
500 SMITH ET AL. Vol. 716

the primary source of silicate dust because grain destruction is
too rapid in the SN shocks (Draine & Salpeter 1979).

Elvis et al. (2002) proposed the production of dust directly
in the outflows of quasar winds. Since this initial paper there
has been considerable interest in testing the idea. Although
the black hole in M81 is currently quiescent, it may have had
some type of outburst and/ or wind in the past. The Spitzer
IRS SEDs might be just such a quantitative handle on hot,
emitting silicate dust. The above authors argued that the dust
composition depends on the composition of the initial broad
emission line clouds (BELCs) that the AGN processes. Since
the BELC composition is not well understood, the grains we
measure are at least consistent with it, and at best can be used
to work backward to study the metallicity of the BELCs. The
amount of dust that can be produced by an AGN is estimated to
be roughly Ṁ ∼ L/ L48 M� yr−1, where L is the AGN luminosity
and L48 the luminosity in units of 1048 erg s−1. If we estimate
the (unknown) prior activity of M81 to have a lifetime average
of about 1% of the Eddington limit, then L ∼ (4	 cGMBH/� )
0.01 = 5 × 1042 erg s−1, and Ṁ ∼ 5 × 10−6 M� yr−1, where G
is the gravitational constant, MBH is the black hole mass, and �
is the opacity, so that the net amount of warm dust we observe
can be assembled in a few hundred thousand years. Elvis et al.
(2002) also effectively address whether the dust, once made,
can survive. Their conclusion is that it can, at least to within the
general uncertainties of this plausibility estimate. As in the case
of SN production, a range of grain sizes would be produced but
selectively depleted of small grains by radiation and shocks. A
final key hypothesis in the Elvis et al. (2002) scheme to have
dust formation in the AGN wind is that such an outflow has a
bipolar structure. The putative 14◦ inclination of the M81 AGN
rotating disk (Devereux et al. 2003), however, is small enough
that it would be very difficult to detect a flow in our data spatially
if it were normal to the disk.

6. CIRCUMNUCLEAR STRUCTURE

The IRAC image of the nuclear region (Figure 1(b)), espe-
cially as seen at 8 µm (Band 4), shows a bright central region
with two clearly demarcated spiral “miniarms” emanating, one
in the northeast originating at P.A.∼ 30◦ and arcing clockwise
by about 90◦ (the “northern” miniarm), and another originat-
ing at P.A. ∼ 170◦ and arcing clockwise over about 150◦ (the
“southern” miniarm), apparently overlapping with the northern
miniarm (1 arcsec corresponds to 17.6 pc). At the origin of the
southern miniarm is a short stub of bright emission seen out
to about 90 pc from the nucleus. Extensions to the nucleus are
also seen at radio wavelengths. At 8.4 GHz, M81 has a small
(about 700 AU) one-sided relativistic radio jet extending to the
northeast at P.A. ∼ 55◦ (Bietenholz et al. 2000; Markoff et al.
2008). This small jet shows variability in its length and shape
over timescales of a year, including a few epochs in which small
elongation is seen at the opposite side of the nucleus, but the
major axis of the extended emission does not change direction
significantly (Bietenholz et al. 2000). The third notable fea-
ture of the 8 µm image is a distinct loop of material inside the
northern miniarm whose maximum extent occurs about 200 pc
from the center at P.A. ∼ 20◦; in addition, there are several
other wisps visible. We find no evidence in the IRAC images of
the bar-like feature in the nucleus that was reported at shorter
infrared wavelengths (Elmegreen et al. 1995).

The IRS spectrometer obtained small maps of the nuclear
region—each of the slits covered a somewhat different area.

All of them covered the inner 13.′′0 × 13.′′0 zone, however,
from which the line fluxes are extracted; we obtained them
using the CUBISM extraction routines. In particular, our earlier
discussion of the dust properties is limited to this inner 230 pc of
M81 so that the long wavelength IRS results can be compared to
the short wavelength ones, and so that both 10 and 18 µm silicate
features can be reasonably modeled together even though at
long wavelengths the pixel size is at almost three times bigger.
It is possible, however, to extract other spatial information from
larger maps, though it is restricted to those features seen in each
particular observing mode. Figure 11 contains a series of these
larger-area, single-feature extractions.

The nuclear arcs seen at 8 µm (Figure 1(b)) are clearly
apparent in the 11.3 µm PAH map (Figure 11(a)), which shows
a very close correspondence to the IRAC image (the IRS map
does not extend beyond the region shown to cover the full IRAC
image displayed). Devereux et al. (1995) obtained an image
of the nuclear region in H� emission (Figure 1(c)) that is also
remarkably similar to the IRAC image and the IRS 11.3 µm
image; in particular, it also clearly shows the two miniarms and
the loop. Possible contributions to the 8 µm IRAC image by the
7.7 µm PAH feature are modest since this feature is very weak or
absent. Together, the H� , IRAC 8 µm, and 11.3 µm PAH images
show that this structure may be a physical manifestation of a jet,
streaming, and/ or the local ionization, and not due to differential
extinction. The IRS map in [Ne ii ] (Figure 11(b)) shows a much
more limited extent to the southern miniarm, indicating that to
the south the ionizing radiation decreases sharply; its limiting
extent can also be seen where the PAH emission suddenly
weakens. The curved [Ne ii ] structure also resembles that seen
in the H� and IRAC 8 µm images. The [Ne ii ] map also shows
a stub of emission in the north corresponding to the relativistic
radio jet and the origin of the northern miniarm, but it has no
significant spatial extent. The [Ne iii ] line was mapped by IRS
but with almost three times lower spatial resolution than for
[Ne ii ]. In principle, the ratio of these two Ne lines would be
valuable tracers of the range of the hard ionizing radiation, but
the [Ne iii ] line only shows a bright and slightly extended central
peak, with only uniform, diffuse emission elsewhere.

The IRS high-resolution maps obtained complete spectra of a
region 20.′′3 × 13.′′6 (9 pixel × 6 pixel) centered on the nucleus.
From the full high-resolution spectrum of this large area, we
subtracted that of the inner region 11.′′3 × 11.′′3 (5 pixel × 5 pixel)
in the nucleus to obtain a spectrum for the gas and PAH in the
outer, rectangular zone, whose area is 3.5 × 10−9 sr. Table 2
(Column 5) lists the flux values in that outer rectangular annulus
around the nucleus. The comparatively higher ratio [Ne iii ]/
[Ne ii ] = 1.3 (it is 0.66 around the nucleus) and the higher ratio
[O iv ]/ [Ne ii ] = 0.34 (compared with the inner region value
of 0.10) suggest a higher level of ionization and/ or somewhat
higher excitation temperature in the outer region. At the edge of
an irradiated cloud, it is known that the [Ne iii ]/ [Ne ii ] flux
ratio is roughly proportional to U, the ratio of the ionizing
photon density to the hydrogen density (e.g., Voit 1992). Lower
densities in the outer volume (� nH = 104 cm−3) can also
enhance the ratio, and it may be that a combination of these is
present in this outer zone.

The H2 emission map (Figure 11(c)) in the 17 µm 0–0 S(1)
line was obtained with the IRS Long-Low module covering the
full region, and shows a remarkable “S-shaped” loop emission
structure that begins along the northern and southern miniarms.
The long slit length of Long-Low, 168′′, provides coverage
extending well beyond the central region in this one dimension,


