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Figure 34.3 Solid line: radiative cooling function A/neriH from Fig. 34.1, with con
tributions from selected elements shown.

gas has just been shock-heated, resulting in a sudden increase in the kinetic
temperature of the gas, but can also be true when the gas is cooling rapidly,
e.g., at 104-9 < T < 105-4 K, where the radiative cooling function peaks.

In these cases, the actual radiative cooling rate can be slower than CIE (when
the gas is cooling faster than it can recombine, so that heavy elements have
fewer bound electrons than they would in CIE), orfaster than CIE (when
the gas temperature has been suddenly increased, so that heavy elements are
under-ionized). Underionization of elements such as Mg, Si, or Fe can also
be an issue when atoms are being sputtered off of dust grains, since they are
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Abstract. The Orion-Eridanus Superbubble is the Rosetta Stone of su-
perbubbles. It is in a middle evolutionary stage, having originated long
ago but still being energized by massive stellar winds and supernovae;
this means it exhibits the full range of astrophysical processes that occur
whenever all of the interstellar gas phases lie in close proximity. It is
nearby, so only modest angular resolution is required and, more impor
tantly, it is the only object along the line of sight so its maps can be
interpreted unambiguously. We bring together the full range of available
data to show that the multiwavelength whole is far more than the sum of
its parts. For example, we see the hot interior gas leaking to the outside
from a hole in the rear wall of the shell.

1. Overview

The Orion-Eridanus Superbubble (hereafter called the Eridanus Superbubble
for brevity) is a big circular structure, the interior of which is filled with XM-
band emitting gas and bounded by a wall of denser, cooler gas (see Reynolds
and Ogden 1979, Burrows et al 1993, Brown et al 1995). We present various
datasets all in a stereographic projection whose pole is centered on the Orion
Nebula at (^, b) = (209°, —19°). A stereographic projection is an excellent choice
for mapping a superbubble in a large region because any small or great circle
retains its circular shape, so geometric distortion is relatively small. For example,
Figure 1 presents 0.75 keV X-ray data (known as "XM-band emission"). Galactic
coordinates are labelled every 30 degrees. The Galactic plane is the nearly
horizontal grid line near the top.

1.1. Diffuse X Ray Emission—The Hot Ionized Medium

Figures 1 and 2 map the XM (0.75 keV) and XC (0.25 keV) diffuse X-ray emis
sion (data from Snowden et al 1995b). The XM emission rises rapidly with
temperature up to T ~ 2 x 106 K; XC emission peaks in a fairly narrow range
centered at T ~ 1 x 106 K (Snowden et al 1997). The gas need not be at these
particular temperatures, but for the sake of convenience we will adopt these
temperatures in our discussion. This hot X-ray emitting gas is the Hot Ionized
Medium (HIM) of the interstellar medium.
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[ROSAY 3/4 KeV (XM)}/10~a
1S5 260 335

*-*#•* '_'

•fW - •••••Isv
0.Q -30

-30

Figure 1. XM-band emission (| keV, from gas atT ~ 2x106 K) from
Snowden et al (1995b). The grey scale is calibrated by the colorbar on
top right in units of 10~6 ROSAT counts s_1 arcmkT"2; the small square
plot on top left shows the same calibration with a graph. Saturated
parts of the image exceed the colorbar maximum. Galactic coordinates
are labelled on the dashed grid lines. Numbers outside the border refer
to angular distance (degrees) from the center of the projection (which
is not the center of the image). The heavy dashed line outlines the
sharp boundary of the XM emission and the dotted line defines a "slit"
for the position-velocity diagrams.
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Figure 2. XC-band emission (\ keV, from gas at T ~ 1 x 106 K)
from Snowden et al (1995b). See caption for Figure 1.

Astronomical Societyof the Pacific • Provided by the NASA Astrophysics Data System



214 Helies, Haffher and Reynolds

% We annotate a few important features. The XM emission has a sharp
boundary, which we trace with a heavy dashed fine; in at least some regions
this also traces the approximate inner boundary of the supershell wall. The
"supershell wall" arrows point to a tangentially-viewed portion of this interface
between the HIM and theshell wall gas. This interface bisects the molecular (H2
and CO) cloud MBM20 (Magnani, Blitz, and Mundy 1985). We also define a
"slit" along which we will plot various quantities such as velocity and intensity,
as an optical astronomer would place slitson the sky to obtain spectra. Finally,
the Orion Nebula is a strong XM emitter.

1.2. Diffuse 100 /zm emission from IRAS—The Total Warm, Cool,
and Cold Column Density

Figure 3 maps the diffuse 100 ^m IRAS emission. This emission traces the total
warm/cool gas column density (see section 1.4). Most of the column density
is Hi ; below we isolate the other components, H2 and H+. Three prominent
structural components of the warm/cool gas are the supershell wall, which is
prominently viewed tangentially near the arrow and other places, the dense gas
near Orion, and the Galactic plane.

1.3. Ha Emission—The Warm Ionized Medium

Figure 4 maps the diffuse Ha emission from the WHAM survey (e.g. Haffher,
Reynolds, and Tufte 1998). This emission traces the Warm Ionized Medium
(WIM), but it does not trace its column density N(H+). Rather, it traces its
emission measure N(H+)ne. Near the "supershell wall" arrow, comparison with
Figure 3 clearly shows that there is an onionskin structure, with the WIM lying
inside much of the IRAS emission, which mainly traces Hi .

1.4. IR Minus HI Emission—Mainly Molecular Hydrogen

IR emission traces the total warm/cold column density [N(tot) = N(HI) +
N(H2) + N(H+)] and 21-cm line emission traces the Hi column density N(HI);
thus the appropriately-scaleddifference traces [N(H2)+N(H+)]. For H+, note
the important difference between its IR and Ha emission: IR traces column
density N(H+), while Ha traces emission measure EM = N(H+)ne. This
means that the comparison provides information on ne.

The important scaling factor is the IR emission per unit N(tot). We ob
tained this by performing a least-squares fit of IR intensity to N(HI) (data from
Hartmann and Burton 1997) on five different appropriately-chosen Eridanus re
gions where we expect N(tot) « N(HI). We picked only regions with small
N(HI). High N(HI) regions are unsuitable for three reasons: (1) their possible
saturation of the 21-cm line makes it an invalid tracer of N(HI); (2) their as
sociated extinction shields the interior from starlight, making dust grains cooler
and reducing the IR emission per H atom, and (3) their probable associated H2
provides extra dust unrelated to Hi , increasing the IR emission per H atom.

In these fits we did not fit to the 100 /im intensity from IRAS. Rather, we fit
to temperature-corrected 100 //m DIRBE data. The DIRBE zero level is better
denned than IRAS and the angular resolution is more nearly comparable to the
other datasets. Furthermore, the multiwavelength coverage of the DIRBE data
allows us to correct for dust temperature; we obtained the correction factor for
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100/im IRAS, MJy/str
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Figure 3. 100 /imemission from IRAS. To obtain N(HI)2o inregions
oflow column density, multiply by about 1.5. See caption for Figure 1.
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NCBjaoP,

\MBM20

-30

SUPERSHELL WALL

jP

1-i L f-'

30 0.0 -30

Figure 4. Ha emission from the WHAM survey (Haffner, Reynolds,
and Tufte 1998). The grey scale is calibrated by the colorbar on top
right and the Ha intensity units are expressed as the emission measure
N(H+)2one, where N(H+)2o is the ionized gas column density (units
10 cm-2) and ne the electron volume density (units cm-3); this con
version between Ha intensity and emission measure assumes T = 104
K and zero extinction. Saturated parts of the image exceed the col
orbar maximum. The small square plot on top left shows the same
calibration with a graph. See caption for Figure 1.
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-0.5
i 2R=2N(H2)20 +N^)M[l-(ny<n.>] 4{
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-0.5 R 6.5
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-30

Figure 5. R, the residual temperature-corrected IR emission from
equation (3), indicating H2. The greyscale iscafibrated by the colorbar
on top right in units of 2N(H2)20] the small square plot on top left
shows the same calibration with a graph. Saturated parts of the image
exceed the colorbar maximum. See caption for Figure 1.
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o each pixel by a least-squares fit to the 100 /im, 140 /im, and 240^m data. The
temperature correction factor scaled the 100 /im intensity to be proportional to
the wavelength-integrated IR emission.

In each ofthe five regions we fit the coefficients A, B, and Cin the equation

IRobs = A+ BN(HI) + CN(H+)ne . (1)

Here IRobs is the 100 /im temperature-corrected DIRBE data. N(HI) is the
integrated 21-cm line intensity and N(H+)ne the integrated Ha line intensity,
as described in the caption to Figure 4. In our fits, which avoid the strong
Hii regions but do not avoid the H+ filaments, we find that the lion's share of
the column density comes from Hi not H+.

In these fits the derived values ofAand B were self-consistent from region
to region, with (4) = 0.065 MJy ster-1 and (B) = 0.64 MJy ster-1 cm2"02 (where
cm<-702 means N(HI)20, the column density in units of 1020 cm-2). Our value for
(B) is very close to the 0.67 MJy ster-1 cm2"02 obtained for the global average
in the quadratic fit of Schlegel, Finkbeiner, and Davis (1998).

However, the values of C varied significantly from region to region. This
variation simply reflects the variation of ne among the regions, because

B

C
ne = 77 5 (2)

our implicit assumption that the IR dust emission per H-nucleus is the same for
the H+ and Hi is bolstered by our finding that the IR spectrum is the same for
Hi and H+. We can also obtain the length L along the fine of sight of an H+
structure, because Loc HaI |̂D8Ity, although this is only approximate because
of the squared dependence on ne. For the five regions our derived values of ne
ranged from 0.62 -» 1.2 cm-3 and Lranged from 32 ->• 120 pc; the lowest density,
longest line-of-sight path is the "filament" running through (£, b) ~ (190°, -40°)
(just above and roughly parallel to slit F), and because its L is much larger
than the plane-of-the-sky width (~ 2° or ~ 14 pc), this structure is most likely
an edge-on-sheet. We define (C) as the average value for C and (ne) = A
(which means that (ne) is really a harmonic mean); we obtained (C) = 0.84
MJy ster-1 cm2"02 cm-3 and adopted (ne) = 0.80 cm-3 for the calculation below
and Figure 5.

We expect IR0bs = A-\-BN(tot). In addition, our least-squares fit allows us
to predict IRpr = A+ BN(HI) + CN{+)ne. Thus the difference IRobs - IR^
(in least-squares terminology, the residual) isan approximate measure o£N(H2)
combined with the deviation of ne from its average, i.e.

R —IRobs —IRpr —B 2N(H2) +N{H+)(l-^) (3)

There is also a minor contribution from saturation of the 21-cm line.
Figure 5 maps this difference, which depends on two terms—the "molecular"

and "ionized" terms. The ionized term can be positive or negative: it is negative
in regions of large ne, where a small column density gives bright Ha emission.
Thus, dense Hii regions would stand out as deficiencies in Figure 5 if they were
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u not associated with molecular clouds. Comparison of Figures 4 and 5 allows one
< to find regions where ionized gas is absent and the molecular term dominates.
£ In the Eridanus superbubble we discuss two such regions where H2 resides.

One shows prominently on Figure 5: the CO cloud MBM20. The other is the
much less prominent elongated one just above the "supershell wall" label and
near Slit F position 6. One might be tempted to disregard the latter's small
IR excess as insignificant, but this region is definitely molecular because CO
emission has been detected there (Magnani et al 1985). Our detection of these
CO clouds by this technique is not necessarily just a tautology because the H2
angular extents in Figure 5 are large, quite possibly larger than the CO extents
(which have not been measured, however).

2. Interpretive Discussion

2.1. The Hot Gas—Not Totally Confined

Looking at Figure 1, we see a sharp, well-defined boundary. At the bottom of the
structure, near the "supershell wall" label, is an onionskin structure with XM
emission on the inside, an H+ filament on its bottom edge, and an Hi filament
outside that. Here we seem to be seeing the superbubble wall edge-on. At
the top of the structure, above and to the right of Orion, the XM boundary
abuts the H2 in Figure 5; again, we seem to be seeing the wall edge-on. In fact,
the XM-emitting interfaces with dense H2 over nearly all of the top half of the
superbubble!

The Barnard Loop, with its half-circular appearance, has intrigued as
tronomers for a long time. In Figure 4 it is the Ha-emitting top-left half of
a full circle. We also find this part of the Barnard Loop to be bright at 408
MHz and to exhibit excess radio emission, far above that emitted from ionized
gas alone. In contrast, the bottom-right portion of the full circle exhibits no
visible optical or radio emission, as if there were no dense gas for the supernova
shock to encounter in this direction. From this direction the XM emission ex

tends into the interior of what would be the full circle of the Barnard Loop. All
this is consistent with the idea that the Barnard Loop is a portion of supernova
remnant. We can easily imagine the hot gas in the supernova remnant interior
expanding, out of this non-dense bottom-right portion, into the interior of the
Eridanus superbubble and filling it with the hot gas that emits the XM emission
in Figure 1.

Moving down, all the way to the outside of the Eridanus superbubble past
the "supershell wall" label, in Figure 2 one sees the XC-band emission extending
continuously all the way to the bottom of the image—except for the white parts,
which are lunes where there are no data. There are also weak light-grey parts
where the XR emission is absorbed by the Hi gas, for example the large light grey
area just to the left of the two "supershell wall" arrowheads and the left-hand
XM boundary line. This is an obvious absorption effect: this area is aligned
with the cool gas filaments in Figure 3. This shows that the hot gas lies behind
the superbubble wall.

It seems that the XC band emission extends continuously from inside the
Eridanus superbubble to the outside, as if the hot gas has leaked across the rear
(far side) superbubble wall, presumably through holes in the wall. As it did so it
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cooled, because there is XC but no XM band emission. Below, in section 2.3, we
identify a particular hole where this is happening. There is no reason to assume,
as previous authors (e.g. Snowden et al 1995a), that the emission outside of the
superbubble wall comes from gas in the "Galactic Halo".

2.2. Evaporation?

Within the superbubble interior there are some bright spots of X-ray emission.
We draw attention to two that He near the molecular regions discussed above:
the small XM hot spot on the right hand side of MBM20 (but see cautionary
note below), and the large, elongated XM/XC hot spot just above the "super-
shell wall" arrowhead and below F slit position 4.7. Also, we have bright XM
emission from the Orion A Hii region, which lies deep inside the superbubble.
It seems that there often exist X-ray enhancements near dense regions. These
enhancements imply a close physical proximity between the dense regions and
hot interior gas.

The XM/XC peaks might be a signature of evaporation, a predicted process
for which there are very few observational examples. The basic theory (McKee
and Cowie1977) predicts an enhancement of hot-gas density near an evaporative
surface, but not an enhanced temperature; thus the theory does not predict XM
peaks in any obvious way.

One cautionary note: Snowden et al (1995a) state that the XM-band en
hancements from Orion and MBM20 are only unrelated artifacts (for Orion, the
Trapezium stars; for MBM20, the A496 cluster of galaxies). However, the XM
band enhancement below F slit position 4.7 certainly comes from the hot gas
itself.

2.3. Kinematics on the Lower Right

The kinematics of the Eridanus region is complicated, with both large-scale
global aspects and many smaller-scale details. Here we can mention just a few
items that we have found. The Barnard Loop is associated with an expanding
shell, which strengthens its identification as a supernova remnant. Over much
of the left-hand half (£ £ 210°) of the Eridanus superbubble the Hi is at mostly
positive velocities and the H+ at negative velocities, suggesting that the H+ is
confined to the near wall and the Hi to the far wall. Over the right hand half the
two components are not so simply separated, and there are patches of each on
both walls. There are some isolated spots where the velocity structure becomes
very complicated.

The kinematics is particularly interesting in one region near the bottom
right, inside the almost closed loop formed by the Ha filaments. Slit F passes
through the middle of this loop, and Figure 6 exhibits a greyscale image of H+
in position/velocity space along this slit. In addition to the greyscale, we plot
the average velocities of both Hi and H+. The H+ exhibits a clear expansion
signature of the approaching half of a shell. This indicates that this portion
of the superbubble wall exhibits a secondary expansion, an expanding minishell
within the larger Eridanus superbubble wall.

Although the approaching shell is clear in Ha emission, there is no indication
of any Hi or H+ whatsoever in the receding half of this minishell. In this region
at least, the hot interior gas of Eridanus is free to escape from the rear of the
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tSR Velocity
2.5 5.0

N(HI),
10.0

Figure 6. Position-velocity diagram for H+ along Slit F. The grey
scale is calibrated by the colorbar on top right: TH+ is the brightness
temperature of the 21-cm fine in Kelvins that the H+ would radiate if
it were Hi and also, had ne = 1cm-3 (TH+ oc ne-1); the small square
plot on top left shows the same calibration with a graph. Saturated
parts of the image exceed the colorbar maximum. The dotted and
dashed lines on the image show the mean velocity of Hi and H+ and
the graphs on the right show the column density ofHi and the emission
measure of H+.
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i superbubble to the outside. This must be one of the "holes in the superbubble
wall" to which we referred above in section 2.1, where we argued that the XC-
emitting gas has escaped from the interior through holes in the wall.

3. Concluding Remarks

Different phases of the interstellar medium interact with each other to produce
observable effects in spatial distribution and kinematics. A single data set,
e.g. Hi , allows us to see some of these effects. However, to understand the i
teractions that produce the effects we require multiple data sets. In Eridanus
the morphology of the X-ray emission is directly related to those of the cooler,
denser components, both near the source of energy (massive stars of previous
generations, located near Orion and the Barnard Loop) and far away from it
(the bottom portion in our figures). The Eridanus superbubble is apparently
leaking hot gas through its walls to the outside, even though it appears to have
a "cap". The walls have holes. This is probably true of all superbubbles, and
means that the concept ofa "chimney" is a bit fuzzy because the leaking ofhot
gas to the halo does not require a classically-defined "blowout" into the halo.
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