
�� . Tacconi-Garman et al. (2005) and Sugai et al. (2003)
detected extraplanar polycyclic aromatic hydrocarbon (PAH)
and H2 emissions, respectively, both on small scales of� 10��

along the minor axis.
We performed FIR observations of NGC 253 with the

Far-Infrared Surveyor (FIS; Kawada et al.2007) onboard
AKARI(Murakami et al.2007). The fundamental advantage the
AKARI/ FIS offers over any other previous or currently existing
instruments is a combination of its high saturation limits,
high sensitivity, and relatively high spatial resolution, which
is essential for detecting faint FIR dust emission extending to
the halo of an edge-on starburst galaxy. Hence theAKARIFIR
images of NGC 253 are expected to be much less affected by
very strong nuclear emission of the galaxy than those previously
obtained withIRASandISO.

2. OBSERVATIONS

We observed NGC 253 with theAKARI/ FIS in part of the
AKARI mission program “ISM in our Galaxy and Nearby
Galaxies” (ISMGN; PI: H. K.). The observation log is listed
in Table1. The FIS observation was performed in the special
fast reset mode called Correlated Double Sampling (CDS) mode
in order to avoid signal saturation near the nuclear region of the
galaxy. Thus �uxes were later cross-calibrated with the other
ordinary integration modes by using the internal calibration
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Table 1
Observation Log

Name R.A. (J2000) Decl. (J2000) Observation ID Date

NGC 253 0 47 33.1 −25 17 17.5 1402148 2007 Jun 21

Notes.Units of right ascension are hours, minutes, and seconds, and units of
declination are degrees, arcminutes, and arcseconds.

lamp of the FIS. A 10′ ×30′ region was covered by using one of
the FIS observation modes, FIS01, a 2-round-trip slow scan with
a scan speed of 15′′ s−1 and a cross-scan step of 240′′ between
the �rst and the second round trip. Due to limited visibility to
AKARI, NGC 253 could be observed with the FIS only once, and
therefore we could not cover the whole disk of the galaxy; the
scan passed the central part of the galaxy and the scan direction
is nearly parallel to the minor axis.

The FIR images were processed from the FIS Time Series
Data (TSD) by using theAKARI of�cial pipeline developed
by theAKARI data reduction team (Verdugo et al.2007). The
images were further cleaned by removing the aftereffects of
cosmic-ray hits and the latency of the illumination of the inter-
nal calibration lamps with the algorithm developed in Suzuki
(2007) and Suzuki et al. (2009), where the correction for the
variations of detector responsivity was also performed. Any
residual nonuniformity of the responsivity within the detector
arrays was carefully removed by assuming spatially �at blank
skies near both ends of the scan, which are far enough from the
galactic disk.

With the FIS, we obtained N60 (centered at a wavelength
of 65 μm with the effective band width of 22μm), WIDE-S
(90μm with 38μm), WIDE-L (140μm with 52μm), and N160
(160μm with 34μm) band images. The two narrowbands, N60
and N160, however, suffer ghost image problems originating
from the very bright central source (Kawada et al.2007). They
also have relatively low S/Ns for detecting halo emission. Since
our purpose is to �rmly detect dust in the halo and estimate
its temperature and mass, but not to discuss the spectral energy
distribution of the dust emission, we below concentrate on the re-
sults of the two widebands, WIDE-S and WIDE-L, for which 5σ
detection limits in the above observation mode are 0.7 and 1.2 Jy,
respectively. Nevertheless, the nuclear source was so extremely
bright that it may have been somewhat affected by instrumental
effects. Hence, in this Letter, we do not discuss any detailed
spatial structure of FIR emission near the nuclear region.

3. RESULTS

Figure1 shows the WIDE-S (90μm) and WIDE-L (140μm)
images of NGC 253 obtained with theAKARI/FIS. Note that
the spatial coverage of the WIDE-S image is relatively small
and shifted as compared to that of the WIDE-L image due to
the difference in the �eld of view between the corresponding
detector arrays. The background sky levels are estimated by
averaging surface brightness of nearby blank sky in four regions
with the area of 95′′ × 95′′ for each, where two in the south and
two in the north with respect to the disk are selected to avoid
any overlap with faint extended emission from the galaxy, and
then subtracted from the images. Background �uctuation levels
are also estimated from these regions, which are approximately
0.6 MJy str−1 for both band images. We have applied boxcar
smoothing with the width of 57′′ to both band images in order
to bring out low surface brightness emission in the halo. The
resultant spatial resolution is still signi�cantly higher than the

Figure 1. FIR images of NGC 253 obtained with theAKARI/FIS in the WIDE-
S and WIDE-L bands at the central wavelengths of 90μm and 140μm,
respectively. The contours are drawn at surface brightness levels of 10, 20, 40,
80, 160, 320, 640, 1280, and 2560 MJy str−1 (the last one is only for WIDE-S).

actual resolution (∼ 180′′) of the ISOmap of NGC 253 (Melo
et al.2002).

As can be seen in the �gure, we clearly detect FIR dust
emission extended in the halo of the galaxy at both wavelengths.
In the 90 μm image, there are two �lamentary components
extending from the galactic disk up to 9′ or 9 kpc and 6′ or 6 kpc
by adopting the distance of 3.5 Mpc (Rekola et al.2005), in
the northern and northwestern directions; the former is clearly
seen also in the 140μm image. TheISOimage showed excess
emission in the northern direction, probably corresponding to
the former component (Radovich et al.2001). However, we do
not see any star-like patterns centered at the nucleus as seen in
theIRASandISOimages (Radovich et al.2001). Instead, dust
halo emission is highly suppressed in the southern part of the
galaxy, and thus there is a signi�cant difference in the spatial
distribution of dust emission between the northern and southern
halo regions.

In Table2, we derive the �ux densities of the center, halo 1,
and halo 2 regions, the positions of which are given in Figure1,
by integrating the surface brightness within a circular aperture
diameter of 4′ in each band image of Figure1. Since the aperture
size is suf�ciently large, we do not consider aperture corrections.
Instead we consider the �ux uncertainties including both sys-
tematic effects associated with the FIR detectors and absolute
calibration uncertainties, which are estimated to be no more
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Table 2
Flux Densities of the Nuclear and Halo Regions of NGC 253

Band Centera Halo 1 Halo 2
(Jy) (Jy) (Jy)

AKARIFIS WIDE-S 90μmb 1200 ± 240 9.5 ± 1.9 18 ± 3.6
AKARIFIS WIDE-L 140μm 1300± 390 26± 7.8 38 ± 12
IRAS100μmc 949 25.5
ISO180μm 607 28.3

Notes.
a The positions of the regions are indicated in Figure1.
b TheAKARI�ux density errors include both systematic effects associated with
the FIR detectors and absolute calibration uncertainties.
c TheIRASandISO�ux densities are taken from Radovich et al. (2001).

than 20% for WIDE-S, and 30% for WIDE-L (Kawada et al.
2007). The values obtained with theAKARI/FIS in Table2show
overall agreements with theIRASand ISO results (Radovich
et al.2001); as for the �ux densities in the center region, our re-
sults show slightly higher values than those withIRASandISO,
even though the latter �uxes were obtained with twice larger
aperture size (8′). ForISO, the discrepancy will be probably due
to the effect of the signal saturation (Melo et al.2002).

For the emissivity power-law index ofβ = 1, the ratios of the
WIDE-S to the WIDE-L �ux density correspond to the temper-
atures of FIR dust of 31 K, 20 K, and 23 K for the center, the
halo 1, and the halo 2 region, respectively, which are averaged
over the circular aperture of the diameter of 4′. We calculate
dust mass by using the equation (e.g., Hildebrand1983)

Md =
4aρD2

3
Fν

QνBν(T )
, (1)

whereMd, D, a, andρ are the dust mass, the galaxy distance,
the average grain radius, and the speci�c dust mass density,
respectively.Fν , Qν , andBν(T ) are the observed �ux density,
the grain emissivity, and the value of the Planck function at the
frequency ofν and the dust temperature ofT. We adopt the grain
emissivity factor given by Hildebrand (1983), the average grain
radius of 0.1μm, and the speci�c dust mass density of 3 g cm−3.
We use the 90μm �ux densities in Table2 and the above dust
temperatures. The dust masses thus derived from the halo 1 and
halo 2 regions are 1.1×106 M� and 9.1×105 M�, respectively.
We should note that the FIS is insensitive to colder dust emitting
predominantly at submillimeter wavelengths (e.g., Alton et al.
1999). Hence the above dust masses are considered to be lower
limits to the real dust mass contained in these regions. These
dust masses are, however, still unlikely to make a signi�cant
contribution to the total dust mass, 3.5 × 107 M�, integrated
over the whole galaxy of NGC 253 (Radovich et al.2001).

Figure2gives theROSAT/PSPC X-ray (0.1–2.4 keV) contour
map of NGC 253 overlaid on the WIDE-S image, where a
spatial correlation between the X-ray and FIR images can be
recognized. Hα emission in the halo of NGC 253 is very
similar in morphology to the diffuse X-ray emission (Strickland
et al. 2002). More recentXMM-NewtonX-ray data revealed
very similar distribution in the 0.5–1.0 keV band resembling
a horn structure (Bauer et al.2008). The X-ray halo emission
is neither spatially nor spectrally uniform; the southern halo is
softer than the northern halo (Bauer et al.2008). From its spatial
coincidence with the X-ray plasma out�ow, the extented FIR
emission is very likely to represent out�owing dust entrained
by superwinds. The PAH emission extends toward the halo 1
direction in a 0.1 kpc scale from the disk (Tacconi-Garman et al.
2005), while several galaxies show extraplanar PAHs extended

Figure 2. Top: ROSAT/PSPC X-ray (0.1–2.4 keV) contour map of NGC 253
overlaid on the WIDE-S (90μm) image with the same color levels as in Figure1.
The contours are drawn at surface brightness levels of 1.6, 3.0, 4.4, 5.8, 9.3,
and 12.8 × 10−3 counts s−1 arcmin−2. Bottom: HI contours overlaid on an
Hα image, same as Figure 3 of Boomsma et al. (2005), but with the circular
apertures in Figure1 added.

up to several kpc scales (e.g., Irwin & Madden2006; Whaley
et al.2009); the PAHs might have been similarly ejected from
the disk. The extraplanar HI is found only in the northern half of
the galaxy (the bottom panel of Figure2; Boomsma et al.2005),
where its mass is estimated to be 8× 107 M�, giving a dust-
to-gas mass ratio� 1/40 in the northern halo, somewhat higher
than the ratio for the whole galaxy∼1/70 (Radovich et al.2001).
From the synchrotron radio measurements of the halo of NGC
253, Heesen et al. (2009) showed that the cosmic-ray transport
is convective and more ef�cient in the northern halo, while it is
diffusive in the southern halo, which can explain the different
amounts of extraplanar HI, Hα, dust, and soft X-ray emission
between the northern and the southern halo.

For the sputtering time of dust grains with the size of
0.1 μm embedded in the hot plasma, theXMM-NewtonX-ray
observations indicated 4–30 Myr from the plasma density
between 2.5 × 10−2 cm−3 in the out�ow close to the center
and 3.2 × 10−3 cm−3 out in the northwestern halo (Bauer
et al. 2008). Hence, if we assume that the observed dust is
homogeneously mixed in the hot plasma, an averaged dust
out�ow velocity must be in a range of 300–2000 km s−1 in order
for the dust grains to reach their present locations, 9 kpc above
the disk (halo 1), during the sputtering destruction timescale.
Since the escape velocity is estimated to be 280 km s−1 from
the galaxy rotation speed of NGC 253 (Heesen et al.2009), the
dust would then be escaping from the gravitational potential of
NGC 253. However, we should note that the dust entrained in
the superwind is likely in dense clumps and thus may not all get
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Figure 3.WIDE-S (90µm)/ WIDE-L(140µm) ratio map of NGC 253 overlaid
on the WIDE-S contour map with the same contour levels as in Figure1.

sputtered away at the same rate as in the above homogeneous
scenario (e.g., Tacconi-Garman et al.2005).

There appears to be a difference between WIDE-S (90µm)
and WIDE-L (140µm) in spatial structure of the dust halo
emission (Figure1), which suggests that the dust temperature
is not uniform in the halo. In Figure3, we calculate the ratios
of surface brightness at 90µm to that at 140µm. We adjust
the peak positions of the images precisely by interpolating data
between pixels so that they can coincide within the accuracy
of 1�� before the calculation. In dividing the images, we use the
heavily smoothed images of Figure1, whereby we reduce the
effects of differences in the beam size between the WIDE-S
(FWHM: 39��) and WIDE-L (58��) bands (Kawada et al.2007).
The area in the WIDE-L image with brightness levels lower than
4.0 MJy strŠ1 that is about seven times larger than the above
background �uctuation is masked. As a result, the ratio map in
Figure3 reveals that the temperatures of the dust in the halo are
signi�cantly lower than those in the nuclear and disk regions.
More interestingly, the ratio map suggests that the temperatures
of the dust in the halo 1 and halo 2 regions are getting higher
in the regions far away from the disk. By assuming� = 1,
again, the maximal ratios correspond approximately to the dust
temperatures of 48 K for the center region, 33 K for the halo 1,
and 31 K for the halo 2 regions, while the dust temperatures
elsewhere in the halo are below 20 K. Uncertainties in the
temperature for the halo 1 and halo 2 regions originating from
the errors of surface brightness are about 2 K, and thus the
increase in the temperature is signi�cant.

The excess dust in the halo is more or less heated by stellar
UV photons propagating up from the disk of NGC 253. Figure3
implies that there exist extra dust heating sources in the halo of
the galaxy in addition to the stellar photons coming from the
disk. As seen in Figure2, the high-temperature region in the halo
1 of Figure1 spatially corresponds to the border between the HI
plume (Boomsma et al.2005) and the X-ray halo emission (e.g.,
Bauer et al.2008), which may re�ect that the dust in the halo 1
is heated by shock through interaction between the X-ray super-
wind and pre-existing HI halo clouds as proposed by the model
(a) of Strickland et al. (2002). In contrast, no corresponding HI
structures have been found near the high-temperature region in
the halo 2 (Figure2), and thus we may have to seek another
heating mechanism for the dust in this region, where there is
enhancement in the X-ray emission; one possibility is that the
dust may be heated up to higher temperatures through collisions
with plasma electrons (Dwek1986).

4. CONCLUSIONS

With the AKARI/ FIS, we clearly detect FIR dust emission
extended in the halo of the edge-on starburst galaxy NGC
253. We �nd that there are two �lamentary emission structures
extending from the galactic disk up to 9 kpc in the northern and 6
kpc in the northwestern direction. From its spatial coincidence
with the X-ray plasma out�ow, the extended FIR emission is
very likely to represent out�owing dust entrained by superwinds.
The temperatures of the dust in the halo are getting higher in the
regions far away from the disk, implying that there exist extra
dust heating sources in the halo of the galaxy other than stellar
UV photons from the disk.
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