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THE [N u] 205 MICRON LINE IN M82: THE WARM IONIZED MEDIUM
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ABSTRACT

Detection of the 205 um fine structure line of N 1 in the nearby starburst galaxy M82 is reported. The
intensity within a 54” (FWHM) beam is (7.1 + 1.2) x 107 !°® W c¢m~2. The ratio of the intensity of the recently
detected 122 um line to that of the 205 um line is =4.271%, significantly larger than the corresponding Galac-
tic value of 1.6 + 0.3, reflecting higher electron densities within the central 850 pc of M82 in comparison to
the COBE Galactic average. The 205 um line profile is consistent with other far-infrared fine-structure line
profiles observed in M82. The observations are interpreted in the context of a two-component model of the
ionized medium in M82. We find that a component of density as low as ~50 cm ™3 can comprise up to 70%
of the total mass of warm ionized gas within the beam. The balance of the ionized mass is comprised of a
component of density 2100 cm™3. A model is explored in which the denser ionized medium constitutes the
boundaries of neutral surfaces which border the expanding hot plasma from the nuclear region.

Subject headings: galaxies: individual (M82) — ISM: general

1. INTRODUCTION

The nearby irregular galaxy M82 is characterized by a
nuclear region with starburst activity, ionized streamers, and a
molecular ring with spurs extending over 500 pc above and
below the disk. A blowout from the nuclear region caused by
intense stellar winds and/or supernova ejecta is suggested by
X-ray plumes (Schaaf et al. 1989), by synchrotron emission
(Seaquist & Odegard 1991), and by Ho and other emission-line
tracers of warm ionized gas which extend to a height of ~3—4
kpc (McCarthy, Heckman, & van Breugel 1987). McCarthy et
al. associate the off-plane warm (~10* K) ionized optical
emission-line gas with a hot (~10° K) outflowing wind,
attributing the emission to low-velocity shock heating of dense
clouds embedded in the hot outflow.

An alternative picture is suggested by the spurlike features of
molecular gas emerging perpendicular to the plane of the
galaxy which lie just outside the X-ray halo and ridges of the
Ha filaments (Nakai et al. 1987). They attribute these struc-
tures to a hollow cylinder, or chimney, of molecular material
which, like the hot plasma it envelopes, is expanding out of the
plane. Photodissociation regions (PDRs) traced by [C n] 158
um emission (Lugten et al. 1986) are also present several
hundred pc above and below the plane.

Atomic fine-structure lines detected in galaxies prior to the
present observations predominantly sampled either neutral
atomic regions ([C 1] and [O 1]) (Lugten et al. 1986; Lord et al.
1994a) or more highly ionized regions ([S m], [O m], [N 1],
and [Ne 11]) (Houck et al. 1984; Duffy et al. 1987; Beck et al.
1978) characteristic of H 11 regions surrounding massive young
stars. However, much of the warm ionized medium is now
known to extend large distances from the plane and thus far
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from the population of ionizing stars, both in the Milky Way
(Reynolds 1993) and in M82 (see the discussion above). The
far-infrared fine-structure [N 1] lines trace virtually all of the
warm ionized gas since the ionization potential of nitrogen
exceeds that of hydrogen by only 0.9 eV. In comparison to the
visible [N 11] lines, far-infrared fluxes suffer much less from
uncertain extinction or uncertainty in the temperature of excit-
ing electrons.

2. OBSERVATIONS AND ANALYSIS

The *P, — 3P, ground state fine-structure [N 1] line at 205
pm was detected in M82 from the NASA Kuiper Airborne
Observatory on the nights of 1992 January 16-17 (UT). The
205 um line, first detected in the Milky Way by the COBE
FIRAS in its 7° survey of the sky (Wright et al. 1991) and later
in the Galactic H 1 region G333.6—0.2 (Colgan et al. 1993),
has subsequently been observed in the laboratory (Brown et al.
1994). The higher-lying *P, — 3P, transition at 122 ym was
also observed in M82, as reported in detail by Lord et al.
(1994b). Observations were performed with the NASA/Ames
cryogenic grating spectrometer (Erickson et al. 1985), using an
array of five stressed Ge:Ga detectors with a spectral
resolution of 185 km s~'. The diffraction-limited beam
FWHM was 54", corresponding to 850 pc at M82 for an
adopted distance of 3.25 Mpc (Tammann & Sandage 1968).

MB82 was observed at the position of the infrared nucleus,
(%1050, O1950) = (09"51™44%, +69°55'00”) with the beam
encompassing the 35" x 14” extent of 100 um emission (Joy,
Lester, & Harvey 1987). The beam was chopped at constant air
mass with a throw of 6'. Jupiter was used for flux calibration
with a diffraction correction applied to account for the relative
sizes of M82, for which the 100 um extent was employed, and
the 41” disk of Jupiter. The wavelengths surrounding the 205
pm line are largely clear of telluric features, and the absolute
flux calibration is believed to be better than 30% (3 o). Wave-
length calibration was confirmed by laboratory measurement
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of water lines. The system NEP at 205 um, including instru-
mental and atmospheric losses, was 1.6 x 10714 W Hz™ /2.
During setup, the CO J=13-12 line at 200 ym was
observed in Orion K-L, the first astronomical detection of this
line. The observed line intensity of (6.1 +0.3) x 10717 W
cm ™2 is consistent with the Watson et al. (1985) model of 750
K postshock gas.

The M82 spectrum shown in Figure 1 reflects a total integra-
tion time (including chops off source) of 38 minutes, with the
data of each night’s observations shown separately. The 205
pm line intensity of (7.1 + 1.2) x 10~** W cm~? corresponds
to a luminosity of (2.4 + 0.4) x 10 Lg. The reported line
intensity is the sum over detectors of actual detected flux. The
curve shown is a two Gaussian fit where the widths of two
spectral components and their velocity separation have been
constrained to be those of the [O 1] 88 um line (Duffy et al.
1987), presented to show consistency of the [N 1] 205 um
observations with the dynamical components observed in
another cooling line of the warm interstellar medium. The 205
um broad band continuum is 331 + 41 Jy. For comparison, a
fit to v!>B, (T; = 45 K) by Telesco & Harper (1980) of contin-
uum measurements of the central 50” of M82 at 41, 58, 78, and
141 um yields 270 Jy at 205 um.

Two other positions in M82 were observed. Upper limits
(2 o) to emission in the 205 um line of 2.6 x 10~'°* W cm ™2 and
3.4 x 107 W cm~2 were found for positions on the minor
axis, 40” SE of the infrared nucleus, and on the major axis, 40”
NE of the infrared nucleus, respectively.

3. RESULTS AND DISCUSSION

Mean electron densities of 120*12° cm~3 (Lugten et al.
1986) and 210 + 75 cm 3 (Duffy et al. 1987) have been derived
for the ionized medium in M82 from the ratio of [O 1] lines,
subject to the simplifying assumption of a single homogeneous
ionized component and an assumed range of electron tem-
perature, T,. We apply a similar methodology, employing a
seven-level N 11 atomic model with rates tabulated by
Mendoza (1983) and assuming T, in the range (5-10) x 10* K,
an an ambient far-ultraviolet interstellar radiation field G, =
(1-10*), where G, is the 6-13.6 eV UV field intensity, in units of
10% cm~2 s~ ! (representative of the local average Galactic
FUYV flux). In the low-density limit, the theoretical ratio of the
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FiG. 1—[N 1] 205 pm spectrum of M82. Diamonds (triangles) represent
data of 1992 January 16 (17). A two-Gaussian fit assuming the spectral com-
ponents of the [O 111] 88 pm line (Duffy et al. 1987) is also shown.
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[N 1] fine-structure emission-line fluxes is 1(122 pm)/I(205
um) = 0.7, while in the dense limit (n, 2 1000 cm~3), the ratio
tends to its thermal equilibrium value of 9.8. From the
observed [N 1] line intensity ratio, 1(122 um)/I1(205 pm) =
4.2*1-$ we derive a mean electron density of 1807333 cm 3.

Studies of both radio continuum and radio and visible emis-
sion lines in M82 have suggested the presence of two distinct
components of ionized gas, distinguished both spatially and
kinematically. While one component is associated with the
central starburst region of the galaxy, the second involves the
filamentary material observed off the plane which has been
associated with a starburst wind (McCarthy et al. 1987; Gotz
et al. 1990). Distinct spectral components of the ionized ISM in
MS82 are also evident in radio recombination lines; Seaquist,
Bell, & Bignell (1985) fitted recombination line data and
derived both broad (FWHM = 150 + 20 km s~ ') and narrow
(FWHM = 60 + 30 km s~ ) spectral components. The broad
component is spatially extended and is consistently modeled
by a filling factor of order unity and lower electron densities
than the narrow component (Seaquist et al. 1985).

As discussed in § 1, large regions of ionized gas in M82 lie
outside the central starburst region to heights of 3—4 kpc above
the plane. Considering the central region to cover only the
30” x 20" area of high obscuration (Waller, Gurwell, &
Tamura 1992), it can be expected that the 54” beam at 205 ym
will encompass some of the exterior ionized gas. Since the
physical conditions of the exterior ionized gas might differ
qualitatively from those typical of the central region, we con-
sider how much of the emission in our beam arises exterior to
the central starburst region and treat the exterior gas as a
distinct component. The fraction of ionized emission arising
from the exterior ionized gas is estimated to be ~11%, as
derived from the Ha emission maps of Waller et al. (1992) in
the following manner. A corrected Ha flux is derived from the
observed 3 mm radio continuum emission. The total 92 GHz
flux within the aperture synthesis map of Carlstrom & Kron-
berg (1991) is 0.59 + 0.09 Jy. Carlstrom & Kronberg have
shown that this flux is predominantly free-free emission, a con-
clusion further supported by Puxley et al.’s (1989) analysis of
H530 emission. It corresponds, therefore, to a total Ha line flux
of (1.2 + 0.4) x 107'5 W cm~2, assuming T, in the range (5—
10) x 103 K. While the Calstrom & Kronberg map is insensi-
tive to emission on a scale exceeding 50", the 87 GHz flux
density of 0.54 4 0.08 Jy observed within a 75” beam by Jura,
Hobbs, & Maran (1978) provides assurance that the missing
flux does not exceed the quoted measurement error.

The Ha flux within the 54” beam and exterior to the
30” x 20" central region has been summed from the CCD
image of Waller et al. (1992) and corrected for visual extinction
vased on the observed [S m]/Ha ratio and for a mean [N 1]
116548, 6584 emission contribution of 41%, to derive an
Ha flux within the beam attributable to exterior ionized gas
of 1.5 x 1071 W cm ™2 (W. H. Waller 1993, private com-
munication), or (11%3)% of the total Ho flux within the 54"
beam. Though the exterior ionized gas contributes only ~11%
to the total Ha flux, the Ha and free-free continuum flux are
proportional to n, M;, where M, is the mass of ionized gas, so
that if the exterior gas is of appreciably lower density, it may
represent a correspondingly greater fraction of the ionized
mass of the galaxy. This is true, as well, of the 122 and 205 um
flux, since the fine-structure line intensities are ocn, M; only at
densities low compared to the critical densities (300 and 40
cm 3, respectively).
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Solutions have been found for which the observed fluxes at
205 and 122 um are consistent with the 3 mm radio continuum
emission, distributed spatially as indicated by the ratio of cor-
rected Ha luminosity inside and outside the central region.
Complete ionization and an Orion elemental abundance ratio
of [N]/[H] = 6.8 x 103 (Rubin et al. 1991) are assumed. For
fractional masses of f; and f, in the exterior and central region,
respectively, and n; electron densities in the respective regions,
finy > 0.12f, n,, with the inequality reflecting the formal possi-
bility that a significant fraction of the flux in the central region
arises in lower-density gas, although that possibility is unlikely
on grounds of pressure equilibrium. We have also neglected
the smaller size of the 122 um beam in the model calculations.
The locus of solutions appears as the clear region of Figure 2.
For a given n; along the abscissa, solutions consistent with
observations exist within the indicated range of fractional
mass, and with a corresponding second component of density
n, within the limits shown. In this model, as much as 3% of the
ionized gas in M82 can have densities >1000 cm 3, while
Houck et al. (1984) used [S 1] lines to set a limit of 1%. The
model also requires a density in the low-density component in
conflict with the upper limit of 34 cm~2 which Seaquist et al.
(1985) derived from two-component models of free-free radio
opacity.

In the model described, n, of the lower density component
must be at least 50 cm ™3, in which case it comprises between
~45% and ~70% of the ionized mass, with the corresponding
n, of the higher density component between ~150 and ~ 180
cm 3. The electron density of the denser component is in all
cases 2100 cm™? while the total ionized mass, is (1.9—
3.2) x 107 M, for the entire range of solutions found.

A possible interpretation of the denser ionized gas is as an
ionized boundary layer (IBL) which coats a neutral component
illuminated by ionizing radiation. In this picture, the thickness,
w, of an ionization-bounded sheath of a cloud is related to the
flux of incident ionizing radiation by

0.85
) F ion > (1)

[pc] = 4.1 cm~* T,
Pel =" %000 K
where F; , is the flux of ionizing photons in units of 4 x 10°
cm~2 s7! a number which is representative of the local
average Galactic flux (Reynolds 1984). If 30% of the ionized
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FiG. 2—Locus of solutions for a two-component model of the warm
ionized gas in M82. The density of the higher density component is labeled n,.
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mass of 2.5 x 10’ M, is in sheets of thickness w, the area
covered by such sheets is (1.4 x 10'°)/F,,, pc?. Two possible
dispositions of such a surface area might be as the lining of
superbubbles and as the interior surface of a hollow cylinder of
molecular gas such as posited by Nakai et al. (1987).

If the IBL is a sheath lining neutral regions, we expected to
associate a comparable surface area of PDR with the ionized
layer. A PDR mass of ~3 x 107 M, and average density of
~2 x 10* cm™> have been determined from [C 1] 158 um
observations by Lugten et al. (1986). Associating the entire
PDR volume of 6 x 10* pc® with the IBL surface area, we infer
an effective PDR thickness of 4.4 x 107 °F, . pc. Tielens &
Hollenbach (1985) show that the [C n] PDR thickness is
approximately 0.1 pc for a PDR density of 2 x 10*cm ™3 and a
relatively high incident UV flux. The solution for the ionizing
flux gives F;,, ~ 2 x 10*,

We can associate the FUV field intensity with the ionizing
field intensity, G, oc F,,,, at least to first order, neglecting dif-
ferences in the luminosity function of massive stars. The
derived value of F;,, is thus consistent with an interpretation of
[C 1] and CO emission which indicates that the bulk of the
neutral ISM in starburst galaxies is exposed to UV fields of
G, > 1000 (Stacey et al. 1991), and, moreover, with the PDR
models of Wolfire, Tielens, & Hollenbach (1990), who use
ratios of fine-structure lines to determine G, = 103-9%0-3
within the central 330 pc of M82. The picture of neutral sheets
is also consistent with the low observed volume-filling factor
(~107* to 10~ 3) of the neutral gas compared with the beam
area-filling factor of ~10~' (Lugten et al. 1986). Considering
the dense ionized boundary layer as the interface between a
superbubble of hot gas and a neutral casing, the equivalent
radius of such a superbubble would be 33(F;,,) /2 kpc, or 230
pe for F;,, = 2 x 10* Since this is comparable to the size of
superbubbles evident in the LMC (Bruhweiler, Fitzurka, &
Gull 1991), it is not necessary to posit more than several such
superbubbles.

Alternatively, the expanding cylinder of molecular gas
(Nakai et al. 1987) has a radius, on the plane, ~200 pc and a
vertical extent ~ 500 pc. By equating the boundary area with
the N 1 area derived above, we obtain a reasonable ionizing
flux of F;,, ~ 1 x 10%,

While we cannot distinguish between the foregoing geome-
tries, the identification of a denser component of ionized gas
with the periphery of hot regions surrounded by neutral gas is
an appealing one. An overall ionzing luminosity of
(1.6 £ 0.5) x 10°* photons s~! is implied by the two-
component model limits discussed above, if the entire H 11 mass
is the product of photoionization.

4. COMPARISON WITH THE MILKY WAY

The ratio of the [C 1] 158 um flux reported by Stacey et al.
(1991) to the newly detected [N 1] 205 um flux is 20.0 + 3.4,
within the central 50” of M82, in comparison with a Galactic
value of 10.4 + 1.0 derived from FIRAS (Wright et al. 1991),
and lower values within the central Milky Way (Bennett &
Hinshaw 1993). Higher PDR area filling factors in M82 may
give rise to the enhanced I(158 um)/1(205 um) ratio.

The ratio of the [N 1] fine-structure line fluxes, I(122 ym)/
1205 pm) =4.2%14%, is significantly larger than the corre-
sponding Galactic value of 1.6 + 0.3, reflecting higher electron
densities within the denser ionized component in the central
kpc of M82 compared with the COBE Galactic average.
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5. CONCLUSIONS

We report a detection of [N 1] fine-structure emission in the
central 850 pc of M82. We explore the detected emission in
terms of a model in which the predominant [N 1] emission is
provided by two components of the warm ionized medium.
The density of one component could be as low as 50 cm ™2 and
account for as much as 70% of the mass of the ionized medium.
We show that the detected mass of ionized gas is consistent
with a picture either of a hollow chimney through which hot
plasma is expelled from the plane of the galaxy or of one or
several superbubbles. We look to observations of ionized

species off the galactic disk to further constrain our picture of
the ionized medium in M82.
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