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ABSTRACT

We present models that reproduce the observed double-shell structure of the Homunculus Nebula around � Carinae,
including the stratification of infrared H2 and [Fe ii] emission seen in data obtained with the Phoenix spectrograph on
Gemini South, as well as the corresponding stratified grain temperature seen in thermal-infrared data. Tuning the model
to match the observed shell thickness allows us to determine the threshold density that permits survival of H2. An
average density of nH ’ (0:5Y1) ; 107 cm�3 in the outer zone is required to allow H2 to exist at all latitudes in the
nebula, and for Fe+ to recombine to Fe0. This gives independent confirmation of the very largemass of the Homunculus,
indicating a total of roughly 15Y35 M� (although we note reasons why the lower end of this range is favored). At the
interface between the atomic andmolecular zones,we predict a sharp drop in the dust temperature, in agreementwith the
bimodal dust color temperatures observed in the two zones. In the outer molecular shell, the dust temperature drops to
nearly the blackbody temperature, and becomes independent of grain size because of self-shielding at shorter UVwave-
lengths and increased heating at longer wavelengths. This relaxes constraints on large grain sizes suggested by near-
blackbody color temperatures. Finally, from the strength of infrared [Fe ii] emission in the inner shell we find that the
gas-phase Fe abundance is roughly solar. This is astonishing in such a dusty object, where one normally expects gaseous
iron to be depleted by 2 orders of magnitude.

Subject headinggs: circumstellar matter — dust, extinction — ISM: individual (Homunculus nebula) —
stars: individual (� Carinae) — stars: winds, outflows

1. INTRODUCTION

The bipolar Homunculus Nebula surrounding �Carinae offers
an unusually well constrained laboratory to study a wide array
of physical processes in the interstellar medium. The distance,
size, shape, orientation, and structure of the nebula are all known
(Smith 2006; Davidson et al. 2001), as are its expansion velocity
and age (Morse et al. 2001; Currie & Dowling 1999; Smith &
Gehrz 1998). Ionized ejecta outside the Homunculus indicate
nitrogen-rich gas (Davidson et al. 1986; Dufour et al. 1999; Smith
& Morse 2004), and the recent detection of ammonia in the
Homunculus suggests that it too is N-rich (Smith et al. 2006).
The Homunculus itself is mostly neutral, since the star’s dense
wind extinguishes nearly all of the Lyman continuum produced
by the system. This means that familiar temperature and den-
sity diagnostics of low-density ionized gas in H ii regions (e.g.,
Osterbrock & Ferland 2006) cannot be used here. At UV/visual
wavelengths the Homunculus is seen mainly in reflection. The
dust that absorbs and scatters this light acts as a calorimeter by re-
emitting the absorbed luminosity in the infrared (IR), providing us
with a practical and accuratemeasure of the bolometric luminosity

of the central source (e.g., Smith et al. 2003b; Cox et al. 1995;
Hackwell et al. 1986; Davidson 1971; Pagel 1969; Westphal &
Neugebauer 1969). Despite these constraints, � Car’s nebula is
such a bright and complex object that it leaves no shortage of ob-
servational puzzles. These can sometimes make it difficult to see
the trees for the forest.

Relevant physical conditions in the Homunculus Nebula can
be constrained if we understand the origin of the distinct double-
shell structure in the walls of the nebula. These layers manifest
themselves in three independent ways that have been clearly ob-
served. First, high-resolution thermal-IR images reveal a strati-
fication in the dust color temperature, with a thin outer shell at
�140 K, and a warmer, thicker inner zone with a color tempera-
ture of �200 K (Smith et al. 2003b). Second, near-IR spectra
show an outer skin of H2, and an inner shell in tracers of dense,
low-ionization atomic gas such as collisionally excited lines of
[Fe ii] (Smith 2002a, 2006). These two layers are segregated from
one another. Third, the two distinct shells can be seen at different
radial velocities in UVabsorption profiles along our line of sight
to the star (Gull et al. 2005, 2006; Nielsen et al. 2005). The outer
molecular layer is also detected in UVabsorption lines of CH and
OH (Verner et al. 2005), and the inner layer is also seen in visual-
wavelength emission lines such as [Ni ii] and [Fe ii], plus faint
emission of H� and [N ii] (Davidson et al. 2001; Hillier & Allen
1992; Allen & Hillier 1993; Smith et al. 2003a). A detailed ac-
count of this structurewas given recently by Smith (2006, hereafter
Paper I).

It is this pronounced double-shell structure that we aim to re-
produce in the model presented here. We are particularly inter-
ested in the physical conditions that allowH2 to form and survive

1 Based in part on observations obtained at the Gemini Observatory, which is
operated by AURA, under a cooperative agreement with the NSF on behalf of the
Gemini partnership: the National Science Foundation (US), the Particle Physics
and Astronomy Research Council (UK), the National Research Council (Canada),
CONICYT (Chile), the Australian Research Council (Australia), CNPq (Brazil),
and CONICET (Argentina).

2 Hubble Fellow.
3 Current address: Astronomy Department, University of California, Berkeley

CA; nathans@astro.berkeley.edu.
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in such a thin layer. So far, � Carinae is the only luminous blue
variable (LBV) known to be surrounded by molecular gas in its
own ejecta, while nearly all LBV nebulae exhibit bright near-IR
emission of [Fe ii] (Smith 2002b; Smith & Hartigan 2006). The
H2 is probably a consequence of the extreme youth and high
density of the nebula. New observations presented in Paper I,
obtained with the Phoenix spectrograph on the Gemini South
telescope, have shown the H2 layer to be surprisingly thin (only
a few per cent of the radius) and uniformly so, despite the fact
that it traces a wide range of different radii at various latitudes
in the bipolar nebula. This hints that the near-IR H2 emission
arises at the inside surface of an optically thick shell, which ab-
sorbs the remainder of whatever far-UV (FUV) radiation pene-
trates the inner [Fe ii]-emitting zone. By varying the density in this
outer shell, we can testwhat physical density permitsH2 to survive.
This density constraint, in turn, provides an independent measure
of the mass of the Homunculus because the geometric thickness of
the shell is known. The total mass is thought to be at least 12M�
derived from IR dust observations (Smith et al. 2003b).4 Here we
are fine-tuning an earlier uniform-density shell model for the phys-
ical conditions in the Homunculus (Ferland et al. 2005) in order to
account for the observed thin structure of the H2 layer.

2. ADOPTED PARAMETERS IN CLOUDY

We simulate the conditions within the nebula using the devel-
opment version of CLOUDY, last described by Ferland et al.
(1998). The incident stellar continuum is represented by an inter-
polated 20,000 K CoStar atmosphere with a total luminosity of
5 ; 106 L�. To account for the hard X-rays from the colliding
wind binary system, we add a high-energy component correspond-
ing to a 3 ; 106 K blackbody with a luminosity of 30 L� (e.g.,
Corcoran et al. 2001). The lack of a prominent H ii region shows
that few hydrogen-ionizing photons strike the inner edge of the
nebula, most likely due to absorption by the stellar wind. There-
fore, we extinguish the net continuum by photoelectric absorption
from a neutral hydrogen layer of 1021 cm�2 to account for this.
Some high-energy photons are transmitted and they help drive
the chemistry.We also include the galactic background cosmic-ray
ionization rate, although the actual ionization rate may be higher if
radiative nuclei are present. Cosmic rays have effects that are sim-
ilar to X-rays, providing ionization that helps drive the chemistry.
We adopt solar gas-phase abundances except for the follow-
ing: He/H ¼ 0:4, ½C/H� ¼ �4:4, ½N/H� ¼ �2:82, and ½O/H� ¼
�4:12. The gas : dust mass ratio was set to the normal ISM value
of 100, and we adopted silicate grains rather than graphitic grains

because the 2175 8 absorption feature is absent in observations
(e.g., Hillier et al. 2006) and the 10 �m silicate emission feature is
strong (see, however, Chesneau et al. 2005).

We chose the nebular geometry to be a thick shell separated
into two radial zones, where the concentric shells are permitted
to have different densities. Table 1 gives our adopted geometric
and physical properties of the double-shell structure. The inner
shell (zone 1) has lower density and is geometrically thicker, cor-
responding to the gas traced by infrared [Fe ii] lines and warm
�200K dust. The outer shell (zone 2) is very thin and corresponds
to thematerial traced byH2 emission and cooler�140K dust. The
outer edge of the inner shell is directly in contact with the inner
surface of the outer shell. We calculated the physical conditions in
these two zones separately in CLOUDY, using the transmitted
continuum at the outside of zone 1 as the incident continuum for

zone 2. Although the shells were calculated using spherical sym-
metry in CLOUDY, they are meant to approximate the observed
properties of the nebula roughly along our sight line through the
polar region of the bipolar lobes. The equatorial region of the neb-
ula with much smaller radii was modeled separately (see below).
The inner and outer radii for the two zones were taken directly
from observations (Paper I) and are not free parameters.
Our goal is to investigate the densities in these two zones, to

answer the following questions: (1) What is the density in zone 1
that is consistent with the observed ne value of P104 cm�3 (Smith
2002a) and permits significant FUVradiation to fully penetrate the
shell, causing iron to remain as Fe+ throughout? (2) What is the
minimum density in zone 2 that allows hydrogen to become pre-
dominantly molecular, and iron to recombine to Fe0? The most
important free parameters here are therefore the value of nH cho-
sen for each zone, but other factors, such as the gas : dust mass
ratio and the filling factor, play roles as well. The main determin-
ing factor in whether or not H2 can survive in zone 2 is the at-
tenuation of FUVradiation in the Lyman andWerner bands by the
total column density of gas and dust in both zones. Based on spa-
tially resolved infrared [Fe ii] spectra (Paper I), we adopt a volume
filling factor of 0.5 in zone 1. From similar H2 spectra and the size
scales of structures seen inHubble Space Telescope images (Morse
et al. 1998) we adopt a filling factor of 0.9 for the thin outer shell in
zone 2. A fraction of 0.9 alsomatches the fraction of the total stellar
luminosity absorbed by dust grains that is reemitted in the IR,while
�10% of the starlight escapes at near-UVand visual wavelengths.
Finally, we note that we have ignored the possible influence of

the Little Homunculus ( Ishibashi et al. 2003). This inner nebula
has amuch lower mass—a few percent of theHomunculus (Smith
2005)—and is apparently clumpy on large scales, allowing both
radiation and wind to leak through. Thus, its influence should be
minimal, absorbing whatever small amount of Lyman continuum

4 Note that the gas : dust mass ratio of 100 assumed in deriving this mass might
be too low, due to the depletion of C and O in the ejecta. Also, � Car’s grains may
have unusual composition (Chesneau et al. 2005).

TABLE 1

Calculation of the Double-Shell Structure at the Pole

Parameter Zone 1 Zone 2 Zone 2 Zone 2 Zone 2 Zone 2

Input Parameters

log Rin (cm)..................... 17.255 17.398 17.398 17.398 17.398 17.398

log Rout (cm) ................... 17.398 17.415 17.415 17.415 17.415 17.415

log �R (cm) ................... 16.845 16.0 16.0 16.0 16.0 16.0

log nH (cm�3).................. 5.5 7.0 6.7 6.5 6.3 6.0

log NH (cm�2) ................. 22.35 23.0 22.7 22.5 22.3 22.0

Mtotal
a (M�) ..................... 1 33 16 11 7.5 3.7

Filling factor ................... 0.5 0.9 0.9 0.9 0.9 0.9

Calculated Parameters

log ne (cm
�3) .................. 3.7 4.5 4.35 4.26 4.2 4.0

Te (K) .............................. 170 118 142 169 190 191

Fe+/Fe ............................. 1.0 2(-4) 0.97 1.0 1.0 1.0

n(H+)/nH ......................... 0.016 2(�12) 2(�3) 3(�3) 3(�3) 1(�4)

max 2n(H2)/nH................ 5(�10) 1.0 1.0 0.99 0.42 2(�4)

D 2n(H2)/nH ¼ 0:5 ......... . . . 0.15 0.36 0.61 . . . . . .

D 2n(H2)/nH ¼ 0:99 ....... . . . 0.41 0.88 . . . . . . . . .

AV (mag).......................... 1.1 8.9 4.5 2.8 1.8 0.9

Notes.—The first seven rows are prescribed inputs. The results of the cal-
culation in the remaining rows are example values at roughly the midpoints in each
zone. The value of nH corresponds to the total hydrogen density n(H2+H

0+H+).
In the last two rows, the value of D gives the fractional depth into the shell at which
the H2 fraction reaches either 50 or 99%.

a This is the total mass assuming that the volume of the bipolar Homunculus
(Paper I ) is filled with the shell’s density. This mass will be differrent from that
for an equivalent spherical shell.
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radiation may escape the dense stellar wind, causing strong vari-
ability in the radio continuum (Duncan et al. 1997).

3. RESULTS ALONG OUR SIGHT LINE

Figure 1 shows the results of a CLOUDY calculation matched
to observations of the polar lobes of the Homunculus roughly
along our line of sight (Paper I ). The transition between zones 1
and 2 is sudden at a depth of a little more than 7 ; 1016 cm, show-
ing a thick inner zone traced by [Fe ii] and a very thin outer shell
seen in H2 emission. In order to reproduce this sharp transition,
the simulation required a strong density increase of a factor of 15Y
30 from zone 1 to 2.

Throughout zone 1, hydrogen remains fully atomic, while Fe
is singly ionized (representative values about halfway through
zone 1 give an H2 fraction of 5 ; 10�10 and a neutral Fe fraction
of 2 ; 10�6). The electron density from infrared [Fe ii] line ratios
in zone 1 is ne P 104 cm�3 (Smith 2002a). To match this con-
straint, the hydrogen density in zone 1 was set to 105.5 cm�3, since
ne/nH was only about 3% at this distance from the star. Only 1%Y
2% of the hydrogen was ionized at the innermost edge of zone 1,
probably through Balmer continuum ionization from the 2 s level.
This may account for the faint H� emission there (Smith et al.
2003a; Davidson et al. 2001), as well as faint radio continuum
(Duncan et al. 1997). In both zones 1 and 2, heating of the gas was

dominated (k90%) by grain-gas photoelectric heating, whereas
direct heating by line absorption was minimal.

To investigate the formation of H2 and the recombination of
Fe in zone 2we considered several different values for the hydro-
gen density, andwe discuss a few representative values here: nH ¼
106, 106.3, 106.5, 106.7, and 107 cm�3. Table 1 lists the properties
in zone 2 at these various densities, and Figure 2 gives a detailed
view of the transition to molecular gas for each of these adopted
densities.

With nH ¼ 106 cm�3, we found that H2 did not form at all,
with H remaining fully atomic and Fe remaining singly ionized
throughout zone 2.When the density was raised to 2 ; 106 cm�3,
H2 did begin to form at the outer edge of zone 2; the molecular
fraction reached a maximum of about 40% at the outermost edge
(Fig. 2). However, Fe remained singly ionized throughout zone 2
at this density. This is not in agreement with observations, since
Fe i absorption is seen from zone 2 in UV spectra (Nielsen et al.
2005), so the densitymust be higher than 2 ; 106 cm�3. At a den-
sity of 3;106 cm�3, hydrogen became 99%molecular at the outer
edge of the shell (Fig. 2), but Fe+ still did not recombine to Fe0.

Observations suggest that H2 should form and the recombina-
tion of Fe should occur early in zone 2, especially at the remote
polar regions where the radiation field is weaker than at other
latitudes. This condition is met only for higher hydrogen densi-
ties around 106.7 to 107 cm�3 (Fig. 2). At a depth of only about
1015 cm into zone 2 (10%Y20% of the way through the layer), the
H2 fraction begins to rise sharply. This is because its destruction
rate collapses as UV radiation in the Lyman and Werner bands
becomes optically thick and is extinguished by the much higher
column density of gas and dust encountered here. Oncemolecules
begin to form, the transition is rapid. Hydrogen remains fully mo-
lecular throughout the rest of zone 2, while Fe+ does finally re-
combine. The Fe+/Fe0 transition occurs at a slightly larger depth
than the atomic /molecular hydrogen transition, because Fe0 can
still be ionized by Balmer continuum photons with wavelengths
longer than the Lyman-Werner bands. The hydrogen density is
probably not much above 107 cm�3, because then the H2 shell

Fig. 1.—Variation of observable physical properties throughout the thick
shell, where the left edge marks the inner radius of the inner shell (zone 1), and
the right edge marks the outer surface of the Homunculus. The top panel shows
the variation in the relative fraction of atomic/molecular hydrogen (thin/thick black
lines), as well as the neutral and singly ionized Fe fractions (thin/thick gray lines).
Here we show the model with nH ¼ 107 cm�3 in zone 2. The bottom panel shows
the grain temperature at the same locations for a range of different grain radii a,
where the dashed curve is the equilibrium blackbody temperature. The error bars in
the bottom panel show observed grain color temperatures for the inner and outer
shells (from Smith et al. 2003b). The physical parameters in the model are summa-
rized in Table 1.

Fig. 2.—Detail of Fig. 1, concentrating on zone 2, showing the transition tomo-
lecular hydrogen for several different values of the density in zone 2 (see Table 1).
Themolecular gas fraction is shown by solid curves, while the ionization fraction of
Fe+ is shown by the dotted curves.
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would be thicker than observed, and the extinction to the star
would be unreasonably high.

The bottom panel of Figure 1 shows the dust temperature for
various grain radii at a range of depths through the shell. In zone 1,
we see that only the largest grains with radii ak 0:2 �m can
match the observed dust color temperatures. The transition to
higher densities at the beginning of zone 2 is accompanied by a
sharp drop in the grain temperature, as observed in mid-IR im-
ages (Smith et al. 2003b). This sharp drop to lower grain tem-
peratures only occurred for the highest density models with
nH ¼ 106:7 to 107.0 cm�3 in zone 2. The grain temperature in
zone 2 appears to be independent of grain size. This is perhaps
because much of the short-wavelength FUV radiation has been
extinguished and the grains are heated predominantly by radia-
tion at near-UV, visual, and IR wavelengths instead, where the
absorption efficiency is less sensitive to grain size (e.g., Draine
2003). In this case, grain-gas photoelectric heating will drop as
well. In fact, we see that the grain temperature eventually drops
to within 20 K of the equilibrium blackbody temperature TBB
(dashed line), independent of grain radius. The fact that the tem-
perature in zone 2 is nearly independent of grain size is interesting,
because it contradicts long-held conventional wisdom. The ob-
served near-blackbody color temperature has often been taken as
an indication that the grains have radii of 1Y2 �m (Smith et al.
1998, 2003b; Polomski et al. 1999; Hackwell et al.1986; Mitchel
et al. 1983). However, Figure 1 indicates that grains this largemay
not be necessary to explain the grain temperature in zone 2 after
all (although some large grains are still needed for the nearly gray
extinction; Rodgers 1971; Hillier 2006; Whitelock et al. 1983).
In particular, a population that includes both large and small
grains is evidently allowed in zone 2.

The visual extinction through zone 1 is only�1mag, compared
to about 4.5Y9 mag for zone 2 (Table 1). Thus, the thin outer H2

shell dominates the visual extinction, the total infrared luminosity,
and also the scattered light seen in visual-wavelength images and
hard X-rays (Corcoran et al. 2004). This is why model shapes for
the Homunculus derived from [Fe ii] or [Ni ii] emission from
zone 1 (Davidson et al. 2001; Allen & Hillier 1993) are too small
compared to images, whereas model shapes derived from H2

emission have the correct apparent size (Paper I).
The stellar continuum that illuminates the nebula is strongly

reprocessed by the inner region before it reaches the denser outer
zone. Figure 3 shows the stellar continuum (the smoother dotted
line) that is incident on the inner nebula. The gray solid line with
many spectral emission features is the net emission that emerges
from the inner region and goes on to irradiate the molecular gas
in zone 2. This continuum is a combination of the attenuated in-
cident continuum plus reprocessed emission from the inner neb-
ula. The UV continuum has been heavily absorbed by dust within
the inner region. Thermal dust emission dominates the infrared
continuum, and the dust is warm enough for the 10 �m sili-
cate feature to come into emission. Many emission lines, mainly
atomic and singly ionized species, are formed in the inner region.
The major effect of this reprocessed continuumwill be on dust in
the outer nebula. Much of the incident UV continuum has been
converted into thermal-IR emission already. The UV is the most
effective in photoelectrically heating gas, so the outer nebula is
cooler as a result of the absence of this light, as noted earlier. The
very strong infrared continuum heats the outer nebula indirectly,
by first heating the dust, which then shares its energywith the gas
as the result of gas-dust collisions.

The emergent spectrum from zone 2 with nH ¼ 106:7 cm�3

is shown with the solid black line in Figure 3. As expected,
the thermal-IR continuum is shifted toward longer wavelengths

because of the cooler dust, and the UV/visual light is more se-
verely attenuated than for zone 1. Interestingly, whenwe compare
the spectrum from zone 1 alone to the emergent spectrum from
zone 2 (which includes the emergent spectrum of zone 1 that
passes through zone 2), we see that the 10�m silicate feature has a
different shape—the silicate profile from zone 2 is somewhat
muffled, indicating that the emission is beginning to turn optically
thick. In fact, when the density is increased to nH ¼ 107 cm�3 in
zone 2 (dashed gray line) the silicate feature turns clearly to self-
absorption. This trend in the silicate profile shape has two impor-
tant implications. First, when the emission begins to turn optically
thick, the silicate profile appears wider and flatter, and the peak
moves toward longer wavelengths. This effect will modify the re-
quired contribution from other grain species such as corrundum
(see Chesneau et al. 2005). Second, the strong silicate feature ob-
served in � Car’s mid-IR spectrum may indicate that densities of
nH ¼ 107 cm�3 are too high (although the effects of clumping are
an issue). If densities near our lower bound nH ¼ 106:7 cm�3 are
preferred, then a total mass of the Homunculus near 16 M� is
favored over a much larger value of �30M� (see x 5.1). This is,
perhaps, a relief. High spatial resolution spectroscopy of the
silicate profile in the Homunculus could provide a powerful
and independent constraint on the density and total mass of the
nebula.

4. CONDITIONS IN THE EQUATORIAL PLANE

Near-infrared H2 emission is seen at all latitudes in the
Homunculus (Paper I ), even though the distance from the star
changes by an order of magnitude. In the side walls of the polar
lobes at midlatitudes, the oblique incident angle of the radiation
(i.e., ‘‘seasons’’) will mitigate the stronger radiation field at closer
radii to the central star, but this geometric advantage disappears
for the molecular gas at the pinched waist of the nebula. Thus, we
also investigate the physical conditions in the equatorial plane of
the Homunculus, where H2 is seen nearest to the star. The equa-
torial model was identical to the polar lobe/line-of-sight model,
except that the radii and thicknesses of zones 1 and 2 were

Fig. 3.—Incident continuum (dashed line) and emergent spectra from zone 1
(solid gray line) and zone 2 for the model in the polar lobes. For zone 2 we show
the emergent spectrum for both plausible hydrogen densities of 106.7 cm�3

(solid black line) and for 107 cm�3 (dashed gray line).
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adjusted to match observations (Paper I ),5 and the density in
zone 1 was increased. The equatorial model is summarized in
Table 2.

Figure 4 shows the results of a CLOUDY calculation matched
to observations of the radial stratification in the equatorial plane
of the Homunculus (Paper I). The inner radius is set approxi-
mately equal to the distance between the star and the Weigelt
knots, which is 0B2 to 0B3 (Smith et al. 2004; Dorland et al. 2004),
or roughly 1016 cm if we correct for the 41� inclination angle
(Paper I; Davidson et al. 2001). In order to match observed elec-
tron densities of >106 cm�3 in theWeigelt knots and other bright
equatorial ejecta (Smith 2002a; Hamann et al. 1999, 1994;
Davidson et al. 1995), the simulations required a hydrogen den-
sity of about nH ¼ 2 ; 106 cm�3 ormore.6 This was also the high-
est density that allowed H to remain predominantly atomic and Fe
to remain as Fe+ throughout zone 1. Even though the material is
much closer to the star and feels a much stronger radiation field
than in the polar model, nH ’ 107 cm�3 in zone 2 was still suffi-
cient to allow a sharp transition tomolecular hydrogen and neutral
Fe.

Unlike the polar model, the inner edge of zone 1 experienced a
more substantial H+ fraction of �75%, while �20% of the iron
was ionized to Fe++. This ionization occurs despite the fact that,
aside from hard X-rays (Corcoran et al. 2001), we did not include
radiation from a hot companion star in our calculation. Through-
out most of zone 1, the typical molecular hydrogen fraction was
of order 10�13, while the neutral Fe fraction was typically 10�6.

The bottom panel of Figure 4 shows the dust temperature for
grains in the equatorial model. In zone 1, the predicted dust tem-
peratures greatly exceed observational constraints on the color
temperature for most grain sizes. The hottest extended dust in the
core of the Homunculus (associated with the Weigelt knots and
more distant ejecta) is about 550 K (Smith et al. 2003b; Chesneau
et al. 2005). This is marginally consistent with a ¼ 0:2 �m grains

5 Note, however, that the radius at the equator depends on azimuth, due to large-
scale irregular structures in the inner torus (Smith et al. 2002; Chesneau et al. 2005;
Paper I ).

6 This is only the average density. In fact, some clumps, such as the cores of
the Weigelt knots, may have much higher peak densities of 108 to 109 cm�3

(Hamann et al. 1999).

TABLE 2

Double-Shell Structure at the Equator

Parameter Zone 1 Zone 2

Input Parameters

log Rin (cm)......................... 16.0 16.498

log Rout (cm) ....................... 16.498 16.618

log �R (cm) ....................... 16.332 16.0

log nH (cm�3)...................... 6.3 7.0

log NH (cm�2) ..................... 22.63 23.0

Filling factor ....................... 0.5 0.9

Calculated Parameters

log ne (cm
�3) ...................... 6.2 5.7

Te (K) .................................. 610 170

Fe+/Fe ................................. 0.82Y1 4(�4)

n(H+)/nH ............................. 0.74 2(�12)

max 2 ; n(H2)/nH ................ 2(�13) 1.0

Notes.—The first six rows are prescribed inputs. The
results of the calculation in the remaining rows are example
values at roughly the midpoints in each zone. The value of nH
corresponds to the total hydrogen density n(H2 þ H0 þ Hþ).

Fig. 4.—Same as Fig. 1, but showing the model for the ionization/molecular
fraction and dust temperature in the equatorial plane of the Homunculus (see
Table 2).

Fig. 5.—Incident (dotted line) and transmitted (solid line) continuum radi-
ation for the model in the equatorial plane. This transmitted continuum radiation
escapes to illuminate gas and dust at larger radii in the equatorial skirt, such as
the so-called strontium filament.
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within observational uncertainty, but the observed temperatures
would be more consistent with significantly larger grains. The
transition to lower dust temperature at the boundary between
zones 1 and 2 is not as stark as in the polar model, but like the
polar model, the grain temperature in zone 2 drops and becomes
insensitive to grain size (Fig. 4). Here it fully reaches tempera-
tures as low as the equilibrium blackbody temperature TBB.

Figure 5 shows the incident (dotted line) and transmitted en-
ergy distributions for the equatorial model. The transmitted ra-
diation is that which escapes from the outer boundary of zone 2.
This emission at the equator is of particular interest, as it illumi-
nates material in the equatorial skirt at larger radii. Some of that
equatorial gas has peculiar spectral properties, such as the so-
called ‘‘strontium filament’’ (Hartman et al. 2004; Zethson et al.
2001; Bautista et al. 2006, 2002), the very bright and possibly
fluorescent [Ni ii] k7379 emission (Davidson et al. 2001), and
He i k10830 emission (Smith 2002a). In Figure 5 we see that ra-
diation shortward of 20008 is severely attenuated,while near-UV
radiation beyond this limit remains strong.

5. DISCUSSION

5.1. Threshold Density for H2 Survival

Our most important observational constraint on the density in
the polar lobes is that molecular hydrogen is able to survive and
Fe becomes neutral, even though they are within only 0.1 pc of
the most luminous hot supergiant in our Galaxy. Furthermore,
both of these conditions should be met in the polar model of
zone 2 with some room to spare, since H2 emission is seen to be
fairly uniform at all latitudes, including lower latitudes closer to
the equator (and closer to the star), where the radiation field is
stronger. As we have discussed above, these constraints are only
met for high densities of nH ¼ 106:7Y107:0 cm�3 in zone 2.

From the thermal-IR spectral energy distribution and conser-
vative assumptions, Smith et al. (2003b) derived a lower limit to
the total mass of the Homunculus of about 12.5M� (about 11M�
in the cool 140 K shell, and 1.5M� in the warmer inner shell). If
this mass of cool dust were spread evenly over the volume of the
H2 shell inferred observationally, the density would be at least
nH ¼ 106:5 cm�3 in zone 2 (Paper I). However, our CLOUDY
calculations show that even higher densities are likely, as noted
above. These higher average densities distributed over the same
volume would imply a total gas mass for the Homunculus in the
range of roughly 15Y35 M�. Thus, our study confirms the large
mass of the Homunculus deduced from IR observations of dust,
but uses an independent method sensitive to the gas density.
It also confirms that previous IR estimates were indeed lower
limits to the total mass. We also find that 35M� is an upper limit
to the mass, since for densities much higher than 107 cm�3, the
transition to molecular gas would occur earlier and the H2 shell
would be thicker than observed.

Caveats: Although our mass estimate is sensitive to the gas
density, it is not completely independent of the gas : dust ratio,
since dust helps attenuate the UV radiation in the Lyman-Werner
bands that destroys H2, and grains act as a catalyst by providing
a surface for H2 formation. However, like mass estimates from
thermal-IR dust emission, these are probably underestimates if they
are wrong.

5.2. Dust Temperature and Grain Properties

Our CLOUDY calculations were tuned to match the observed
structure in IR lines of H2 and [Fe ii], but they naturally reproduce
the bimodal stratification of the observed dust color temperature
as well. High-resolution thermal-IR images show a thick inner

shell at �200 K and a thin outer shell at �140 K (Smith et al.
2003b), where the cooler dust color temperatures are coinci-
dent with the outer H2 shell. This is clearly reproduced in our
model (Fig. 1).
Our earlier simulations with CLOUDYused a uniform density

of 106 cm�3 throughout a thick shell (Ferland et al. 2005) and
were able to reproduce a transition fromH to H2 and Fe

+ to Fe0 at
some point within the shell, but in that model a sharp drop in dust
temperature did not occur at the same position as the onset of H2.
Instead, in the constant-density thick-shell model, the dust tem-
perature began to drop immediately at the inner radius of the shell
and continued smoothly thereafter. Therefore, the observed sharp
transition from a geometrically thick zone of �200 K to a very
thin layer of�140 K dust coincident with the onset of the thin H2

shell (Fig. 1) gives a robust and independent confirmation that a
sharp density contrast between the two zones is indeed required.
Because of the strong density increase of a factor of 15Y30 from

zone 1 to zone 2, the model also successfully reproduced the rela-
tive contributions to the total mass observed in each component.
Fits to the IR spectral energy distribution (Smith et al. 2003b)
show that the 200 K dust in the inner shell only contains about
10% of the total mass in the nebula, while the rest of the mass
resides in the thin outer shell at 140 K. Because the outer shell is
so thin, itmust bemuch denser in order to have a higher totalmass.
The relative masses for the inner (�1M�) and outer (16Y33M�)
shells in Table 1 agree with these observational constraints. By stark
contrast, a uniform-density thick shell would havemuchmoremass
in the [Fe ii] zone.
Interestingly, the radial behavior of the dust temperature brings

into question long-held notions about the grain properties. Several
authors have noted that the lowdust color temperatures at thermal-
IR wavelengths are close to the equilibrium blackbody tempera-
tures at those radii, suggesting large grain sizes above a ’ 1�m
(Mitchell et al. 1983; Mitchell & Robinson 1986; Hackwell et al.
1986; Robinson et al. 1987; Apruzese 1975; Smith et al. 1998;
Smith et al. 2003b; Polomski et al. 1999).7 In contrast, we find that
the dust temperature in the outer layer is independent of grain size
(Figs. 1 and 4), and approaches the equilibrium blackbody tem-
perature even for small grains. The material becomes optically
thick and severely attenuates the UVradiation, leaving the burden
of energy balance to heating by longer wavelength radiation. At
longer wavelengths, the difference between absorption efficiency
and the thermal-IR emissivity is smaller, allowing small and large
grains to maintain similar temperatures. The dust temperature
never gets below the equilibrium blackbody temperature in our
calculations. Therefore, the very low dust temperature of 110 K
that Morris et al. (1999) deduced from fits to the far-IR spectral
energy distribution is probably too low, especially at the small
radii in the equator suggested by those authors.
Although the temperature is apparently independent of grain

size in zone 2, very small grains are not permitted in zone 1 be-
cause corresponding high temperatures are not seen there. The
color temperature in zone 1 is about �200 K, which would be
consistent with grains of radius ak 0:2 �m. Thus, our calcula-
tions relax but do not eliminate the constraints on large grain size
posed by the low observed dust temperatures in the Homunculus.
Allowing the presence of somewhat smaller grainsmaybe relevant
to the high degree of polarization (Thackeray 1961; Visvanathan

7 Note, however, that Mitchell et al.’s suggestion of very large grains was
also motivated in part by the very broad 10 �m silicate emission feature, but
Chesneau et al. (2005), Mitchell & Robinson (1978), and Hyland et al. (1979)
have suggested that this may be due to a partial contribution from other grain
emission features such as corrundum.
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1967;Warren-Smith et al. 1979;Meaburn et al. 1987, 1993;Walsh
& Ageorges 2000) and the unusual scattering properties of the
Homunculus seen in high-resolution polarization imaging (Schulte-
Ladbeck et al. 1999).

5.3. Bright [Fe ii] Emission from the Inner Shell
and the Gas-phase Iron Abundance

An accurate model for zone 1 determines the radiation field
that penetrates it to illuminate the outer H2 shell (Fig. 3), but the
inner shell is interesting in its own right because of the physi-
cal conditions that give rise to the extraordinarily bright infrared
[Fe ii] emission seen there (Paper I). These bright infrared [Fe ii]
emission lines are a common feature of other LBVnebulae (Smith
2002b; Smith & Hartigan 2006), which is in contrast to the outer
H2 shell that seems to make � Car unique among hot luminous
stars.

To investigate this bright [Fe ii] emission in detail, we ran
CLOUDYusing the more sophisticated large Fe atom. This pre-
dicts the strength of numerous Fe lines, including the distinct [Fe ii]
(a6DYa4D) and (a4FYa4D) transitions in the 1Y2 �m region.
For example, with solar Fe abundance, our CLOUDY model for
zone 1 predicts a total luminosity for [Fe ii] k16435 of about 65 L�.
This line has been observed extensively in �Car in bothmoderate-
and high-resolution spectra (Smith 2002a; Paper I), and exhibits an
average brightness in the polar lobes of about 2 ; 10�12 ergs s�1

cm�2 arcsec�2 (although the local value is highly spatially depen-
dent). Integrating this over the roughly 140Y150 arcsec2 projected
area of the Homunculus would indicate a total flux in this line of
3 ; 10�10 ergs s�1 cm�2 (excluding the bright [Fe ii] contribution
from the Little Homunculus; Smith 2005). This corresponds to a
total observed [Fe ii] k16435 luminosity of about 40Y50 L�. The
agreement between our model’s predicted luminosity of 65 L�
and the observed value of �45 L� in this same line is remarkable,
considering that the bipolar Homunculus has a somewhat smaller
projected area on the sky than the equivalent-radius spherical shell
in CLOUDY. Thismatch indicates that the gas-phase Fe abundance
is indeed roughly solar in zone 1.

A solar gas-phase Fe abundance here is actually quite aston-
ishing. In dusty regions of the ISM, the abundance of Fe is nor-
mally depleted by 2 orders of magnitude due to the formation of
Fe-bearing grains (e.g., Shields 1975).We do not expect the over-
all dust-to-gas ratio in zone 1 to be unusually low, since the mass
inferred for the gas from the observed electron density agrees with
the mass measured from the 200 K dust component that occupies
the same region (uncertainties of a factor of 2 are likely, but not
factors of 100). Therefore, some process has selectively destroyed
Fe-bearing grains without destroying the remaining grain popula-
tion, or some mechanism has specifically inhibited the formation
of Fe-bearing grains.

Shock speedsk80 km s�1 can destroy iron grains and release
the corresponding atomic Fe into the gas phase. While we see no
spectroscopic evidence for such fast shocks in the polar lobes
today, shocks of this speed may have been active earlier in the
life of the Homunculus. If such shocks destroyed the Fe-bearing
grains early on, they may have been released into an environment
where the density was too low to reform the grains, locking Fe in
the gas phase. Alternatively, the ejecta in the Homunculus are C-
and O-poor, and N-rich. The low oxygen abundance may have
inhibited the formation of iron oxides, which can be an impor-
tant repository for storing Fe in the solid phase of the ISM. In
the absence of C, O, and Fe, grains might form preferentially
with Al, Mg, or Ca instead. Interestingly, mid-IR spectroscopy of
the Homunculus strongly suggests the presence of Al-bearing
grains such as corrundum (Mitchell & Robinson 1978; Hyland

et al. 1979; Chesneau et al. 2005). We also know that Fe is pres-
ent in the gas phase in the outer H2 shell, since Fe0 is seen in
absorption there in UV spectra (Gull et al. 2005; Nielsen et al.
2005). The existence of a region of the ISMwith a high dust con-
tent and where Fe is predominantly in the gas phase has impor-
tant ramifications beyond the study of � Carinae, and will be
discussed elsewhere.

5.4. Origin of the Double-Shell Structure

We have shown that the observed double-shell structure of the
Homunculus requires a strong density jump in the walls of the
nebula. The observed transition from atomic to molecular gas
(Paper I ) and the corresponding drop in dust temperature (Smith
et al. 2003b) result when FUV radiation propagating through the
low-density inner zone suddenly encounters the high densities in
the thin outer shell. The absorption of this UV radiation in the
Lyman-Werner bands by gas and dust in the dense outer shell reg-
ulates the destruction rate of H2, allowing the H2 to survive. The
required density contrast between these two zones is a factor of
roughly 15Y30.

While our CLOUDY calculations explain how the observed
properties of the double-shell structure result from a strong den-
sity stratification, they do not explain the origin of the density
structure itself. Since the Homunculus appears to be expanding
ballistically (Smith & Gehrz 1998) and because the current stel-
lar wind is too weak to shape the massive nebula, it is likely that
this density structure was determined early. The observed strati-
fication is reminiscent of the layered structure seen in cooling
zones behind shock fronts; although this is unlikely to be occur-
ring at the present time (Paper I), the observed density structure
may be frozen-in to the ejecta from shocks that occurred during
the event itself as the dense material cooled. As noted in the pre-
vious section, shocks present during an earlier epoch would also
be interesting from the point of view of the gas-phase Fe abun-
dance. The rapid cooling of this dense layer may have triggered
severe thermal instabilities, which in turn, could explain the cur-
rently observed clumping and fragmentation seen in images of the
Homunculus (Morse et al. 1998). Alternatively, the low-density
inner zone may result from a photoevaporative flow off the inside
face of the much denser outer H 2 shell, as is commonly seen in
photodissociation regions at the surfaces of giantmolecular clouds.
Finally, an obvious possibility is that the two shells simply re-
sult from separate ejection events during the�20 yr time span of
the Great Eruption. We know that this is at least plausible from
the existence of the outer ejecta, the Homunculus, and the Little
Homunculus, indicating that � Car has suffered multiple mass
ejections (Walborn 1976;Walborn et al. 1978; Ishibashi et al. 2003;
Smith 2005).

Our models that reproduce the fundamental observed struc-
ture have constrained the most basic physical properties of the
Homunculus: namely, its density and temperature. These will al-
low further refinements to models trying to understand emission
line spectra, unusual grain properties, molecular chemistry, abun-
dances, and radiative transfer models of the appearance of � Car’s
nebula in images. The physical explanation for this distinct double-
shell structure may have wider applications as well, especially to
objects such as planetary nebulae. For example, the bipolar nebula
M2-9 has a similar and pronounced double-shell structure, with a
thin outerH2 shell and an inner [Fe ii] shell (Smith et al. 2005;Hora
& Latter 1994). The UV radiation field of M2-9 is known to be
highly asymmetric and time variable because of a central binary
system (e.g., Doyle et al. 2000), so it is likely that a density jump
controls the shape of the H2 lobes, as in � Car. Our CLOUDY
models for � Car would then suggest that the transition from
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atomic to molecular gas in such planetary nebulae would be ac-
companied by a similar sharp drop in observed dust color temper-
ature at mid-IR wavelengths, possibly insensitive to grain size as
well.

5.5. Future Evolution of the H2 Shell

Since � Car is the only LBV nebula known to have a dense H2

shell, we must ask if this is a truly unique property of � Car it-
self, or if it is simply a consequence of � Car being observed at
a special time so soon after its mass ejection; the Homunculus is
also the youngest LBV nebula. We expect that in the decades im-
mediately following the outburst, the ejecta around � Car were
extremely dense and self-shielding, permitting the formation of
not only dust, but alsoH2 and evenmore complex polyatomicmol-
ecules, such as ammonia (Smith et al. 2006). The physical condi-
tions in this early high-density epoch are of great interest. This
material has since been expanding and thinning, as the observed
extinction drops and the star brightens (Whitelock et al. 1983;
Davidson et al. 1999; Smith et al. 2000).

Due to the high mass of the Homunculus and its relatively
empty surroundings, the shell will continue to expand quasi-
ballistically. Thus, the hydrogen density will drop as r�2, and be-
cause of ballistic motion, roughly as t�2 as well. In another couple
hundred years, the density in the nebula will drop below the thresh-
old at which H2 can survive (this may happen even sooner, since
� Car resides in a giant H ii regionwith a strong ambient UVfield).
Eventually, the Homunculus will become an atomic shell resem-
bling the massive shells seen around other LBVs and LBV candi-
dates, like the more evolved nebulae around the Pistol star (Figer
et al. 1999), AG Car (Voors et al. 2000), and P Cygni (Smith &
Hartigan 2006). At these later stages, the Homunculus may even
overtake and mix with more distant outer ejecta (Walborn 1976),
appearing as a single ringlike LBV nebula, thereby erasing the de-
tails of its eruptive history.

6. CONCLUSIONS

We have modeled the basic double-shell structure in the
Homunculus, as traced most vividly by near-IR emission from

[Fe ii] and H2 (Paper I). Our aimwas to constrain the density that
permits the survival of H2, and thus to provide an independent
constraint on the mass of the Homunculus and the physical
conditions in the nebula. The main observational constraints on
our CLOUDYmodels were the geometric thickness of each zone,
the electron density in the inner [Fe ii] zone, and the survival of
both H2 and Fe0 in the thin outer zone. Our primary conclusions
are as follows:

1. The hydrogen density in the outer H2 zone is nH ’ (0:5Y1) ;
107 cm�3.

2. Using this density and the observed geometry of the neb-
ula, the total mass is roughly 15Y35 M�, and we note reasons
why the lower end of this range is favored.
3. The relative mass of gas in the two zones closely matches

that derived for warm and cool dust components in the same two
zones (Smith et al. 2003b). This suggests that previous assump-
tions of a normal gas : dust mass ratio of 100 are not wildly in
error.
4. We predict a sharp drop in the dust temperature between

the inner and outer zones of the double shell, as observed (Smith
et al. 2003b). The temperature in the outer zone approach the
equilibrium blackbody temperature independent of grain size,
due to shielding of UV radiation. This relaxes constraints on the
unusually large grains inferred from observed dust temperatures.
5. Even though dust formation was efficient in the ejecta of

� Car, we find that the gas-phase Fe abundance is still roughly
solar. One normally expects Fe to depleted by 2 orders of mag-
nitude in dusty environments. This has occurred despite the severe
depletion of C and O in the ejecta.
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