
Chapter 2
The Company Eta Carinae Keeps: Stellar
and Interstellar Content of the Carina Nebula

Nolan R. Walborn

Abstract The remarkable, interrelated stellar and nebular constituents of η
Carinae’s habitat, the giant Carina Nebula (NGC 3372), are reviewed. They are
relevant to the interpretation of η Car itself. They include some of the hottest
and most massive O stars known, frequently in close multiple systems; mysterious
nebular structures; recently recognized ongoing star formation; the most extreme
high-velocity interstellar absorption-line profiles in the Galaxy; and both stellar and
diffuse X-ray sources.

2.1 Introduction

The fame and brilliance of η Carinae sometimes overwhelm its equally fascinating
stellar and nebular environment. But the context of associated phenomena can
provide vital clues to the nature of what may otherwise appear to be a bizarre
peculiar object, for instance, its initial mass and age. In fact, the giant H II
region known as the Carina Nebula, or NGC 3372, is one of the most powerful
laboratories for investigation of the early evolution of the most massive stars,
because of its relative proximity and moderate extinction, independently of η Car
itself. The hottest spectral class, type O3, (now expanded to O2 through O3.5) was
first recognized there. The massive stellar content of the Carina Nebula has been
reviewed in detail by Walborn [77] and Smith [58]. Current star formation, likely
triggered by the first-generation O stars, a ubiquitous characteristic of giant H II
regions, has only recently been recognized in the Carina Nebula as a result of new
infrared observations. This region also harbors extreme and in some respects unique
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Fig. 2.1 The entire Carina
Nebula (Image made from
UK Schmidt plates by
David Malin)

high-energy phenomena, revealed by the interstellar absorption lines and X-rays.
The Carina Nebula is a dynamic, transitory cauldron of astrophysical interactions
from which we have yet much to learn (Fig. 2.1).

The distance to the Carina Nebula was reviewed by Walborn [77] and by
Davidson and Humphreys [19]. Using the luminosities of the O-type stars in the
ionizing cluster Trumpler 16, Walborn estimated its distance as D ≈ 0.8(R−4) ×
2,250 pc with a small formal error, while Davidson and Humphreys adopted
2,300± 200 pc based upon photometric distances to Tr 16 plus the expansion of
the η Car ejecta measured by Allen and Hillier [4] (∼2,200 pc). The spectro-
scopic/photometric parallaxes of the OB stars are uncertain because of anomalous
reddening laws that may vary from star to star, and which remain to be determined
from future ultraviolet through infrared analyses of their energy distributions.
Color-magnitude diagram distance determinations are also uncertain, because of
superimposed subclusterings with a range of ages, and subluminous, zero-age OB
main sequences at progressively lower masses with increasing age. Overluminous
pre-main sequences at still lower masses also complicate the analysis of color-
magnitude diagrams. Moreover, in this direction we are looking down a spiral arm,
so there are numerous background, as well as a few foreground, objects in the field.
Subsequently, Meaburn [38], Davidson et al. [18], and Smith [57] independently
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derived distances of 2,300, 2,250, and 2,300 pc, respectively, from the motions of
the ejected nebulosity. Systematic errors dominate, but the quoted uncertainties are
in the range of ±100 to ±200 pc. The four nebular parallaxes agree remarkably
well. These results imply that the typical ratio of total to selective extinction must be
R ∼ 4 toward the ionizing stars [77]. The distance of η Carinae, and by implication
of the Carina Nebula with which it has been shown to be associated, is thus now
well established at 2,300 pc. The diameter of the H II region is about 40 pc, and the
total mass of ionized hydrogen is of order 104M�, a thousand times that of the Orion
Nebula, but one to two orders of magnitude below that of 30 Doradus in the Large
Magellanic Cloud.

2.2 Stellar Content

The principal ionizing clusters of the Carina Nebula are Trumpler 16 (Tr 16), which
contains η Car, and the very compact Trumpler 14 (Tr 14) in the northern part
(Fig. 2.2); and Collinder 228 (Cr 228) in the southern part of the Nebula. The
O3 subclass was introduced by Walborn [73, 74] to describe six stars in Tr 14
and Tr 16 with spectral types earlier than the earliest (O4) MK standards. One of
them, HD 93129A, the brightest star in Tr 14, presented a qualitatively new kind
of O-type spectrum, with a narrow N IV λ 4058 emission line stronger than the
normal Of N III λ λ 4634–4640–4642 lines, which was denoted as Of*, and strong
N V λ λ 4604–4620 absorption lines. These N IV and N V features are present in
O4f spectra, but much more weakly and with the N IV weaker than N III; that is,
the O3f* spectrum is a higher-ionization analogue of the O4f. There are also three
WN-A, or WNL (i.e., narrow-line, late-type, high-luminosity WN), stars present,
which bear strong spectroscopic relationships to the O3f*, in terms of progressive
envelope or wind development ([75,81]; Fig. 2.3). One of the WN-A stars is in Tr 16,
while the other two are at the western and southern edges of the Nebula. This stellar
population corresponds to an evolutionary age of ≤2 Myr (recently reduced to that
value by the recognition that this kind of WN star is likely still burning H in the core)
and upper masses of ≥100 M�. Evidence that Tr 14 is somewhat younger (≤1 Myr),
and Cr 228 somewhat older, was discussed by Walborn [77], as was the speculative
possibility that the two errant WN-A stars are runaways from Tr 16. Because of the
smooth spectroscopic progression from the associated types O3 V through O3 If*
to WN-A, it is likely that η Car is a post-WN-A star, if its current state is essentially
a product of very massive single-star evolution, as opposed to a binary interaction.
Langer et al. [33] advocated the same progression from a theoretical standpoint, and
Smith and Conti [60] from a rediscussion of WN spectra.

In a review of the O3 subclass [83], it was subdivided into 3 including the new
types O2 and O3.5. HD 93129A is now the prototype of the O2 If* category on the
basis of its large N IV/N III emission-line ratio (Fig. 2.4), while the other Carina



28 N.R. Walborn

F
ig

.2
.2

T
he

no
rt

he
rn

pa
rt

of
th

e
C

ar
in

a
N

eb
ul

a
as

im
ag

ed
in

H
α

by
th

e
ad

va
nc

ed
ca

m
er

a
fo

r
su

rv
ey

s
on

th
e

H
ub

bl
e

Sp
ac

e
Te

le
sc

op
e.

C
ol

or
ha

s
be

en
ad

de
d

by
m

ea
ns

of
gr

ou
nd

ba
se

d
im

ag
es

in
ot

he
r

ne
bu

la
r

lin
es

fr
om

th
e

C
er

ro
To

lo
lo

In
te

r-
A

m
er

ic
an

O
bs

er
va

to
ry

4m
te

le
sc

op
e.

T
he

ou
tl

in
es

an
d

id
en

ti
fic

at
io

ns
of

th
e

pr
in

ci
pa

l
fe

at
ur

es
di

sc
us

se
d

in
th

e
te

xt
w

er
e

ad
de

d
by

Z
ol

t
L

ev
ay

(S
T

Sc
I)

(I
m

ag
e

cr
ed

it
:

N
A

SA
,

E
SA

,
N

at
ha

n
Sm

it
h,

an
d

T
he

H
ub

bl
e

H
er

it
ag

e
Te

am
(S

T
Sc

I/
A

U
R

A
))



2 The Company Eta Carinae Keeps: Stellar and Interstellar Content... 29

Fig. 2.3 Rectified, digital blue-violet spectrograms of HD 93129A (now O2 If*) and the three
WN-A stars in the Carina Nebula (From [81])

Nebula members have been reclassified as O3.5 V((f+)), except one (HDE 303308)
back to O4 V((f+)) based on the higher quality digital data now available (Fig. 2.5).
(The ((f)) notation signifies strong He II λ 4686 absorption combined with weak
N III emission; while the “+” qualifier denotes the additional presence of Si IV
λ λ 4089–4116 emission lines, which is subsumed by f*.)

A large percentage of the most massive stars are found in spectroscopic binary
and compact multiple systems; the Carina Nebula population is no exception. Out-
standing examples are the O3.5 V((f))+O8 V system HD 93205 [42] and the WN7-
A+O8-9 HD 92740 [53]. Another interesting case is FO 15 (O5.5 Vz+O9.5 V;
[45]; “Vz” means that the He II λ 4686 absorption line is stronger relative to other
He lines than in normal class V spectra, indicating possible subluminosity and
zero-age-main-sequence status [80], which is supported by the physical parameters
derived for this star. Triple lines have been found in the spectra of CPD −59◦ 2603
(O7 V+O9.5 V+B0.2 IV; [50]) and CPD −59◦ 2636 (O7 V+O8 V+O9 V;
[1]). Even more extreme is the double spectroscopic binary HD 93206 in Cr 228
(O9.7 Ib:(n)+O9 III), which has two sets of lines with different periods [34, 43],
but has yet to be resolved spatially despite attempts with groundbased speckle and
the HST Fine Guidance Sensor interferometer.
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Fig. 2.4 An early Of supergiant spectral sequence, showing the extreme N IV/N III emission-line
ratio in HD 93129A, leading to its earliest spectral type (Courtesy of Ian Howarth, from [79])

The Carina Nebula presents an attractive opportunity for a systematic investi-
gation of multiplicity in an OB population, and such has been undertaken with
HST/FGS [44]. Five new binaries were found in a preliminary subsample, including
most remarkably HD 93129A with a separation of 55 milliarcsec and ΔmV of
0.9 (Fig. 2.6), likely implying yet another very early O main-sequence member of
Tr 14. This pair was subsequently resolved in direct images with the HST Advanced
Camera for Surveys (Fig. 2.7), and even more remarkably, relative motion of the
components has been detected with both instruments; this is the most massive
visual/astrometric binary known [36]. Likely related high-energy observations of
the system are discussed later. HD 93129A (now Aab) has provided an anchor
point for both the classification and quantitative analysis of the most massive stars
(e.g., [70]). These results for relatively nearby stars emphasize anew the funda-
mental issues introduced by the endemic multiplicity of the O stars, frequently at
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Fig. 2.5 An early O dwarf spectral sequence in the Carina Nebula (From [83])

or beyond the detection capabilities of current techniques, and the importance of
continually addressing them at the state of the art. A binary nature of η Car would
not be surprising, in view of the characteristics of its associated population.

Extensive spectroscopic, optical and/or infrared photometric, and astrometric
studies of the Carina Nebula clusters [6,20,37,68,72] have provided useful data and
interesting discussions. Nevertheless, the large disparities in reddening, distance,
and age results document the uncertainties summarized in the Introduction above. It
is likely that they will remain unresolved until UV–IR energy distributions and space
interferometric astrometry become available for hundreds of individual stars. Smith
[58] has made a complete census of the known OB stellar content of the Carina
Nebula and calculated their radiative and mechanical energy inputs to the Nebula,
which are relevant to the following sections.
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Fig. 2.6 HST Fine Guidance
Sensor scan of HD 93129Aab
and B, showing the duplicity
of the former (From [44] (The
broad dip between the two
stellar traces is an artifact))

Fig. 2.7 HST Advanced Camera for surveys High Resolution Camera images of the same two
stars. (left) F850LP image of the HD 93129 system. (right) Enlargements of Aab (top) and B
(bottom) from the F220W image. The separation of the former pair measured from this image is
51 milliarcsec in the N-S direction. An HRC pixel is 0.025′ ′ square and each of the right panels is
0.4′ ′ square (Courtesy of Jesús Maı́z Apellániz)
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2.3 Nebular Structures

The early radio-continuum observations of the Carina Nebula revealed two strong
peaks in the northern part of the nebula, called Carina I and II [27]. They coincide
with optical structures, the first with a semicircular dust incursion into the H II
near the compact cluster Tr 14 (Fig. 2.2), lower corner of “c1” box, and the
second with a curious apparent bright ring a few arcminutes northwest of η Car
(Fig. 2.2, top of “Keyhole Nebula”, further discussed below). Subsequent radio
observations with higher spatial resolution showed greater complexity in these
structures [12, 31, 51, 86].

Deharveng and Maucherat [21] and Walborn [76] showed that the Car II ring is
a physical structure best defined in the light of [S II]. There are other strange [S II]
structures in the vicinity, and the general appearance of the northern part of the
Carina Nebula is completely different in the light of [O III]. The gas kinematics of
the region was further investigated by Meaburn et al. [39], and Kennicutt et al. [32]
have discussed the implications of this inhomogeneity for standard nebular analyses,
finding that the oxygen abundance is unaffected but there are problems with nitrogen
and sulfur. Images of the Car II ring with the HST Wide Field Planetary Camera 2
revealed further intricate details, including barely resolved dark globules and the
astounding adjacent “Finger Nebula”, evidently sculpted by the WN star HD 93162
(Fig. 2.8; [78]). The ring may have been created by η Car’s polar wind [56], and the
apparently helical structure at its western edge might be a “twisted trunk” [15]. The
Finger Nebula was analyzed in detail by Smith et al. [65] and is further mentioned
below in the context of ongoing, triggered star formation. Smith et al. [67] also

Fig. 2.8 HST Wide Field Planetary Camera 2 image of the Keyhole/Carina II ring and the Finger
Nebula (Credit: NASA, ESA, the author, Rodolfo Barbá, and The Hubble Heritage Team)
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discussed further aspects of the possible interactions of η Car’s winds with the
immediately surrounding region of the Nebula.

The association of η Car with the Carina Nebula has been demonstrated twice,
first by Walborn and Liller [82] who discovered nearby dust clouds reflecting the
peculiar spectrum of the star, and then by Allen [3] who showed that the redward
component of the double nebular emission lines is occulted by the Homunculus.
López and Meaburn [35] found that the reflected Hα profile is different from that
observed directly toward η Car and suggested a lagged time variation; however,
[10, 62] reinterpreted the difference as caused by the spatial anisotropy of the wind
emission, with the reflection revealing the polar profile. The presence of reflection
has important implications for the drawing of the Carina Nebula by John Herschel at
the time of η Car’s Great Eruption during the nineteenth century. He drew the bright
nebulosity immediately to the west of the variable as far brighter and more extensive
than it appears today, defining his “Keyhole Nebula” (the upper part of which is the
Car II ring). The accuracy of Herschel’s drawing was questioned by Bok [9] on
the assumption that the nebulosity was entirely ionized; η Car at maximum would
not have been hot enough to excite it, and the recombination time would have been
far longer in any event. Since we now know that this nebulosity has a reflection
component, it is likely that the latter was considerably brighter when the variable
was at maximum, and that it faded with a short lag during the subsequent decline,
so that Herschel’s drawing is correct.

Molecular observations toward the Carina Nebula provide a different, comple-
mentary perspective. Early observations in the H2CO and OH lines showed two
strong peaks, coincident not with the radio-continuum maxima but with the dense
V-shaped dust lanes that divide the northern and southern parts of the Nebula
[22,23,28]. More extensive CO observations revealed an elongated giant molecular
cloud with a mass of order 105 M�, the Carina Nebula being located near one end
[29]. CO observations with higher spatial resolution discovered discrete cloudlets
with masses of order 10M� in the vicinity of Car II [16], which are undoubtedly
related to the subject of the following section. Infrared H2 and PAH [11] and mm
continuum [14] observations have been made in the same region; while far-IR line,
CO, and CS have been observed throughout the Nebula [13, 41, 88].

Smith and Brooks [59] presented a thorough discussion of the global properties
and energetics of the Carina Nebula, based on multiwavelength observations and a
census of the inputs from the current stellar content. They conclude that the latter
energy is more than sufficient to account for the IR luminosity, ionization, and
kinematics of the Nebula, so there is no need to invoke an SNR in the region on
energetic grounds.

2.4 Current Star Formation

Until recently, the Carina Nebula was generally regarded as an evolved H II region,
with no particular evidence of ongoing star formation. However, more powerful
IR (and optical) instrumentation in the Southern Hemisphere and in space has
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Fig. 2.9 Enlargement from Fig. 2.2 of pillar and jet structures signaling new star formation in the
northern Carina Nebula (Credit: NASA, ESA, Nathan Smith, and The Hubble Heritage Team)

drastically revised that perspective. Megeath et al. [40] discovered a small IR cluster
within a bright-rimmed globule southeast of and facing η Car and Tr 16. A larger
scale view from the Midcourse Space Experiment revealed a number of similarly
oriented dust pillars and IR sources somewhat further to the southeast [61]. There
are some additional cloudlets near Car II, as well as three possible ultracompact H II
regions and a young stellar object with a disk in the vicinity of Tr 14 [48]. Numerous
proplyd candidates were found in groundbased images [63], and many more will
undoubtedly be reported from the ACS images (Fig. 2.2). It is quite possible that the
“Finger Nebula” noted above will give birth to a small cluster of low-mass stars,
if the condensations responsible for its protuberances are sufficiently dense [65].
A giant Herbig-Haro flow was discovered in the southern part of the Nebula [64],
and another small, newborn cluster nearby [30,49,66]. Several CO cores associated
with IR sources and outflows, and further young objects in the vicinity of Tr 14 and
Car I, have been presented [69, 87], respectively. The unprecedented pillar plus jet
structures in Fig. 2.9, from the ACS data, appear to have been generated by the
O6 stars HD 93160 and HD 93161AB (Fig. 2.2); they will enlighten us further
about the physics of triggered star formation not only in Carina, but in general.
Thus, the Carina Nebula also displays the ubiquitous evidence for triggered, second-
generation star formation in H II regions [78]. Even more spectacular massive star
formation will likely be triggered soon around the periphery of the current stellar-
wind bubble in the Nebula, when η Car and its massive siblings end their lives as
core-collapse supernovae [59].
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2.5 Interstellar Absorption Lines

The interstellar absorption lines toward stars in the Carina Nebula have been studied
by the author and collaborators for many years with progressively more powerful
instrumentation, up to the state of the art with the HST Space Telescope Imaging
Spectrograph ([17,84,85]; and references therein; Fig. 2.10). They present the most
extreme profiles known in the Galaxy, similar in fact to some QSO narrow-line
systems. Radial velocities in the strong, low-ionization lines range from nearly
−400 to +200 km s−1, with up to 26 components resolved in a single line of
sight. The rapid spatial variations in the profiles over small angular distances,
higher frequency of complex profiles toward more massive stars, and large temporal
variations in several components toward one star observed twice with STIS, all
suggest that the high-velocity features arise in the near foregrounds of the stars
toward which they are observed, i.e. within the Nebula. Although a model does not
yet exist, interaction between the stellar winds and dense surrounding material is a
possible origin of the phenomenon. Alternatively, Walborn et al. [85] emphasized
the ubiquity of positive- as well as negative-velocity components, which may
indicate expanding “shells” predominantly in the foreground of the stars, and
thus possibly related to star-formation activity or an SNR on the near side of the
Nebula. If this kinetic energy is being converted to thermal energy by collisions,
temperatures of a few million degrees would result, which is likely relevant to the
following section.

In contrast, the dominant components in the high-ionization and excited-state
interstellar lines have velocities similar to the blueward components of the double
nebular emission lines, that is, they arise in the near side of the globally expanding
H II region. Thus, they provide valuable absorption diagnostics of the ionized
material.

2.6 X-Rays

The Einstein Observatory discovered that all of the bright stars in the Carina Nebula,
including η Car, are X-ray sources, but more surprisingly, that the entire Nebula
is a source of diffuse soft X-rays [54, 55]. The more advanced capabilities of the
Chandra Observatory and XMM-Newton have greatly expanded those early results
[2, 5, 24, 25, 52, 71]. In particular, X-ray emission from tens of additional OB stars
as well as hundreds of likely T Tauri stars has been found. The latter contributed
to the original “diffuse” emission, but a true diffuse component remains. In view of
the energy correspondence, the diffuse X-rays are very likely related to the high-
velocity motions revealed by the interstellar absorption lines, as discussed in the
previous section. An extensive new survey of the Carina Nebula undertaken by
Chandra during 2007 (PI L. Townsley) will provide even more detailed information.
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Fig. 2.10 Examples of extreme high-velocity interstellar absorption-line structure in the Carina
Nebula. HD 93204 and HD 93205 are just 20′ ′ apart, or 0.22 pc in projection (From [85])



38 N.R. Walborn

Several of the OB and WR members of the ionizing clusters have unusually
hard X-ray spectra, indicating possible binary colliding-wind emission. Three of
them are of outstanding interest and have related UV/optical/radio properties. One
of them is HD 93129A, the O2 If* prototype and massive astrometric binary that
dominates Tr 14, as discussed above. It has also been found to be a nonthermal radio
source [7, 8]. Another is the WN6-A member of Tr 16 HD 93162, the sculptor of
the “Finger Nebula”, which has one of the the highest X-ray luminosities known
for a Wolf-Rayet star. It may be a colliding-wind binary on that basis [46, 47],
and it has subsequently been found to be a long-period spectroscopic binary [26].
Finally, the remarkable X-ray and related properties of the likely binary η Car itself
are discussed elsewhere in this volume. The primaries of these systems may well
represent an evolutionary sequence of stars near the upper stellar mass limit.

2.7 Summary

Numerous studies have revealed the remarkable population of very massive stars
and the complexity of the environment associated with η Car. But, as has been
emphasized, we still need the multiwavelength spectral energy distributions of many
of these stars to accurately determine their total luminosities and initial masses for
comparison with η Car.

One of the outstanding problems in our present understanding of star formation, and of the
Carina Nebula in particular, is why so many extremely massive stars form in such close
proximity and at essentially the same time. What is the formation mechanism of such very
massive stars?
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