SMC: Mizuno et al. 2001a), and molecular
clouds in the LMC have been cataloged by Mizuno et al. (2001b). This first survey has
been extended to NANTEN II, which reaches twice the sensitivity of the first survey
and is able to detect molecular clouds with masses as low as ~2x10* Mg, (Fukui et al.
2008). The NANTEN telescope has also been used to survey the Magellanic Bridge and
detected molecular clouds that could be sites for star formation (Mizuno et al. 2006).

The Australian Mopra 22-m telescope and ESO SEST 15-m telescope were used to
make the first detection of molecular clouds in the Magellanic Bridge (Muller et al.
2003a). The Mopra telescope is being used to map the molecular clouds in the LMC with
higher angular resolution (PI: Tony Wong).

The ATCA+ Parkes H1 survey of the LMC has been presented and analyzed by Kim
et al. (2003) and Staveley-Smith et al. (2003), and the survey of the SMC by Stanimirovié
et al. (1999, 2004). The survey of HI in the Magellanic Bridge has been used to study
its shell population and analyze its power spectrum (Muller et al. 2003b, 2004).

The Magellanic Clouds Emission-Line Survey (MCELS; Smith & the MCELS Team
1999) of the warm (10* K) ionized gas in the Magellanic Clouds has been completed.
The spectacular color composites of the Ha, [O111], and [S11] images are available at
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http: //www.noao.edu/image_gallery/html/im0993.html (SMC, made by F. Winkler et al.),
and http: //www.noao.edu/image_gallery /html/im0994.html (LMC, made by C. Smith,
S. Points, et al.).

ROSAT surveys of large-scale diffuse X-ray emission from hot gas in the LMC have
been reported by Points et al. (2001) and Sasaki et al. (2002). The Chandra X-ray Ob-
servatory and the XMM-Newton X-ray Observatory have higher sensitivity and angular
resolution, but their small field-of-views make it difficult to carry out large-scale surveys.
Observations have been made only for regions of interest, such as 30 Dor (Dennerl et al.
2001; Townsley et al. 2006).

The Far Ultraviolet Spectroscopic Explorer (FUSE) has provided a great opportunity to
use interstellar O vi A\ 1031.9, 1037.6 A lines to probe the 10° K gas at interfaces between
105 K gas and cooler gas. An atlas of early FUSE spectra of Magellanic Clouds targets
was presented by Danforth et al. (2002). The FUSE Magellanic Clouds Legacy Project
(http://archive.stsci.edu/prepds/fuse_mc/) has made spectra available for 186 sightlines
in the LMC and 100 sightlines in the SMC (Blair et al. 2007). FUSE observations have
detected shocked gas in supernova remnants (Blair et al. 2006), interfaces in superbubbles
(Sankrit & Dixon 2007), and hot gas halos (Howk et al. 2002) of the Magellanic Clouds,
as well as ionized gas in the Magellanic Bridge (Lehner et al. 2008) and the Magellanic
System outside the Clouds themselves (Dixon & Sankrit 2008).

3. Stellar energy feedback and star formation

Massive stars inject energy into the ISM and dynamically change the distribution and
physical conditions of the ambient ISM. The interactions frequently produce interstellar
shell structures with sizes that depend on the star formation history and distribution
of massive stars. Single massive stars can blow bubbles with sizes up to a few x10
pc, and the bubble ages are observed to be 103—10° yr. When a single massive star
explodes as a supernova, the ejecta will interact with the ambient medium and form a
supernova remnant (SNR). Multiple massive stars in an OB association can jointly blow
a superbubble with diameter up to ~ 10 pc; superbubble ages are commonly observed to
be of order 10° yr. Supernovae that have exploded in the central cavity of a superbubble
will not produce strong optical forbidden line emission or nonthermal radio emission
that are characteristic of isolated SNRs; only X-ray emission from the shock-heated,
10°—107 K, gas can be detected. When multiple generations of massive star formation
have occurred, a supergiant shell (SGS) with size approaching 10* pc can be produced;
the dynamic ages of such SGSs are usually a few x107 yr.

The interstellar shell structures are prevalent in the LMC, as shown in the MCELS
Ha image in Figure 3 (top). A close-up of the SGS LMC 4 region is shown in the
bottom panels: the Ha image to the left adequately illustrates the relative sizes of SGS,
superbubble, bubble, and SNR, while the HI column density map to the right shows a
neutral shell exterior to the ionized SGS LMC 4. The rim of the SGS LMC 4 is dotted
with OB associations and H1I regions with ages of a few Myr, suggesting that the star
formation may have been triggered by the expansion of the SGS. Interestingly, the pattern
that stellar energy feedback leads to star formation is observed at many different scales.

3.1. SNRs and star formation

Star formation has been observed to take place in the vicinity of SNRs. It is unlikely that
SNR shocks have triggered the star formation, because the identifying characteristics of
SNRs are produced by strong shocks and strong shocks disrupt molecular clouds rather
than compressing them to form stars. In H11 regions around OB associations, SNRs may
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Figure 3. MCELS Ha image of the LMC (top). A closeup of the SGSLMC 4 region is shown
in the bottom left panel with examples of bubbles and SNRs marked. The H1 column density
map in the bottom right panel shows a neutral shell exterior to the ionized shell of SGS LMC 4.
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Figure 4. MCELS Ha (left) and Spitzer IRAC 8.0 pum (right) images of N 63. Overplotted
are X-ray contours, extracted from a Chandra ACIS observation, to show the location of the
SNR N 63A. Young stellar objects are detected along the northeast boundary of the H 11 region.
The SNR is obviously not responsible for triggering the formation of these young stars.
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Figure 5. MCELS Ha images of SNRs 0513—69.2 (left) and DEM L256 (right). Overplotted
are NANTEN CO contours. Young stellar objects are marked by filled circles. Young stellar
objects are observed along the rim of the SNR projected within a molecular cloud.

exist near young stars and the supernova ejecta may even enrich the star- and planet-
forming material, but the SNR shocks are not responsible for the onset of star formation.
It is more likely that the gentle expansion of an H 11 region compresses ambient clouds and
triggers star formation. As shown in Figure 4, young stellar objects (YSOs) are present
along the rim of the H11 region N 63, but not the SNRN 63A (Caulet et al. 2008). The
YSOs are just superposed near the SNR N 63A by chance.

Some isolated SNRs show YSOs along their rims, for example, SNRs 0513—69.2 and
DEML256 in Figure 5. These two SNRs not only have YSOs, but also appear to be
interacting with molecular clouds. The large sizes, ~ 50 pc in diameter, suggest that they
are old (>10° yr) SNRs, but their X-ray emission suggests that they are still young
(103—10* yr). Only a supernova explosion within the cavity of a pre-existing shell can
explain both the large size and X-ray emission. It is most likely that the supernova
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progenitor blew a bubble, the expanding bubble compressed the ambient molecular cloud
to form stars, the supernova exploded in the bubble interior, and the supernova ejecta
expands quickly through in a low-density medium to reach the dense shell wall. Thus,
the supernova progenitors, rather than the SNRs, were responsible for triggering the star
formation. Similar phenomenon has been observed in SNRs in the Galaxy (Koo et al.
2008) and near the giant H1I region N 66 in the SMC (Gouliermis et al. 2008).

3.2. Energy feedback and star formation in superbubbles

The dynamic impact of fast stellar winds and supernova explosions from OB associations
can be well illustrated by the multi-wavelength observations of the H1I complex N 11 in
the LMC (see Figure 6). The Ha image shows a superbubble around the OB association
LH9 at the center. Two bright H 11 regions, each containing a young OB association, ex-
ist along the superbubble shell rim. The ionized gas in the surrounding regions is highly
filamentary. A 300 ks Chandra ACIS observation shows diffuse soft X-ray emission not
only in the superbubble interior, but also in the surrounding areas. The ATCA~+ Parkes
H1 data show the expansion of the central superbubble and additional expanding struc-
tures to the north. Clearly, the ISM in N 11 has been highly disturbed by the energies
injected by massive stars. There are still molecular clouds in N 11, and star formation
is still raging on: numerous YSOs are observed in regions where the superbubble shell
expands into molecular clouds (8 pm point sources along the superbubble shell rim).

The hot gas content of superbubbles in the LMC has been surveyed with ROSAT
observations (Dunne et al. 2001). A detailed analysis of the superbubble N 51D has been
carried out by Cooper et al. (2004); they find that the total kinetic and thermal energy
retained in the interstellar gas is only about 1/3 of the stellar mechanical energy injected.
A remarkable feature of the X-ray emission from N 51D is that its X-ray spectrum requires
a nonthermal component to explain the emission in 1—3 keV. Nonthermal X-ray emission
has also been detected in the LMC superbubbles 30 Dor C (Bamba et al. 2004; Smith &
Wang 2004) and N11 (Maddox et al. 2008). N51D does not have detectable molecular
clouds around its superbubble shell rim; however, there is still on-going star formation.
Some YSOs are projected within the superbubble; high-resolution Hubble Space Telescope
images show that these YSOs are formed in dust globules, possibly triggered by photo-
implosion (Chu et al. 2005).

3.3. Energy feedback and star formation in supergiant shells

The hot gas content of SGSs in the LMC has been studied with ROSAT observations
(Points et al. 2001). The physical structure of the SGSLMC2 has been analyzed in
great detail (Points et al. 1999, 2000). Using the improved ATCA+ Parkes H1 data of
the LMC, Book et al. (2008) re-examined the physical structure of all nine optically
identified SGSs in the LMC. As shown in Figure 7, the H1 structure of LMC 2 is quite
complex exhibiting expansion over scales that extend beyond the optical boundaries of
the SGS. XMM-Newton observations of LMC 2 detect diffuse X-ray emission from the
SGS interior. There is a good correlation between low X-ray surface brightness and high
H1 column density, which can be used to determine their relative locations along the line
of sight.

Only SGSs LMC 1, 4, 5, and 6 show simple expansion, making it possible to assess their
relationship with the on-going star formation (Book et al. 2009). Comparing the YSO
and molecular cloud contents of these simple SGSs, it is concluded that triggered star
formation is prevalent. Figure 8 shows the SGSs LMC4 and 5 and their YSOs. There is
on-going star formation along the rims of these SGSs and particularly in the interaction
zone between these two SGSs.
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Figure 6. The N 11 H1r complex. The top four panels are MCELS Ha image, Chandra ACIS
image in soft X-rays, Ha image superposed with NANTEN CO contours, and Spitzer IRAC
8.0 pm image. The bright X-ray source on the west side of N 11 is the known SNRN 11L. The
bottom left panel is an Ha image superposed with H1 contours, and the bottom right panel
is an HI column density map extracted from ATCA+ Parkes survey (Kim et al. 2003). Two
position-velocity plots are presented on the sides of the H1 map; the dashed lines in the map
mark the locations of the position-velocity plots.

https://doi.org/10.1017/5174392130802841X Published online by Cambridge University Press


https://doi.org/10.1017/S174392130802841X

174

=
7}

45
-89°00 |-

15 -

05848™ 44 40™ 44™ 40™ 200 250 300 350
Vpe [km/s]

-70"15 |

o5"a8™
Figure 7. Supergiant shell LMC 2. MCELS Ha image and ATCA+ Parkes H1 column density
map. The locations of the position-velocity plots are marked on the H1 map. The lower panels
are MCELS Ha image and XMM-Newton X-ray (0.35—0.75 keV) image of LMC 2; the X-ray
contours are overplotted on both images for comparison.
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Figure 8. The supergiant shells LMC4 and 5. Top row (left to right) — MCELS Ha image,
ATCA+ Parkes H1 column density map, and Spitzer 8 pm image, superposed by NANTEN CO
contours and marked with locations of YSOs. The probable YSOs are marked by circles and the
less certain ones in crosses. The bottom row shows three examples of YSOs with pairs of Ha
(left) and 8 pm (right) images. The locations of these examples are marked in the Ha image in
the top row. This figure is from Book et al. (2009).

https://doi.org/10.1017/5174392130802841X Published online by Cambridge University Press


https://doi.org/10.1017/S174392130802841X

176 Y.-H. Chu
4. Future work

The interstellar space is permeated with hot coronal gas, a product of violent shocks
from fast stellar winds and supernova explosions. The hot gas component is perhaps
the least well studied component of the ISM. While there are X-ray images showing the
existence and distribution of hot gas, the spectral information is always of low resolution,
which limits our ability to extract accurate temperature and abundance information of
the hot gas. Sensitive, high-resolution X-ray spectra of the hot ISM are needed so that
the thermal and chemical evolution of the hot gas can be studied with accuracy. It is
particularly important to study how supernovae enrich their ambient medium.
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