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Abstract. We present submillimeter SCUBA images of the
nearby, starburst galaxies NGC 253, NGC 4631 and M82 (pri-
marily at wavelengths of 450 and850 µm). The edge-on ori-
entation of our targets, in conjunction with the resolution of
the instrument (15′′ FWHM at850 µm), allows us to probe the
optically-obscured centre and resolve the minor-axis superwind
from the main disk. For NGC 253 and M82, we detect a bright
source, a few hundred parsec in diameter, which corresponds to
the central starburst. In the case of M82, the bi-lobal nature of
the central source is suggestive of a torus or ring.

We confirm the existence of a dust outflow along the minor
axis of M82 and make a similar (but somewhat more tentative
report) for the other two galaxies NGC 253 and NGC 4631.
The scale-size of the ‘vertical’ features is 0.7–1.2 kpc. A mass
of 106−7M � is infered for the outflowing grains in M82. We
conclude that this amount of grain material could either have
accrued from an inflow along the disk (e.g. a bar) or, if the lower
mass limit applies, have been synthesized by massive stars in the
starburst. The ejected grains are probably travelling close to the
escape velocity of the host galaxy and assuming, hypothetically,
that theydo manage to breach the halo, we expect superwinds
to expel up to 10% of the dust residing in interstellar disks into
the intergalactic medium.
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1. Introduction

One of the most outstanding legacies of the Infrared Astronom-
ical Satellite (IRAS) mission was the revelation that many more
galaxies than previously thought undergo, at some point in their
history, an intensive period of star formation (probably 10–50%
of L? galaxies; Soifer et al. 1987). Thisstarburstphase, which
typically lasts no more than∼ 108 years (Leitherer 1993; Rieke
et al. 1985), can often remain inconspicuous at optical wave-
lengths due to encircling swathes of optically thick gas (Sanders
& Mirabel 1996). However, by the same token, the intense radi-
ation emitted by the newly-formed stars is reprocessed by dust
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grains to produce a bright, far-infrared (FIR) flux. Indeed, a high
FIR-to-blue luminosity ratio is usually taken to be diagnostic of
starburst activity (Soifer et al. 1987, Heckman et al. 1990).

The starburst phenomemon leaves spectacular traces on the
interstellar medium (ISM) of the host galaxy. Supernova explo-
sions and energetic stellar winds accelerate a hot plasma along
the minor axis which subsequently emits copious X-rays and ra-
dio synchrotron radiation (Chevalier & Clegg 1985). The path
of this outflow – orsuperwindas it has become known – is
most evident in the Hα (λ6584 Å) line. As the superwind ex-
pands through the halo it impinges on denser, ambient gas pro-
ducing a diffuse network of kpc-scale emission-line filaments
(see Heckman et al. 1990 for a review of this effect). In ad-
dition, the outflowing plasma appears capable, by some as yet
poorly-understood mechanism, of entraining neutral material to
a height of at least several kpc above the disk. Both molecular
and atomic gas have been observed moving outwards at veloci-
ties of several hundred km s−1 and prominent dust outflows (or
chimneys) have been detected in B-I colour images of a few
nearby, starburst galaxies (Nakai et al. 1987; Phillips 1993; Ko-
ribalski et al. 1992, Ichikawa et al. 1994). ‘Displaced’ grains
have also been detected using optical imaging polarimetry –
a technique sensitive to scattered, polarized light. In this case,
dust clouds rising several kpc above the disk behave as giant re-
flection nebulae scattering light from the starburst towards the
observer (Scarrott et al. 1991; Alton et al. 1994; Scarrott et al.
1993).

The possibility that galaxies may eject dusty, metal-rich gas
into their halos (and potentially beyond into the intercluster
medium) is more than just an intriguing sideline. Such a process
will play an integral part in galactic chemical evolution acting
as a sink for heavy elements (Eales & Edmunds 1996; Edmunds
1996). Moreover, given that we effectively see the distant Uni-
verse through a screen of foreground galaxies and clusters, it is
precisely those tenuous (but expansive) dust clouds which are
situatedbetweengalaxies that are most effective in attenuating
and reddening light from background objects (Heisler & Os-
triker 1988; Masci 1998). Confirmation of a dusty intergalactic
medium may compel us to re-interpret high-redshift photometry
and its implied cosmic star formation rates (Madau et al. 1998)
and cause us to revise our understanding of quasar aborption
systems (Malhotra 1997).
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Table 1.Basic properties of the observed starburst galaxies. Right ascension and declination are taken from the RC3 (de Vaucouleurs et al. 1991)
[note that the nuclear position is often poorly defined for edge-on galaxies due to severe dust obscuration]. The total flux densitiesF60 andF100

are derived from IRAS maps discussed in Sect. 2.4.LFIR/LB is the FIR-to-blue luminosity ratio as defined by de Jong et al. (1984) (LFIR

is the flux, in Wm−2, between 40µm and 120µm andLB is the ‘blue luminosity’, also in Wm−2, given byνFν [λ = 0.43 µ].) As a point of
reference, the typicalLFIR/LB for quiescent galaxies is 0.3 (Alton et al. 1998; Soifer et al. 1987). In the penultimate column, we adopt the
distanceD as the most commonly used value in the literature. Finally, we show the major axis size,D25, as tabulated in the RC3.

Galaxy R.A. Dec. F60 F100 LFIR/LB D D25

(1950) (1950) (Jy) (Jy) (Mpc) (arcmin)

NGC 253 00 45 05.7 −25 33 40 1055 1457 2.58 2.5 27.5
M82 09 51 45.3 +69 55 11 1500 1510 8.76 3.3 11.2
NGC 4631 12 39 41.5 +32 48 54 100.2 179.6 1.06 8.1 15.5

In this paper, we examine 3 nearby galaxies which are un-
dergoing a period of starburst activity. Submillimeter (submm)
imaging is employed to (i) reveal the distribution of dust close
to the starburst and (ii) investigate the hypothesis that large
amounts of dust and metals are being expelled from the disk.
Finally, we attempt to relate these observations to issues such
as intercluster enrichment by dust grains.

2. Observations

2.1. Object selection

Our targets were chosen on the basis of proximity and near
edge-on orientation. In this way we ensured that the minor axis
was most clearly resolved from the disk. A list was compiled of
nearby, edge-ongalaxies known, from the literature, to be expe-
riencing intense starburst activity and noted, observationally, as
having a starburst-driven superwind (usually through means of
Hα emission-line studies). Of these objects, we selected the 3
closest galaxies which were readily observable from the James
Clerk Maxwell Telescope (JCMT; declination 20◦). These tar-
gets are listed in Table 1 along with their salient properties.

Due to their proximity, the objects in Table 1 have all un-
dergone significant previous investigation. NGC 4631 is known
to possess a dramatic series of Hα ‘spurs’ which rise 16 kpc
above and below the disk (Donahue et al. 1995). Vigorous star
formation appears to be particularly prevalent in the inner3′

of this galaxy but there is also substantial activity on the east
side of the disk (Rand et al. 1992). X-ray observations with
ROSAT, plus radio continuum mapping, have revealed a diffuse
halo of hot, ionized gas extending to at least 8 kpc above the
midplane (Wang et al. 1995; Hummel & Dettmar 1990). Simi-
larly, NGC 253 is characterized by a synchrotron-emitting halo
and an outflow of hot X-ray gas from the nuclear region (Carilli
et al. 1992; Fabbiano & Trinchieri 1984)). Sofue et al. (1994)
describe NGC 253 as a ‘boiling disk’ in which numerous thin
dust streamers extend up to 2 kpc into the halo. These are driven
by intense, recent star formation – both at the centre and along
the spiral arms. In the past, M82 has been labelledthe archety-
pal starburst galaxy and has been subject to numerous multi-
wavelength studies (particular in Hα where the galaxy takes on
an ‘explosive’ appearance along its minor axis; McCarthy et al.

1987, McKeith et al. 1995. See also Bregman et al. 1995 and
Telesco 1988 for more general references). Its purported status
as the starburst paradigm is somewhat misleading – M82, with
aD25 size of 11 kpc, is considerable smaller than most starburst
galaxies. In addition, M82 posesses only a moderate global FIR
luminosity (2×1010L�; akin to our own Galaxy), although this
energy, as we shall see, emanates almost exclusively from a very
active region in the central kiloparsec.

2.2. Submillimeter observations

All three of our targets were observed in service mode between
August and October 1997 at the James Clerk Maxwell Telescope
(JCMT). The Submillimeter Common User Bolometer Array
(SCUBA) is mounted at the Nasmyth focus of the telescope and
its chief mode of operation is to provide simultaneous imaging
at 450 and 850µm for a region of sky2.3′ in diameter. The short-
wave array (450 µm) consists of 91 bolometers (HPBW=7.5′′)
whilst the longwave array (850 µm) is composed of 37 elements
(HPBW=14.7′′). In order to provide fully sampled images, the
secondary mirror moves in a 64-step jiggle pattern with the in-
tegration time lasting 1 second at each position. At the same
time, the secondary mirror chops at 7 Hz so as to remove the
reference (sky) emission. After 16 steps of the jiggle pattern, the
telescope nods in order to allow for slowly varying sky gradients.
For all our targets, we used a chop throw of3′ perpendicular
to the major axis. In addition to 450 and850 µm imaging, M82
was also observed with the array operating at 350 and750 µm.
Although the instrument is less sensitive at these wavelengths,
M82 was deemed sufficiently bright to warrant these additional
observations.

After each hour of observing, the telescope pointing was
checked against a bright point source and skydip measurements
were carried out to determine the atmospheric transparency ac-
cording to elevation. The pointing stability was< 5′′ and the
zenith opacity was typically 0.24 at850 µm (1.5 at450 µm).
During each night, Uranus was mapped at least once in or-
der to calibrate our images and determine the beam shape. The
SCUBA beam has moderate error lobes (especially at450 µm)
and, since our targets are extended sources, we corrected the
calibration in order to take account of emission outside the cen-
tral beam. The measured HPBW of the central beam is9′′ at
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Table 2.Synopsis of SCUBA observations.R.A. andDec. refer to the centre of the instrument’s field of view and define the origin for the maps
in Fig. 1.Texp is the exposure time for each bolometer in the array. The last column shows the1σ noise level in the final, unsmoothed map.

Galaxy Image centre wavelengthTexp Beamsize (FWHM) 1σ
R.A. (1950) Dec. (1950) µm (sec) (arcsec) mJy/beam

NGC 253 00 45 06.0 −25 33 40 450 2560 9 77
850 2560 15 7

M82 09 51 43.6 +69 55 00 350 640 8 158
450 1280 9 48
750 640 14 17
850 1280 15 10

NGC 4631 12 39 39.8 +32 48 48 450 1920 9 17
850 1920 15 5

450 µm and15′′ at 850 µm. We estimate an error of 10% and
25% in the calibration at850 µm and450 µm respectively.

The dedicated SCUBA software package, SURF, was used
to clean, flatfield and calibrate the images according to atmo-
spheric attenuation (Jenness 1997). SURF also facilitates a re-
duction in the final image noise by compensating for spatially
correlated sky emission across the field of view. Table 2 sum-
marizes the on-source exposure time for each target and our
achieved signal-to-noise in the final images.

2.3. Optical images

To compare with our submm maps we obtained, on request, op-
tical data for our targets from the Isaac Newton Group (ING)
archive, Cambridge. For M82, 3 frames taken at the 1.0-m
Jakobus Kapteyn Telescope (JKT) using a TEK4 1024×1024
chip, gave a combined exposure of 780 seconds in B. Similarly,
2 frames of NGC 253, using the same instrumental setup, gave a
total B-band exposure time of 1800 sec. Finally, 3 I-band frames
of NGC 4631, taken with a EEV5 1242×1152 chip (also at the
JKT), gave a total exposure time of 360 sec for this object.

The CCD data were reduced in the standard manner using
the STARLINK software package CCDPACK to perform debi-
asing, flatfielding and sky subtraction etc. To register the final
optical images with the corresponding SCUBA map, astrometry
was carried out by means of Digitized Sky Survey (DSS) data
and the Hubble Space Telescope (HST) guide star catalogue.
Positions in the HST catalogue were used to astrometrically
calibrate a DSS image of each object (which covers a larger
part of the sky than our own image). Then the calibrated DSS
image was registered with our own CCD data. We estimate that
the positional calibration of our final optical images is accurate
to1′′ (whilst the positional accuracy of our final SCUBA images
is good to3′′).

2.4. High resolution IRAS data

Resolution-enhanced IRAS images at 12, 25, 60 and100 µm
(known asHiRes) were obtained for our SCUBA targets upon
request from the Infrared Processing and Analysis Center at
Caltech (IPAC). IPAC uses modelled responses of the 62 rect-

angular survey detectors in order to enhance the resolution of
the survey data. For example, the pre-enhancement resolution at
60 and100 µm is3–5′ FWHM, whereas after processing we ob-
tain images with∼ 1′ resolution (see Rice 1993 for an indepth
discussion of this technique). The HiRes data for NGC 253
and NGC 4631 have already been presented and discussed else-
where (Alton et al. 1998a). In both cases, a bright, unresolved
FIR source located near the nucleus dominates emission from
the disk (believed to be the starburst). Similarly, HiRes images of
M82 show a bright point-like source at the centre and relatively
little emission from the rest of the disk. Spatial information is
constrained to1′ for these data (equivalent to 1–2 kpc) but our
SCUBA images, with a beamsize of9–15′′, will resolve this
region with ease.

3. Results

In Fig. 1, we show optical and submm maps of the three starburst
galaxies M82, NGC 4631 and NGC 253. The submm contin-
uum arises from dust grains heated by the stellar radiation field
(the contribution from free-free electrons is< 10% at850 µm
and even less at450 µm; Smith et al. 1990).In general, since the
450 µm data show a similar morphology to the850 µm data, we
display only the latter which has a far better signal-to-noise. In
each case, we also reproduce a contour map of the correspond-
ing beam so that a comparsion can be made between extended
structure detected from the object and the shape of the PSF. In
the following sections, maps for each of the starburst objects
are discussed in turn.

3.1. M82

In the submm regime, M82 exhibits a double lobe structure at
its centre and a network of filaments extending along the mi-
nor axis. In fact, despite the object’s near edge-on orientation,
the contours in Fig. 1 are surprisingly circular, extending al-
most as far along the minor axis as they do along the disk. The
central surface brightness at850 µm is 1.4±0.14 Jy/15′′ beam
(3.7±0.9 Jy/9′′ beam at450 µm) which is more than an order of
magnitude brighter than any emission outside the central 1.2 kpc
of the disk. This is consistent with IRAS (HiRes) images of M82
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Fig. 1a–f.SCUBA observations of the starburst galaxies M82, NGC 4631 and NGC 253. Ina, c, e we show an optical image of each galaxy
whilst in b, d, f 850 µm contours are overlaid onto the central3′ region. For both these figures and Figs. 2 and 4, we label the axes as offsets
from the centre of the instrument’s field of view (recorded in Table 2). The lowest contour is approximately5σ (50, 23 and 44 mJy/15′′ beam
for M82, NGC 4631 and NGC 253 respectively) and the separation between isophotes is 0.3 mag for NGC 4631 and 0.5 mag for M82 and
NGC 253. Using the same contour interval, we reproduce, in each case, a map of the SCUBA beam at the bottom-left of the submm figure. The
contour map for NGC 253 is also reproduced as a greyscale image in Fig. 2 in order to clarify the distribution of low and high surface brightness
regions.

which simply show a point-like source at60 µm, equivalent to
' 1′ (900 pc) FWHM (Sect. 2.4).

The detection of a central, double-lobed source has been
noted by previous submm/mm observers of M82 (see in partic-
ular the diffraction-limited450 µm map produced by Hughes et
al. 1994). The two maxima are separated by 16±2′′ (250 pc) at
both850 µm and450 µm, and are symmetrically situated either
side of the2.2 µm (dynamical) centre of the galaxy (09h 51

43.5,69◦ 55 00.7 (1950); Dietz et al. 1986). The toroidal nature
of the starburst has been known about for some time (Telesco
1988). Bi-lobal structure, attributable to limb-brightening from
an edge-on torus, has been observed in Hα (McCarthy et al.
1987), mid-IR (Achtermann & Lacy 1995) and molecular gas
(Nakai et al. 1987). We concur with Hughes et al. (1994) who
assert that the submm torus encloses the mid-IR torus (10′′ di-
ameter) but is, at the same time, itself surrounded by a ring of
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d

e

f Fig. 1a–f. (continued)

molecular gas (diameter26′′). It seems likely that the hot dust,
giving rise to the mid-IR emission, traces the most recent star
-forming activity as it propogates outwards through the dense
gas surrounding the nucleus. Indeed, in spite of severe line-of-
sight obscuration, HST images have revealed the presence of
over 100 “super-starclusters” interior to the gas torus in ques-
tion (O’Connell et al. 1995). The peak submm emission, on the
other hand, occurs at a ‘compromise’ location between the ra-
diation sources (young stars) and the greatest concentration of
dust (the gas ring).

We detect submm emission up to at least50′′ along the minor
axis of M82. Assuming a tilt of83◦ for the disk (Lynds & Savage
1963; de Vaucouleurs et al. 1991), we infer that dust grains have
escaped to at least a z-height of 800 pc. Spurs of cool dust emis-
sion have also been recorded at 2mm,450 µm and 1.3mm but not

to such large z-heights, or with as much sensitivity, as the cur-
rent observations. The presence of dust ‘above’ the disk of M82
is beyond doubt – dust streamers splaying along the minor axis
are evident in optical images (Fig. 1; see also the unsharp-mask
image in Fig. 4) and grains have also been detected by means
of scattered light (Scarrott et al. 1991 and references therein).
Spurs of molecular gas have also been discovered along the mi-
nor axis, extending from the gas torus mentioned earlier to over
0.5 kpc above the disk (Nakai et al. 1987; Loiseau et al. 1990).
Hughes et al. (1994) claim that the submm extensions in their
450 µm map correlate with the molecular spurs in such a way
that the latter appear to collimate the grains as they leave the
disk. Our own observations, which are much more sensitive and
hence cover a larger part of the minor axis, show less evidence
of a collimating effect or a “pile-up” of dust near the molec-
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Fig. 2. Inverse greyscale images of NGC 253 at 850 and450 µm. The
450 µm data have been smoothed to approximately the same resolu-
tion as the850 µm image (15′′ FWHM) for comparative purposes.
Both images are contoured at 0.5 mag intervals, starting from 230
mJy/15′′beam at450 µm and 44 mJy/15′′beam at850 µm (5 and6σ
respectively). The regions ‘A’ and ‘B’ in the lower image correspond
to areas of outflow along the minor axis. The dashed line delineates the
superwind gas previously detected in X-rays (see text for details).

ular outflow (although, otherwise, they broadly agree with the
Hughes et al. data).

3.2. NGC 4631

In contrast to the compact torus structure observed at the
centre of M82, SCUBA maps of NGC 4631 reveal several

‘hot-spots’ separated by one or more kpc. The picture that
emerges is a galaxy which is less dominated by circum-nuclear
star-formation and, indeed, previous observations in the Hα
emission-line have shown that about2

3 of the disk is undergo-
ing enhanced star-formation (Rand et al. 1992). The most active
region, associated with the outflow of X-ray gas (Fabbiano &
Trinchieri 1984) and the origin of extensive Hα filaments in the
halo, is the inner3′ covered by our SCUBA map.

The submm exhibits numerous extensions away from the
midplane; from this we infer that dust extends to a z-height of
≥ 30′′ (1.2 kpc). Images of NGC 4631 at 1.3mm exhibit similar
extra-planar structures (Braine et al. 1995) but we cannot con-
firm the reality of the most southerly extension in the Braine et
al. map (travelling up to 2.1 kpc away from the disk). The low-
est contour in the Braine et al. map is barely2σ and, therefore,
their most southerly filament must be considered doubtful. By
contrast, the extraplanar structures evident in Fig. 1 are at least
5σ and manifest themselves in each of the ‘composite’ jiggle
maps making up the final image (as well as being present at
both 450 and850 µm). Notably, the submm filaments in Fig. 1
arenotalways positionally coincident with ‘vertical’ extinction
features evident in optical images of NGC 4631 (Fig. 1). This
is not surprising given that the latter arise chiefly from opti-
cally thick material on the near side of the disk whereas submm
emission, being optically thin, probes the whole line-of-sight.

3.3. NGC 253

Our submm maps of NGC 253 show a bright, central source
and fainter emission associated with the spiral dust lanes. The
central source has a FWHM size of21′′×6.5′′ (250 pc× 80 pc),
which is comparable to the size of the starburst in M82, but does
not appear to possess a toroidal structure. The central surface
brightness is an order of magnitude greater than any other part
of the disk which explains why a dominant point source was
detected by the IRAS (HiRes)1′ beam (Sect. 2.4). A ring or
torus of molecular gas has been discovered around the nucleus
of NGC 253 (Mauersberger et al. 1996; Israel et al. 1995) which
is very similar both in real size and inapparentsize to that ob-
served in M82. Accordingly, if recent star formation were con-
centrated on the inner surface of this molecular ring, we would
expect to find a bi-lobal morphology similar to that detected in
M82. Since this is not the case, it follows that star-forming activ-
ity maynotalways routinely propogate outwards from the centre
of the starburst galaxy (consuming the surrounding molecular
gas) as has been proposed by some authors (Telesco et al. 1993;
Baum et al. 1993).

The inclination of NGC 253 (78◦; Pence 1981) is less
amenable than NGC 4631 or M82 to the detection of minor axis
outflows. A bubble of shocked, emission-line gas has, however,
been identified by McCarthy et al. (1987) at a position angle of
' 140◦ from the nucleus. In addition, Fabbiano & Trinchieri
(1984) have discovered an outflow of hot, X-ray gas (the su-
perwind) extending for about45–60′′ (∼700 pc) in the same
direction. The850 µm map in Fig. 1 shows a slight extension
at the same position angle as the purported outflow but it is not



P.B. Alton et al.: Dust outflows from starburst galaxies 57

Fig. 3.Profiles along the minor axis of NGC 253 (P.A.=135◦) at wave-
lengths of450 µm (top) and850 µm (bottom). In each case, the signal
from the object is plotted as solid circles connected by a solid line. The
corresponding beam, after normalization to the central surface bright-
ness of the object, is denoted by the dashed line. The width of the
profiles is15′′ and we use a sampling interval of3′′ along the minor
axis. For both the beam profiles at 450 and850 µm, and also for the
object surface brightness at850 µm, the errors are equal to or smaller
than the size of the plotted markers.

until we inspect the450 µm data (Fig. 2) that we infer some sort
of grain expulsion along the minor axis.

In Fig. 2 we have annotated the positions of the X-ray gas
and two dust filaments tentatively associated with outflow (‘A’
and ‘B’). Filament ‘A’ extends in the same direction as the X-ray
gas but subtends a somewhat smaller area. It is perhaps not sur-
prising that the X-ray and submm emission do not correspond
closely in shape and size for they originate from different media
(X-rays arise from the bubble of ionized gas expanding directly
out of the starburst whereas submm emission is expected from
the neutral, dusty medium which is entrained as filaments at the
superwind interface; Heckman et al. 1990). Filament ‘B’, situ-
ated on the diameterically opposite side of the starburst, has no
counterpart at X-ray or emission-line wavelengths butis remi-
niscient of a small extension detected at 1.3mm in this direction

by Kruegel et al. (1990) (the contours in the 1.3mm map, like
our own maps, are essentially elongated along the major axis,
P.A.∼ 55◦, but show a slight “pinching” in the direction of
the north-west half of the minor axis). A kpc-scale outflow of
molecular gas has also been detected on this side of the galaxy
in the 18 cm OH emission line (Turner 1985). Since the north-
west side of the galaxy is closest to the observer, it is perhaps
not so surprising that we donot detect X-ray and emission-line
radiation from region ‘B’ (due to obscuration by gas and dust
in the intervening disk). It should be stated, however, that due
to NGC 253 not being completely edge-on, there remains some
ambiguity as to whether filament ‘B’ really lies along the minor
axis or is simply part of the foreground dust lane.

We emphasize, that we have checked the shape of the
SCUBA beam at450 µm and cannot attribute either of the puta-
tive filaments ‘A’ and ‘B’ to the instrumental side lobes. In fact,
minor axis profiles presented in Fig. 3 show quite clearly that the
features in question are many times brighter than any ‘wings’
we might expect from the beam and are at least 8 times above the
level of the noise (they are also detected in each of the compos-
ite jiggle maps which go to make up the final450 µm image).
The de-projected distance of the minor axis submm emission
from the disk of NGC 253 is 500 pc. This is slightly less, but
comparable to, the size of the dust outflow in M82 (800 pc).

4. Discussion

4.1. Central starburst

One of the most noteworthy results of the IRAS mission was the
recognition that a large fraction of galaxies emit the vast major-
ity of their bolometric energy at FIR (∼ 100 µm) wavelengths
as opposed to optical wavelengths (Sanders & Mirabel 1996;
Soifer et al. 1987). Subsequent investigation of these ‘infrared-
bright galaxies’ revealed that they harboured young, massive
stars near the nucleus which were driving outflow along the
minor axis (Armus et al. 1989; Heckman et al. 1990). The spa-
tial correspondance between the intense FIR radiation and the
newly-formed stars in these starburst galaxies has always been
somewhat tenuous due to: (i) obscuration at optical wavelengths
and (ii) the poor resolution capability of FIR instruments (∼ 1′

or ∼1 kpc for even the closest starburst galaxies). Recently, Al-
ton et al. (1998a) used deconvolved IRAS observations (HiRes)
of the nearest edge-on galaxies to demonstrate that3

4 of the
60 µm radiation in starburst galaxies originates from an unre-
solved source in the inner 3 kpc of the disk. To acquire better
spatial information than this usually requires going to shorter
wavelengths. For example, Telesco et al. (1993) used mid-IR
imaging to establish a correspondance between sites of recent
star-formation andwarmdust at the centre of FIR-bright galax-
ies. Similarly, Baum et al. (1993) resorted to∼ 1′′ resolution
radio continuum observations (and the previously-established
FIR-radio correlation), to show that dust within FIR-bright spi-
rals is heated primarily by circumnuclear star-formation. In-
deed, this found to be true even if an active galactic nucleus
(AGN) was known to be present.
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Our SCUBA maps, with a resolution of10–15′′, allow us
to probe the central kiloparsec or so of these heavily obscured,
starburst galaxies. Even using the submm as a tracer, we confirm
that the central starburst plays an important rôle in the heating
of interstellar dust. Indeed, for NGC 253 and M82,1

3 of the flux
detected at850 µm originates from the young stars within the
central 0.5 kpc. Of the remaining flux, a significant proportion
arises from the dust outflow and, almost certainly, there is a con-
tribution from young stars located at larger galactic radii. The
current submm measurements are far more sensitive to cold dust
rather than the kind of warm grains (≥ 30 K) detected by IRAS
(a 6 K blackbody has its peak emission at850 µm). Given that
the warmest grains are situated at the centre of the galaxy we
would expect, therefore, that FIR imaging (λ ∼ 100 µm) carried
out at comparable resolution to SCUBA would be almost com-
pletely dominated by the central starburst. Thus, we can confirm
that, for the majority of spiral galaxies withLF IR

LB
≥ 1 (selection

criterion for the present observations), that the overwhelming
majority of FIR energy arises from the central starburst.

Finally, we note that all the sources detected in our submm
maps are clearly resolved i.e. none of the objects we have ob-
served contains an AGN which might have somehow escaped
previous detection.

4.2. Dust outflows

The submm maps presented in Fig. 1 confirm the expulsion of
dust grains from the M82 starburst. They also constitute a some-
what more tentative detection of the same phenomenon in the
galaxies NGC 253 and NGC 4631. In the case of NGC 4631, our
observations indicate that enhanced star-formation is less cen-
trally concentrated and that the outflow takes the form of numer-
ous, smaller ‘chimneys’ or extra-planar filaments. NGC 4631 is
very reminiscient of NGC 891 both in its FIR properties and its
manifestation of a more widespread, diffuse star-forming activ-
ity (Rand1996). NGC 891 has recently been observed at450 µm
and850 µm and is known to possess a multitude of ‘dust chim-
neys’ which extend, like tendrils, up to 2 kpc from the midplane
of the disk (Alton et al. 1998b). Although yet to be fully inves-
tigated, such behaviour has the appearance of a more localized
but less energetic version of the starburst superwind.

Of the 3 objects in this study, M82 has the best resolved
and most clearly identifiable dust outflow. Therefore, we adopt
this object as a ‘case study’ for the purposes of the following
sections. Issues we now intend to address are; (i) what is the
connection between the outflowing grains and the hot superwind
medium expanding along the minor axis? (ii) how much mass is
contained within the outflowing grains? (iii) what is the source
of the dust? (iv) what is the likelihood that expelled grains enrich
the intergalactic medium?

4.2.1. Schematic model

Whilst it seems clear that the high-lattitude dust in M82 has
its origin somewhere in the disk (as opposed to an infall sce-
nario which is unlikely to produce such well-defined, centrally-

Fig. 4.Unsharp-mask B-band image of M82. The850 µm contours dis-
played in Fig. 1 are superimposed in order to compare submm emission
with optical extinction features. White corresponds to the most heavily
obscured regions.

located filaments), it is not obvious whether the grains in ques-
tion are actually contained within the superwind fluid or are
dredged up from the disk by some entrainment process. On the
face of it, there is more evidence in favour of the latter scenario.
In Fig. 4, we show an unsharp-masked B-band image of M82
overlaid with850 µm contours. Apart from dust lanes within
the stellar disk (as we would expect), there is evidence from
this figure for dust ‘chimneys’ extending away from the central
starburst torus out along the minor axis. Although there is lit-
tle detailed spatial correlation between the extraplanar submm
emission and these ‘vertical’ extinction features, probably due
to differences in resolution (1′′ c.f.15′′), thereis broad agree-
ment between these two tracers of dust. In other words, we detect
submm emission from much the same region as that known to
contain minor axis dust clouds. An optical colour image (B-I)
by Ichikawa et al. (1994) shows that the vertical reddening lanes
stretch for 1.5 kpc into the halo before arching away from the mi-
nor axis and following a path approximately parallel to the disk
below. The appearance of the overall extraplanar dust structure
is, therefore, one that is reminiscient of a galactic fountain. The
superwind plasma, travelling at several 1000 km s−1 (Heckman
et al. 1990), appears to entrain at its working surface denser,
dust-rich gas. The latter is transported some distance into the
halo before being impeded by the ambient gas pressure. Within
this context, the vertical B-I filaments depicted by Ichikawa
et al. constitute a limb-brightening effect from a cone of dust
surrounding the superwind cavity. The mass that is derived for
the expelled grains (Sect. 4.2.2) is consistent with a moderately
high gas density for the medium containing the grains (∼ 1021

atoms/cm2), assuming that the intrinsic dust-to-gas ratio is not
anomalous in some way.
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Table 3. Flux densities for the dust outflow in M82. The first 4 mea-
surements (350,450,750 &850 µm) are based on the current SCUBA
observations whilst the 1300, 2000 and100 µm values are infered from
data previously published by Kruegel et al. (1990), Kuno & Matsuo
(1997) and Joy et al. (1987) respectively.

Wavelength Flux density
(µm) (Jy)

350 88.4± 22.1
450 41.6± 10.4
750 4.89± 0.49
850 6.86± 0.69

1300 2.04± 0.41
2000 0.54± 0.16
100 1340± 67

In Fig. 5, we display the proposed entrainment model. Given
that the submm emission detected along the minor axis of M82
is not solely restricted to the limb of the putative dust cone
(Fig. 4), it seems probable that the entrained material resides
within discrete filaments (rather than a homogeneous layer) ly-
ing along the conical working surface. Vertical extinction fea-
tures detected at the centre of more face-on starburst galaxies
corroborate this theory. For example, NGC 1808 is known to
possess spectacular, kpc-scale dust filaments which lie along
the edges of a cone with opening angle33◦ (Phillips 1993).
Spectroscopic studies of the minor axis confirm that a bi-conical
superwind is expanding from the starburst perpendicularly out
of the disk.

Although not marked in Fig. 5 we surmise that there are
two potential sources for the grains accelerated out of the disk.
It is possible that the dust originally flowed into the centre of
the disk along a bar (known to exist in M82; Telesco et al.
1991) or the grains were, in fact, produced by massive stars in
the starburst. Before examining either of these possibilities we
shall first attempt to measure how much dust is present in the
outflow.

4.2.2. Dust mass

Since we have observations at more than one submm wave-
length we can attempt to quantify the amount of dust contained
in the M82 outflow under certain assumptions about the grain
emissivity. We begin by smoothing the 350, 450 and 750µm im-
ages to the same resolution as the850 µm data (15′′ FWHM).
The central torus containing the starburst has a well-defined,
deconvolved size of36′′ × 9′′ across most wavebands (Hughes
et al. 1994) and, therefore, we mask this region out from all the
images. It is important to integrate emission over the same area
when comparing multi-wavelength observations. Therefore we
use a3σ contour on the350 µm map, which has the poorest
signal-to-noise, to define the ‘useful’ extent of the outflow. Ta-
ble 3 shows the flux density contained in this region at all 4
SCUBA wavelengths.

The dust mass is most accurately determined when the tem-
perature of the emission is tightly constrained. As far as pos-

★ ★
★★★

★★★

Superwind  Plasma

Stellar Disk

Dust Filaments

Fig. 5. Schematic model for the outflow in M82. The starburst (?) oc-
cupies the centre of the edge-on disk. A cone of hot, ionized gas esapes
in each direction along the minor axis (the superwind). As it expands,
dust and gas from the disk are entrained at the working surface resulting
in a network of kpc-scale filaments.

sible, therefore, we try to use previous observations of M82
in order to add further information to Table 3. At 1.3mm and
2mm respectively, Kruegel et al. (1990) and Kuno & Matsuo
(1997) have detected extensions along the minor axis associ-
ated with the dust outflow. We compare the surface brightness
recorded in each of their images at a distance21′′ above and
below the starburst with the corresponding values we observe
at850 µm. From the ratio of surface brightnesses we infer total
flux densities of 2.04 Jy at 1.3mm and 0.54 Jy at 2mm for the
region pertaining to Table 3 (this is after subtracting a contri-
bution of 20% and 57%, respectively, due to free-free electron
emission; see Hughes et al. 1990; Kuno & Matsuo 1997). Of
course, a caveat to the derivation of these values is that we have
assumed that there are no strong temperature gradients across
the dust outflow. Similarly, a minor axis scan carried out us-
ing the Kuiper Airborne Observatory (Joy et al. 1987) offers an
upper limit to the flux density at100 µm in the outflow region
(Table 3).

In Fig. 6 we have plotted the flux densities listed in Table 3
along with their associated uncertainties. We allow the spectral
energy distribution to be fitted by a blackbody curve modified
by ν ∝ 1–2 emissivity law (which is known to characterize
interstellar grains in the Milky Way; Masi et al. 1995; Reach
et al. 1995). The solid and dashed lines show the most extreme
single-temperature fits acceptable within the observational un-
certainties (β=1.5, T=37 K andβ=2, T=13 K respectively). We
cannot explain the deviation of the750 µm flux density from the
fit to the other points. We have re-examined both the calibra-
tion at this wavelength and the correction made for atmospheric
extinction. However, we find our calibration very close to the
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Fig. 6. Spectral energy distribution of dust along the minor axis of
M82. The 350, 450, 750 and850 µm data points come from the cur-
rent SCUBA observations whilst the remainder are gleaned from the
literature (see Table 3). The solid and dashed lines denote isothermal
greybody fits to the data. They correspond, respectively, to the mini-
mum and maximum dust masses which successfully reproduce the ob-
servations. We cannot explain the deviation of the750 µm data point
from the fit (see text).

canonical value and we believe that the atmospheric opacity is
well determined at750 µm.

By adopting the much-cited far infrared emissivity given by
Hildebrand (1983), and using the distances listed in Table 1, we
were able to derive dust masses for the isothermal fits in Fig. 6.
Thus:

Md =
4aρD2

3
Fν

QνBν,T
(1)

whereMd, D, a andρ are the dust mass, galaxy distance, grain
radius and grain material density respectively.Fν , Qν andBν,T

are the observed flux density, the grain emissivity and the value
of the Planck function at the frequencyν. For the grain parame-
ters we use the classical grain values given by Hildebrand. Thus
a = 0.1 µm, ρ = 3000kgm−3 and:

Qν =
3

4000

( ν

ν125µm

)
(2)

and

Qν =
3

1300

( ν

ν125µm

)2
(3)

for Qν ∝ 1 and∝ 2 respectively (and interpolative values for
intermediate power indices). Using these formulae, the implied
maximum and minimum dust masses for the outflow in M82
are1 × 107 M� and2 × 106 M� respectively.

Our limits on the dust mass, derived from the submm/mm
spectral energy distribution, span nearly an order of magnitude.
The prime reason for this is that the contribution from warm
grains (T≥ 30 K) to the long wavelength emission is poorly
constrained due to an absence of data points at< 100 µm.

Furthermore, the emissivity of dust grains in the submm/mm
regime (Qν) remains a poorly determined quantity (Hildebrand
estimates a factor of 3–4 uncertainty in the values given by Eq. 2
and 3). As a matter of expedience, we turn our attention to other
observations of the outflow in M82 in order to constrain the dust
mass,Md, still further. Molecular gas has been observed flowing
out along the minor axis of M82 over a similar region to the grain
expulsion (Nakai et al. 1987; Loiseau et al. 1990). The amount
of gas associated with the outflow is estimated to be5×107 M�
which would implyMd ∼ 5× 105 M� for a solar-type dust-to-
gas ratio. The high-z reddening present in the B-I colour map
of Ichikawa et al(1994) can also be converted to a dust mass by
assuming Milky Way type grains and a Galactic extinction law
(Bohlin et al. 1978; Xilouris et al. 1997). Ichikawa et al. record
dust reddening E(B-I)=0.1–0.3 over a 4 sq. arcmin region in the
halo which accordingly suggestsMd ∼ 4 × 105 M�. Notably,
Phillips (1993) ascribes a similar mass to the dust outflow taking
place in NGC 1808 (Md ∼ 6 × 105 M�). We emphasize that
these estimates, based on reddening and outflowing molecular
gas, are undoubtedly lower limits. The reddening calculations
assume a foreground screen of dust and neglects photon scat-
tering (whereas if dust and stars are mixed,Md will be higher
for the same amount of reddening due to scattering; Witt et al.
1992). For the outflowing gas we have neglected any atomic
component. We conclude that the reddening/molecular gas cal-
culations supply a lower mass limit of106 M� whilst a fit to the
submm/mm photometry indicates an upper limit of107 M�.

4.2.3. Origin of the ejected grains

Now that we have determined the dust mass associated with
the outflow, we are in a better position to infer the origin
of the expelled grains. We begin by estimating how much
dust the starburst will synthesize over its lifetime. We follow
Hughes et al. (1994), who have carried out a similar calcula-
tion for M82, by deriving the input of dust from massive stars
(4–16 M�) to the ISM. Within our own Galaxy (star-formation
rate SFR' 4 M� yr−1; Thronson et al. 1991), the collective
production of dust from circumstellar shells is estimated to be
0.003–0.01 M� yr−1 (Gehrz 1989; Jura 1987). Allowing for a
higher SFR in M82 (10 M� yr−1; O’Connell et al. 1995) we
expect the production rate in this case to be∼ 0.015 M� yr−1

(possibly somewhat more if the initial mass function is biassed
towards massive stars; Rieke et al. 1980). Thus, over the life-
time of the starburst (5×107 yr; O’Connell et al. 1995) a total
dust output of1 × 106 M� is anticipated. This is only com-
patible with thelower limit that we have derived above for the
outflowing grain material.

It is interesting to note that the dynamical timescale of the
dust outflow is an order of magnitude less than the lifetime of
the starburst. The velocity of the molecular gas travelling along
the minor axis is believed to be 200 km s−1 (Nakai et al. 1987).
Therefore, assuming the dust is entrained in the same neutral
material, the timescale for the grains to reach their present lo-
cation, 800 pc above the disk, is4× 106 years. The corollary to
this is that the dust must have built up in the disk and then subse-
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quently been expelled during the last 10% of the starburst phase
(it is not possible for the observed dust mass to have been syn-
thesized by the starburst during the dynamical timescale of the
outflow). Likewise, if the dust was originally transported into
the centre of the disk by some sort of nonaxisymmetric gravita-
tional stability, e.g. a bar, there must also have been some sort
of ‘pile-up’ before the expulsion phase set in. The inflow rates
towards the centre of starburst disks are observed to be no more
than about 1 M� of gas per year (Dickey 1986; Tacconi-Garman
et al. 1986; Regan et al. 1997) which amounts to∼ 107 M�
of dust over the lifetime of the bar (∼ 109 yr; Noguchi 1988;
Martin & Roy 1995) but only4 × 104 M� during the outflow
timescale. We conclude that the outflowing grains could either
have originated from the host ISM or have been synthesized by
the starburst (the latter only if the lower limit to Md is accepted)
but, in either case, there must have a long-lived period of dust
‘pile-up’ around the starburst before the outflow phase set in.

4.2.4. Intergalactic enrichment

The detection of outflowing dust in starburst galaxies raises the
intriguing possibility that a large number of stellar disks lose
grain material and metal-rich gas to the intergalactic medium
(IGM). Indeed, there is increasing evidence for diffuse dust
clouds in the environment between galaxies (Masci 1998 and
references therein) and, in the past, superwind galaxies have
been cited as a viable source of this material (Heckman et al.
1990). In short, an intergalactic dust has been proposed to ex-
plain the apparent deficit of quasars or distant clusters seen
through foreground clusters (Boyle et al. 1988; Fall & Pei 1993)
and to account for the reddening of background galaxies seen
through the extended halos of nearby galaxies (Zaritsky 1994).
Even if the expelled grains cannot escape the gravitational well
of the starburst host (and we shall attempt to answer this question
presently), dust outflows are almost certain to fulfil an impor-
tant r̂ole in the circulation of heavy elements around the disk
and may explain why cold dust appears to extend beyond the
stars in nearby spirals (Alton et al. 1998c; Xilouris et al. 1998;
Lequeux & Guelin 1996).

The question of intergalactic enrichment hinges on whether
grains are travelling fast enough to escape the gravitational field
of the disk. It is important to stress at this point that, whilst the
hot, ionized gas of the superwind is accelerated to velocities of
several 1000 km s−1 (Heckman et al. 1990), both the ambient
halo gas that it shocks (seen in Hα), and the dense, disk gas that
it entrains, are travelling much slower (few 100 km s−1). Thus,
whilst the tenuous superwind fluid itself is likely to breach the
halo and escape into the IGM, the fate of the entrained, neu-
tral gas (which we believe to harbour the extraplanar grains) is
less clear. Nakai et al. (1987) note that the outflow velocity of
the neutral gas in M82 (200 km s−1) is close to, but somewhat
larger than, the corresponding escape velocity (100–150 km−1).
Similarly, Phillips (1993) records a deprojected velocity of
400–700 km s−1 for the ambient material in NGC 1808 which is
likely to be only marginally greater than the escape velocity of
210–530 km s−1. Given the proximity of the outflow velocities

to the values required for escape, it is difficult to be sure about
the fate of the ejected grains. Furthermore, it is possible that the
high-z grains respond as much to radiation pressure (Davies et
al. 1998; Norman & Ferrara 1996) as they do to gas pressure
(as well as any poloidal magnetic fields that might be present;
Beck et al. 1994). Within this context, the outflowing dust may
decouple from the gas and its path through the halo become even
more uncertain. Lastly, we note that at least some of the vertical
extinction features evident in colour images of NGC 1808 and
M82 appear to ‘turn over’, indicating that they might reconnect
with the disk at larger galactic radii rather than escape into the
IGM.

Given, hypothetically, that the outflowing grainsdo breach
the halo and escape into the IGM, what contribution can we ex-
pect them to make to intergalactic enrichment? Well, we have
already shown that the entrained dust mass for M82,Md, lies
between106M and107M� (Sect. 4.2.2). Assuming the super-
wind attains a similar terminal velocity in all starburst galaxies,
then the rate at which material is entrained, in the more general
case, isdM/dt ∝ r?

2 (wh erer? is the radial size of the central
starburst; de Young 1986). Now,r? is found to scale asLFIR

1
2 ,

whereLFIR is the FIR luminosity (Heckman et al. 1990). There-
fore, extrapolating from the observed dust entrained in M82, we
can write for the more general case:

Md =
LFIR

LM82
106−7M� (4)

whereLM82 is the FIR luminosity for M82 (2 × 1010 L�).
In an observationally important paper, Heckman et al.

(1990) found that starburst-driven superwinds were associated
with nearly all galaxies in the local Universe characterized by
LFIR ≥ LM82 andLF IR

LB
greater than unity. Although we really

only have evidence for dust entrainment within the 3 examples
we have observed with SCUBA (and NGC 1808, for which
colour maps are available), we will assume that all galaxies
possessing a superwind entrain a dust mass described by Eq. 4.
The luminosity density of galaxies withLFIR ≥ LM82 and
LF IR

LB
≥ 1 is approximately4× 107L�Mpc−3 in the local Uni-

verse (Soifer et al. 1987; Bothun et al. 1989). Thus, the amount
of dust mass entrained in outflows per Mpc3 is 2 × 103−4M�.
Given a space density of 0.01 Mpc−3 for L? galaxies (Loveday
et al. 1992; de Lapparent et al. 1988), we infer a dust outflow
mass of∼ 2 × 105−6M� averaged over all spiral disks. Spiral
galaxies are known to contain typically5×109–1×1010 M� of
gas (Devereux & Young 1990). Thus, for solar-like dust-to-gas
ratios (150–300; Whittet 1992), we expect to find2×107M� of
dust in a typical disk. We conclude, therefore, that superwinds
couldbe responsible for transporting 1–10% of the grains found
in spiral disks up into the IGM. This conclusion, however, re-
lies, rather speculatively, on the entrained dust having sufficient
kinetic energy to leave the gravitational field of the host galaxy.

5. Summary and future observations

1. We have observed 3 nearby, edge-on, starburst galaxies
using the new submm array SCUBA (operating primar-



62 P.B. Alton et al.: Dust outflows from starburst galaxies

ily at 450 and850 µm). These objects (M82, NGC 253,
NGC 4631), are already known to possess starburst-driven
superwinds and their orientation allow us to probe both the
optically-obscured central starburst and any grain material
escaping along the minor axis.

2. For 2 of the galaxies (NGC 253 and M82),1
3 of the submm

emission arises from a resolved, central source only a few
hundred parsec across. This suggests that previous observa-
tions of starburst galaxies using IRAS (which is far more
sensitive to the presence of warm dust), were primarily de-
tecting emission from the starburst even though they were
unable to resolve it.

3. We confirm the presence of a minor axis dust outflow in M82
and make a similar, but somewhat more tentative, report for
the other two galaxies NGC 253 and NGC 4631. In all cases,
the scale-size of the ‘vertical’ features is 0.7–1.2 kpc.

4. Fitting the spectral energy distribution of grains along the
minor axis of M82, we infer a dust mass of106−7M�. We
assess the origin of these outflowing grains and conclude that
they either reached the centre via a bar-type mechanism or
were synthesized by massive stars within the starburst (but
the latter only if the lower limit to the dust mass applies).
In either case, the dust must have ‘piled up’ at the centre
prior to expulsion because the outflow timescale (4 × 106

years) is too short compared with the timescale for either
dust production (5 × 107 yr) or inflow (∼ 109 yr).

5. The grain outflow velocity is close to escape velocity and
therefore observations of the neutral gas and dust above the
disk are required to resolve the issue of whether grains enter
the intergalactic medium or not. Spectopolarimetry would
probably give the most direct and unequivocal indication
of how the grains are moving with repect to the systemic
velocity (Foley 1995). If ejected grainsdo have sufficient
kinetic energy to escape the gravitational field of the host
disk, we estimate that, on average, superwinds may trans-
port up to 10% of the grains contained in spiral disks into
the intergalactic medium. This value assumes that all super-
wind galaxies expel dust grains in a similar manner to M82
(although we have allowed for the size of the starburst by
scaling according to FIR luminosity). Submm observations
of a more extended sample of galaxies are needed to assess
whether this is strictly true.
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