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The Great Nebula in Carina is a superb site to study the violent massive star
formation and feedback that typifies giant HII regions and starburst galaxies.
We propose to map the Carina star-forming complex with a mosaic of 20 new 60-ks
ACIS-I pointings as a testbed for understanding recent and ongoing star formation
and to probe its regions of bright diffuse X-ray emission. We will provide a
catalog of multiwavelength properties of ~12,000 X-ray-selected stars. We will
explore superbubble confinement, shocks, cloud evaporation, mass-loading of
winds, ISM enrichment, and HII region energetics. We will also examine Carina
as a surrogate environment for our Solar System’s formation, where protoplanetary
disks are bathed in harsh winds and radiation from nearby massive stars.
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The Great Nebula in Carina: Protoplanetary Disks to Starburst Galaxies

Most stars are born in massive star-forming regions (MSFRs) [1]; the most massive stars live
out their short lives there, profoundly influencing their natal environments by creating HII regions,
generating wind-blown bubbles and champagne flows, and soon exploding as supernovae (SNe) [2].
O stars inject, over their lifetimes, as much mechanical energy into the interstellar medium (ISM)
through winds as they supply upon their deaths as SNe [3]. These winds and SNe chemically enrich
the ISM, drive turbulence, power the Galaxy’s cosmic ray flux, trigger new cluster formation [4],
and produce superbubbles extending into the Galactic halo. Lower-mass stars in MSFRs possess
protoplanetary disks that evolve in this caustic environment, bathed in the powerful winds and UV
photons of their massive neighbors and eventually bombarded with SN ejecta, providing a direct
link to processes that likely occurred in our own early Solar System [5].

While this schematic picture is established, the astrophysical processes at work are not well-
understood. How much do powerful OB winds influence the formation and disk evolution of lower-
mass stars? Do massive stars form early in the life cycle of a stellar cluster or are they the last
to form, halting further star formation? Are the “clusters of clusters” that make up many giant
extragalactic HII regions (GEHRs) simple extensions of single MSFRs, or does this phenomenon
take on new properties that more closely match those seen in starburst and interacting galaxies?

To investigate these and other issues, we propose a comprehensive Chandra survey of the Great
Nebula in Carina (Figure 1), complementing existing large-scale HST and Spitzer surveys [6]. This
1.2 Ms ACIS-I mosaic (Figure 1 center) consists of 22 spatially contiguous 60-ks observations (2
fields are already observed). ACIS PI Gordon Garmire will contribute 120 ks of GTO9 time,
reducing the time requested here to 1.08 Ms. Our mosaic is divided into four major regions based
on science goals: the main Cluster of Clusters, the star-forming South Pillars, the complex mix of
pointlike and diffuse emission in Carina East, and the soft X-ray filled Superbubble. Carina’s rich
stellar clusters, ionization fronts, star-forming dust pillars, and emerging superbubble constitute
the closest analog of a GEHR. We will use the combined power of NASA’s Great Observatories to
explore Carina as a microcosm of Galactic astrophysics and a stepping stone to the Local Group’s
GEHRs, which are in turn the gateways to understanding the starburst phenomenon in galaxies.

Figure 1: The Great Nebula in Carina (NGC 3372; D ≃ 2.3 kpc [7]). Left: An MSX 8.28µm image overlaid
with ROSAT PSPC data; soft X-rays clearly fill the lower superbubble lobe. Our proposed Chandra pointings are
shown in white; a Spitzer mosaic outlined here is shown in Figure 2. Center: Our proposed ACIS-I mosaic overlaid
on the ROSAT image: 16′-diameter (∼11 pc) circles show regions with ≥89% of the on-axis effective area and PSFs
≤6.2′′ (90% encircled energy radius) at 1.5 keV [8]. Two squares mark existing ACIS-I observations of the dense
clusters Trumpler 14 (Tr14, 57 ks, ObsID 4495) and Trumpler 16 (Tr16, 88 ks, ObsID 6402); the 2 GTO pointings are
labeled. ‘AXP’ is 1E 1048.1-5937, a more distant anomalous X-ray pulsar [9] already studied with other (cc-mode)
ACIS observations. Right: Our ACIS-I observation of Tr14: 0.5–2 keV, 2–7 keV. Pronounced soft diffuse emission
pervades a field of >1900 point sources [10–12], illustrating the complexity expected in our Chandra survey.
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The “backbone” of our proposed Chandra ACIS-I mosaic maps the highest concentration of O
stars, following a ridge of 7 young clusters. The ACIS GTO program will contribute 2 of these
pointings if this survey is accepted; that time will be relinquished otherwise, since 2 pointings alone
are not enough to accomplish our science goals. The locations of our other ACIS pointings are
governed by this “backbone”: aimpoints are placed to achieve the highest spatial resolution at the
crowded cluster centers, then other pointings fill out the field, overlapping enough to avoid holes
(independent of roll angle) but not so much that a given source would have highly mismatched
PSFs if captured by two different exposures. We believe that this is the best pointing strategy
for such a crowded, complex field. The Chandra archive contains a few other short ACIS imaging
observations in the Carina field and several gratings observations of η Car and the O stars HD 93250
and HD 93129; these datasets will augment our mosaic but they do not replace any new pointings.

Combining existing multiwavelength studies of Carina with this new comprehensive X-ray study
with provide a unique and complete picture of the massive star-forming environment, revealing the
relative distributions of stars, hot gas, and cold gas throughout the region. It will illuminate the
consequences of having 107 K plasma adjacent to 35 K gas and dust, changes in density of 6 orders
of magnitude, and the influence of some of the hottest and most massive stars known as they shred
nearby clouds and trigger new generations of stars. As described below, our study will catalog
>12,000 young stars and reveal the energetics of hot gas via the diffuse X-ray emission. It will
amass >50 O stars formed in the same molecular cloud complex for X-ray spectral study. We bring
together a substantial community of star formation, stellar populations, ISM, and SN scientists
prepared to leverage Chandra’s large investment in Carina into a productive and unique scientific
achievement. These science groups and their specific goals are detailed in the last section.

Understanding Carina’s Complexity through X-rays

The Carina star-forming complex is located in the Sagittarius-Carina spiral arm; its chain of
young stellar clusters (with ages <1 to several Myr) contains the richest concentration of massive
stars in the nearby Galaxy (Figure 2 left), with >65 O stars, several Wolf-Rayet (WR) stars, and
the luminous blue variable η Carinae [13,14]. Many B stars are known and hundreds more have
yet to be discovered. IR and visual images of Carina are dominated by highly-structured arcs,
filaments, pillars, and shells on 0.1–10 pc scales; these reveal the interfaces between the central
cavity and surrounding molecular clouds and demonstrate how the OB stars are shredding their
natal environment (Figure 2 center). Triggered star formation is underway in the eroding South
Pillars [6,15–19]. The ionizing flux and winds of Carina’s OB stars are also fueling a young bipolar
superbubble [20]. Mid-IR data (Figure 1 left) show a ∼1◦ closed upper loop of emission, where
the superbubble is confined by the dense medium near the Galactic Plane, and a more open lower
cavity [20] filled with hot plasma seen by Einstein [21] and ROSAT. The existence of SN remnants
in Carina is disputed. We may be seeing the complex just before its first SN [6] so its environment
has not been altered by such explosions; however recent X-ray evidence suggests [11,12] that a SN
has already occurred, driving Carina’s infant superbubble and enriching its ISM. A comprehensive
study of the diffuse X-ray emission across the region is need to solidify or reject this conjecture.

All young stars emit X-rays [22]. Individual OB stars emit at levels Lx∼10−7 Lbol∼1032−34 ergs/s.
Soft X-rays (kT∼0.5 keV) arise from ∼100 km/s turbulent shocks within their unstable >1000 km/s
winds [23,24]. Chandra and XMM-Newton, however, are showing that the X-ray emission mech-
anisms in massive stars are more complicated and that magnetic fields may be widely involved:
harder X-rays (kT∼2 keV) may come from wind shocks confined by especially strong fields [25,26],
while colliding winds or interacting magnetic fields of binary massive stars can produce even harder
emission (kT>5 keV) [14,27]. New data show a surprising number of early O stars with very hard
spectra [11,28,29] of unknown origin [30]. Our mosaic will capture >50 O stars in Carina, many
concentrated in the chain of MSFRs, but several others spread throughout the field (Figure 2 left).
Among the most massive stars in the Galaxay, Carina’s 3 WR stars are of special interest.
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Lower-mass pre-main sequence (pre-MS) stars and protostars display powerful magnetic recon-
nection flaring with typical levels of Lx∼1029−30 ergs/s and superflares up to 1031−32 ergs/s [31].
Very few of these stars are currently catalogued in Carina, although new Spitzer surveys will iden-
tify sources that retain disks through their IR excesses. Chandra will find thousands of low-mass
stars throughout the complex; pre-MS star X-ray emission is correlated with stellar mass [32] but
relatively unbiased by the presence or absence of protoplanetary disks [28,31]. Chandra samples
suffer little of the confusion with field stars that plague visual and IR samples [10,11,28]. These
X-ray sources will give invaluable information on the stellar content in MSFRs (e.g. Figure 1 right);
even the faintest Chandra sources contribute to a pre-MS census that will give us unique abilities
to study the populations, extent, morphologies, dynamical relaxation, mass segregation, and ab-
sorption of Carina’s rich stellar clusters and intercluster regions. Using existing IR photometry, we
can estimate stellar masses and obtain unbiased estimates of cluster protoplanetary disk fractions.
Visual and IR studies springboarded by this Chandra sample will continue for years.

Figure 2: Left: Carina’s known OB stars and CO distribution (contours) overlaid on an Hα image, from [33].
Crosses mark η Car, WR stars, O stars, and B stars; our Chandra mosaic is overlaid. Note the wide extent of B stars
compared to O stars in our survey region. Center: A Spitzer mosaic of the South Pillars; some of the labeled dust
pillars contain embedded star formation [6]. Our mosaic would capture most of this field (see Figure 1 left). Right:

A multiwavelength study of 30 Doradus [34] (∼20′
×20′): Chandra ACIS-I 0.5–2 keV, MCELS Hα, Spitzer 8µm. This

shows the coexistence of 107K plasma with 104K ionization fronts and 102K dust. The yellow box shows the size of
the 60 pc × 60 pc Carina complex at the distance of 30 Doradus; Carina is a microcosm of GEHR astrophysics.

• The Cluster of Clusters In Carina’s clustered MSFRs (Figure 1 center) we will study massive
stars and their winds, mass segregation, pre-MS star populations, and, through X-ray selection of
IR sources, the evolution of protostellar disks, which are affected both by hard radiation and hot
gas in the cluster environment and by flares from the host pre-MS stars. Chandra has discovered
that some HII regions are filled with diffuse X-ray plasma (T∼107K, Lx∼1032−33 ergs/s) from OB
wind shocks, pushing the 104K Hα plasma due to UV ionization into a thin Strömgren shell [35].
The X-ray morphology of this shocked plasma in Carina’s MSFRs will provide a detailed diagnostic
of the injection of kinetic energy into the ISM.

• Carina East This part of the Nebula shows complex diffuse X-ray emission that may be as-
sociated with recent SNe or with HII region wind shocks interacting with dense portions of the
ISM. The Chandra mosaic will allow us to determine abundances and temperatures throughout
this region, largely uncontaminated by point source emission that is unresolved by other X-ray
observatories. Surprisingly this region, far from the cores of the massive clusters, also contains
many B stars (Figure 2 left). This may be an example of distributed star formation that occurred
spontaneously in the Carina complex, independent of the MSFRs that dominate the region today.
How do pre-MS stars distribute themselves around these numerous B stars? Are protoplanetary
disks more or less prevalent in these less hostile environments? These issues can be addressed by
our X-ray observations alone and by studying IR properties of X-ray-selected samples.

• The South Pillars This is the center of ongoing star formation in Carina, triggered by η Car
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and other massive stars in Tr16 and Tr14 [6]. Our survey will capture Herbig-Haro (HH) 666 [17],
new HH objects now being discovered by HST/ACS [17], and dozens of proplyds [19]. Here we will
see O star winds and radiation eroding pillars and can study how that material in turn affects the
hot plasma. Chandra observations penetrate deeply into obscuring molecular clouds [10,11,28], so
in the South Pillars we will study the most recent generation of stars just now forming in Carina;
the Spitzer survey of this region (Figure 2 center) finds over 10,000 Class I young stellar objects
there. More broadly, the mosaic covers all 19 known regions of embedded star formation (small
white circles in Figure 1 center) [6] throughout the complex.

• The Superbubble Our mosaic samples the upper closed loop, the lower more open shell, and the
dust-enshrouded “waist” of the proto-superbubble [20]. These pointings survey the wider stellar
content of the Nebula, due either to distributed star formation or to the dispersal of past generations
of massive clusters. In GEHRs, multiple “cavity SNe” produce soft X-rays filling ∼30–100 pc
bubbles with Lx∼1035−36 ergs/s plasma while showing no classical radio or optical SN signatures
[34,36,37]. Carina’s brightest diffuse X-ray regions may also be SN-powered; the overabundance of
Fe suggested by our Tr14 data [10,11] (Figure 1 right) and by recent Suzaku observations [12], as well
as high-velocity expanding structures [38], imply that a SN has already occurred in Carina’s infant
superbubble. Theory predicts that hot gas should quickly fill the superbubble cavities and show
up as center-filled soft X-rays [39]; if this occurred in Carina, the hot plasma seen throughout our
mosaic should be the same. Differences in intrinsic surface brightness or temperature should define
distinct structures such as cavity SN remnants or wind shocks. Carina’s global X-ray properties
(Lx∼2×1035 ergs/s, kT∼0.8 keV) [35] are similar to the SN-brightened superbubbles in 30 Doradus
[34,36,37] (Figure 2 right); thus our mosaic will elucidate the energetics of that larger GEHR.

Chandra Feasibility and Predicted Results

Based on experience with Chandra [11,40,41], we now know that thousands of pre-MS stars in
Carina’s young clusters were contributing to the diffuse X-ray flux seen there by Einstein [21] and
ROSAT. XMM has observed several Carina targets, but it does not have the spatial resolving power
to separate Carina’s pre-MS stars from its diffuse structures. As an example, a ∼25′ × 25′ XMM

observation of the Tr16/14 region with an effective exposure of ∼100 ks yielded 80 point sources
[42], compared to >1900 detected in our smaller, 57-ks ACIS-I pointing on Tr14 [11]. This factor
of >20 clearly shows that we require Chandra’s spatial resolution to separate Carina’s dense fields
of young stars from its extensive diffuse emission, a critical requirement for our science goals.

Our motivation for 60-ks pointings is to obtain a stellar sample complete down to 1M⊙.
At 2.3 kpc, the ACIS point source sensitivity limit for a 5-count detection on-axis in 60 ks is
Lx ≃ 1029.9 ergs/s, assuming NH = 5 × 1021 cm−2 (AV ≃ 2.5) and a thermal plasma with kT =
1 keV (based on PIMMS and our prior ACIS observations of MSFRs). The LX–mass correlation
from Orion [32] then shows that we should detect most stars over 1M⊙ and about half of the
0.1M⊙<M<1M⊙ population. Assuming a standard initial mass function (IMF), we can convolve
the pre-MS population extrapolated from Carina’s known OB stars with the Orion X-ray luminosity
function (XLF) and our Carina sensitivity limit to predict roughly 12,000 point sources in the
entire mosaic. This will almost double the number of pre-MS stars studied by Chandra

to date. Based on Tr14, we expect >600 sources with ≥100 counts and at least 50 sources (mainly
O stars and pre-MS superflares) with ≥1000 counts in the full mosaic. Contamination by quasars
and older Galactic stars will be <10% [28,43]. ObsVis shows good visibility throughout AO9.

From the Orion XLF, we estimate that ACIS will resolve out >80% of the total stellar X-ray
emission, effectively removing this contamination from our diffuse emission studies. Based on the
Tr14 ACIS-S diffuse emission [11] (Figure 1 right) and our 30 Doradus studies [34] (Figure 2 right),
we conservatively estimate that brighter diffuse regions can be divided into sub-fields (∼2′ × 2′, or
∼1 pc) with >1000 counts each, producing maps of absorption, plasma temperature, and intrinsic
surface brightness with ∼ 15% errors. Pressures, densities, and mass in the X-ray-emitting gas will
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be calculated and compared to those inferred from the cooler HII region gas [35]. We expect to be
able to discriminate between a normal-abundance plasma from OB wind termination shocks [44]
and metal-enriched plasma from cavity SNe [11,12].

Project Management and Science Plan

Overall science leadership and organization for this project will be provided by Leisa Townsley,
Senior Scientist at Penn State University and long-standing member of the ACIS Instrument Team.
Project organization will be patterned after the highly successful Chandra Orion Ultradeep Project
(PI Eric Feigelson; 850 ks GTO+GO, Cycle 4) which produced ∼20 refereed papers including a
2005 Special Issue of ApJ Supplements. Data analysis, distribution, and publication will be unified
at Penn State, while science analysis and publication will be distributed among 6 science groups,
each with a leader reporting to Townsley and responsible for achieving that group’s stated goals as
outlined below. Each group is expected to produce 2–4 papers, typically 1–2 on individual targets
or regions as the data are acquired, plus 1–2 on the completed survey. Even with this substantial
set of papers, much additional science will remain for the wider community to exploit.

• DATA PRODUCTS Lead: Patrick Broos (Penn State) Team: Eric Feigelson, Marc
Gagné, Konstantin Getman, Michael Muno, Leisa Townsley, Junfeng Wang, Scott Wolk
This group will perform all the data reduction on the Chandra data, using well-established pro-
cedures and tools developed to study other MSFRs [e.g. 28,29,34,35]. The principal tool is our
publicly-released multi-ObsID data analysis package ACIS Extract, developed by Broos and col-
leagues [45]. Observations will be merged to produce Chandra sourcelists, X-ray photometry, spec-
tral fits, variability studies, tables of counterparts, images, and a variety of other point and diffuse
source products. This labor-intensive and time-critical effort will generate the data products nec-
essary for the other groups to achieve science results and will provide high-level analysis products
to the community at large, including enhanced analysis tools, catalogs, and image mosaics.

• MASSIVE STARS Lead: Michael Corcoran (NASA/GSFC) Team: David Cohen, Nancy
Evans, Marc Gagné, Anthony Moffat, Yaël Nazé, Stanley Owocki, Andrew Pollock, Gregor Rauw,
Norbert Schulz, Richard Townsend, Masahiro Tsujimoto, Asif ud-Doula, Wayne Waldron
Carina contains the largest catalogued population of OB stars within 3 kpc, including many known
binaries. We expect to discover many previously hidden candidate OB stars from coincidences
between Chandra and bright NIR sources [28]. This group will construct a rich database of massive
star X-ray properties and use it to study X-ray emission mechanisms, including soft X-rays from
microshocks in individual stellar winds, harder X-rays possibly generated by magnetically-confined
wind shocks, and ultra-hard X-rays from colliding-wind binaries or other mechanisms.

• REVEALED STELLAR POPULATIONS Lead: Eric Feigelson (Penn State) Team: Marc
Audard, Cathie Clarke, Konstantin Getman, Manuel Güdel, Mark McCaughrean, August Muench,
Michael Muno, Thomas Preibisch, Gregor Rauw, Keivan Stassun, Junfeng Wang, Hans Zinnecker
Via their X-ray-emitting pre-MS stars, this group will measure cluster surface density morphologies,
assess their mass segregation, and seek insights into their triggering history and dynamical state.
XLFs, which roughly trace the stellar IMF, will be determined for known clusters and for the
complex as a whole. They will compare the distributed stellar population with that in the clusters,
a quantity that is poorly determined from IR studies. Hundreds of flares and superflares in pre-MS
stars will be investigated using solar magnetic loop models [46]. The IR disk properties of pre-MS
stars will be examined as a function of proximity to OB stars—winds, UV photons, and X-rays
may fundamentally change disk properties and lifetimes around these stars, so this study will give
insight into the development of protoplanets in massive star environments.

• OBSCURED STELLAR POPULATIONS Lead: Thierry Montmerle (Grenoble Observa-
tory) Team: Marc Audard, John Bally, Gordon Garmire, Nicolas Grosso, Manuel Güdel, Kenji
Hamaguchi, Thomas Preibisch, Stephen Skinner, Barbara Whitney, Scott Wolk
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Study of Carina’s embedded protostellar population has only just begun, but already an impressive
population of proplyds and HH objects is known and one embedded cluster has been identified [15–
20]. This group will examine these objects in X-rays and will study X-ray signatures of protostars,
X-ray discovered embedded clusters, and new obscured massive stars. Special emphasis will be
given to the South Pillars, thought to be Carina’s most active site of ongoing star formation, and
to the other remaining molecular clouds in the region. These obscured populations will reveal the
degree to which new star formation in Carina is triggered by the effects of existing massive stars.

• DIFFUSE EMISSION Lead: Leisa Townsley (Penn State) Team: Gordon Garmire, Kenji
Hamaguchi, Mordecai-Mark Mac Low, Thierry Montmerle, Julian Pittard, Norbert Schulz
Detailed maps of NH , kT , and intrinsic surface brightness [34] will be used to infer the distribution
of density and pressure on 1–5 pc spatial scales throughout the nebula. Plasma behavior near the
interfaces with molecular clouds will be studied. This group will search for shocks and temperature
gradients, crudely map abundance variations, and estimate the relative contributions of winds and
cavity SNe to Carina’s diffuse X-ray emission. This will improve our understanding of the energetics
and effects of hot plasmas in GEHRs like 30 Doradus [34] (Figure 2 right) and in starburst galaxies.

• MULTIWAVELENGTH STUDIES Lead: Nathan Smith (UC Berkeley) Team: Richard
Alexander, Kate Brooks, Edward Churchwell, Warrick Lawson, Mark McCaughrean, August Muench,
Keivan Stassun, Nolan Walborn, Barbara Whitney
This multifaceted group will synthesize the multiwavelength evidence for star and planet formation
throughout the Carina Nebula, including unobscured clusters (visible, X-ray), protoplanetary disks
(HST, NIR), compact HII regions (radio, Hα), high-mass protostars (IR, X-ray), and embedded
clusters (IR, X-ray). Smith and his colleagues have recently completed large HST and Spitzer

surveys of Carina. This group will compare the diffuse X-ray emission with complex structures
(arcs, shells, voids, and bubbles) seen in the visual and IR to investigate evaporative phenomena
at interfaces between the hot X-ray plasma and the cold medium (proplyds, pillars, and molecular
clouds). Using X-ray absorption measurements, the group will construct a 3-dimensional model of
the “cluster of clusters” and hot/cold interstellar structures. This group will also coordinate future
follow-up campaigns to extend the reach of these Chandra observations.

• GLOBAL SYNTHESIS Lead: Sally Oey (U Michigan) Team: Cathie Clarke, Mordecai-
Mark Mac Low, Julian Pittard, Nathan Smith, David Strickland, Nolan Walborn, Hans Zinnecker
As a multi-generation complex of MSFRs, Carina is important for understanding processes that
occur in starbursts, on a detailed level. We will focus on the energy budget: how is energy quan-
titatively distributed by mechanical feedback into kinetic energy, shock-heated X-radiation, subse-
quent thermal evaporation, and gas ablation of the multi-phase ISM? How is stellar FUV radiation
quantitatively transformed into photoionization, photo-dissociation, and evaporation? How do the
subsequently energized regions evolve? A major goal will be to constrain the conditions under which
star formation is enhanced or inhibited by feedback processes. Where possible, we will consider
our results in the context of even larger complexes like 30 Doradus and starburst galaxies.
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