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ABSTRACT
We observed the nearby starburst galaxy NGC 253 in the mid-infrared to obtain a three-dimensional

data set with arcsecond angular resolution and 0.2 km spectral resolution. The observations show the
major spectral features in the upper half of the mid-IR window: the 11.3 km polycyclic aromatic hydro-
carbon (PAH) line and the 12.8 km [Ne II] line as well as the broad silicate absorption feature at 9.7
km. We use the [Ne II] line to determine the emission measure of the ionized gas, and in combination
with radio observations to predict the thermal and nonthermal contributions to the radio continuum.
The amount of ionized gas is related to the rate of star formation. Based on the mid-IR spectra, we
identify three major components in the nucleus of NGC 243 : an AGN in the center of the galaxy, a
superÈstar cluster also seen in optical images, and a larger scale di†use envelope composed of an older
population of supernova remnants and lower mass stars.
Subject headings : galaxies : individual (NGC 253) È galaxies : starburst È galaxies : star clusters

1. INTRODUCTION

The galaxy NGC 253 is a nearby (D3 Mpc) Sb/Sc spiral
with an active starburst nucleus. Previous near and mid-IR
imaging and spectroscopy suggest several components in
the starburst nucleus (Rieke & Low 1975 ; Wynn-Williams
et al. 1979 ; Rieke et al. 1980 ; Beck & Beckwith 1984 ;
Lebofsky, Montgomery, & Kailey 1985 ; Scoville et al. 1985 ;
Turner & Ho 1985 ; Antonucci & Ulvestad 1988 ; Rieke,
Lebofsky, & Walker 1988 ; Ho et al. 1989 ; Ho, Beck, &
Turner 1990 ; Forbes, Ward, & DePoy 1991 ; Roche et al.
1991 ; Ulvestad & Antonucci 1991, 1994, 1997 ; Pina et al.
1992 ; Keto et al. 1993 ; Carral et al. 1994 ; Sams et al. 1994 ;
Kalas & Wynn-Williams 1994). Most of the emission
derives from an extended envelope, of about 100 pc scale,
which deÐnes the extent of the IR nucleus, but a signiÐcant
fraction of the IR power is contained in two bright peaks
separated by 3A. The weaker of these peaks is identiÐed with
the center of the galaxy, based on a coincidence in position
with a bright nonthermal radio point source (Turner & Ho
1985). The brighter IR peak does not have an obvious radio
counterpart, and its nature has been enigmatic. More recent
observations with the Hubble Space Telescope (HST ) have
identiÐed a bright optical star cluster at the position of this
IR peak (Watson et al. 1996). In the optical, the star cluster
appears similar in size and brightness to the superÈstar clus-
ters seen by the HST in a wide range of starburst environ-
ments (Holtsmann et al. 1992 ; Benedict et al. 1993 ;
Whitmore et al. 1993 ; Conti & Vacca 1994 ; Shaya et al.
1994 ; Barth et al. 1995 ; Bower & Wilson 1995 ; Whitmore
& Schweizer 1995 ; Meurer et al. 1995).

We observed NGC 253 with a mid-IR camera in order to
measure the 12.8 km [Ne II] line. The [Ne II] line is useful
because it is directly related to the emission measure of the
ionized gas, which in turn can be used to estimate various
quantities such as the number of ionizing photons and the
number of massive stars. This paper reports our obser-

vations and derives some quantities useful for understand-
ing the starburst in NGC 253.

2. OBSERVATIONS AND DATA ANALYSIS

We observed the nucleus of NGC 253 with the mid-
infrared imaging camera MIRAC2 (Ho†man et al. 1993,
1998) mounted on the 3 m telescope at the Infrared Tele-
scope Facility (IRTF),1 on 1995 December 8 and 9. We used
a circular variable Ðlter (CVF) with a spectral resolution of
about 2% to make a sequence of 24 images separated in
wavelength by about 0.2 km across the mid-IR window.
Combined, these images give us a spectrum at each spatial
pixel with a spectral resolution sufficient to identify the
major features in the mid-IR window: the 8.6 km polycyclic
aromatic hydrocarbon (PAH) line, the 9.7 km silicate
absorption feature, the 11.2 km, PAH feature, and the 12.8
km [Ne II] line. The angular resolution was seeing limited
at about 1@@ with a plate scale of 0.31 ] 0.31 arcsec2 pixel~1.
We used one-quarter of the 128 ] 128 pixel array for each
of 4 beam positions in a square nod-chop pattern resulting
in a 20@@] 20@@ Ðeld of view. The observations are calibrated
for absolute Ñux and position.

Observations with the CVF were made at the following
wavelengths : 7.68, 7.79, 8.01, 8.24, 8.35, 8.60, 8.86, 9.00, 9.14,
9.27, 10.86, 11.04, 11.23, 11.42, 11.62, 11.81, 12.01, 12.21,
12.41, 12.61, 12.81, 13.01, 13.21, and 13.42 km. The Ðlter has
a triangular bandpass with a spectral resolution of about
0.102 km FWHM at the short-wavelength end of the
mid-IR window and a resolution of 0.215 km at the long-
wavelength end. We used discrete wavelength Ðlters with a
10% bandpass in the center of the mid-IR window, 9.8 and

1 The NASA Infrared Telescope Facility is operated by the University
of Hawaii under contract with the National Aeronautics and Space
Administration.
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10.3 km, where the emission is relatively weak, because the
wider bandpass provides for a better signal-to-noise ratio.
The data between 7.6 and 13.4 km were interpolated to a
uniform bandwidth of 0.2 km. Additionally we observed the
galaxy at 20.2 km with 10% resolution.

The images were calibrated by comparison with the
spectra of standard stars published by Cohen et al. (1995).
The images have been corrected for Ñat Ðeld and bad pixels
by standard techniques (Ho†mann & Hora 1997). We
remove the e†ect of atmospheric absorption by Ðrst Ðtting
for the atmospheric extinction, and second by correcting for
the extinction. The Ðtting is possible because the atmo-
spheric transmission varies with wavelength, and therefore
the shape of the spectra in our measurements of the stan-
dard stars depends on the extinction. Comparison of the
measured shapes with the expected shapes above the atmo-
sphere (Cohen et al. 1995) for our calibrator stars b And and
b Peg gave optical depths of 1.40 and 1.35 times the zenith
optical depth of the model atmosphere (Cohen et al. 1995),
implying an uncertainty of 5%, At each wavelength, we use
this optical depth and the atmospheric model to correct the
counts of our standard stars and the galaxy to above the
atmosphere. Once above the atmosphere, we can smooth
the channel-to-channel noise in our measurements of the
calibrator stars to improve the signal-to-noise ratio. We
then calibrate each of our galaxy images at the di†erent
wavelengths separately, taking into account the transmis-
sion function of the Ðlter used. The rms noise in each image
provides an estimate of the relative uncertainty within the
image : about 30 mJy arcsec~2 for the longer wavelengths
and 100 mJy arcsec~2 for the wavelengths less than 9 km.
The di†erence in the noise levels is due to changing weather
conditions.

Our data show a total 12.4 km Ñux of 20 Jy within a 0.2
km bandpass, almost twice the Ñux density from our pre-
vious observation made at 12.5 km with a bandpass Ðlter of
1.25 km (Keto et al. 1993). The di†erent bandpasses coupled
with the feature-rich mid-IR spectrum will account for some
of the di†erence. But our previous experience with mid-IR
calibration suggests that a more signiÐcant source of uncer-
tainty is in the strengths of the calibrator stars, particularly
when viewed with the di†erent bandpasses used by di†erent
instruments. Use of the new calibration spectra of Cohen et
al. (1995) should help improve mid-IR calibration because
these standard spectra can be convolved with any instru-
mental Ðlter function to derive appropriate calibrator Ñuxes
for a particular instrument.

The brightest mid-IR peak was assigned the position that
we had previously measured for this feature by o†setting to
nearby stars (Keto et al. 1993). The position of this peak has
also been measured in the near-IR (Kalas & Wynn-
Williams 1994). Based on these previous measurements, the
absolute positional accuracy (3 p) is about an arcsecond.

Figures 1È4 show the images of NGC 253 in the o†-line
bands around 12.8 km, the [Ne II] line at 12.8 km, the 11.3
km PAH line, and the 20.2 km continuum. The 12.8 km
o†-line image (Fig. 1) is the average of the Ðlter bands at 12.4
and 13.2 km which are on either side of the [Ne II] line. The
di†erence of the band at 12.8 km and the averaged o†-line
bands is the [Ne II] image (Fig. 2). Although the o†-line
band measures the emission on either side of the [Ne II]
line, the level of the dust continuum is uncertain because of
PAH emission across the mid-IR window. A recent ISO
spectrum shows that in at least one galaxy, Circinus, there is

FIG. 1.ÈAverage of the emission from the Ðlter bands at 12.4 and 13.2
km. This approximates the o†-line or continuum emission at 12.8 km, the
location of the [Ne II] line. The lowest 10 contour levels are in steps of
0.075 and 0.15 Jy arcsec~1 thereafter.

a broad feature of enhanced emission longward of the deep
silicate absorption feature (Moorwood et al. 1996). If a
similar feature is present in NGC 253, then because this
feature is so Ñat and much broader than the 12.8 km [Ne II]
line, subtracting the o†-line bands from the band at 12.8 km
will still yield the [Ne II] line emission. The contribution of
PAH emission to the on-line band is also uncertain. For
example, our spectral resolution does not allow us to
separate the 12.7 km PAH feature from the 12.8 km [Ne II]
line. There might be some contribution from this PAH
feature in our [Ne II] image.

We can identify three spectrally distinct components in
the nucleus : the two small, bright sources and the surround-

FIG. 2.È[Ne II] line emission at 12.8 km. This image is formed from the
di†erence of the emission in the 12.8 km Ðlter band and the o†-line emis-
sion in Fig. 1. The contour levels are in steps of 0.075 Jy arcsec~1. Dashed
lines indicate negative contours.
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FIG. 3.ÈPAH emission at 11.3 km. This image is formed by averaging
the bands at 11.2 and 11.4 km and subtracting the average of the bands at
11.0 and 11.6 km. The contour levels are in steps of 0.075 Jy arcsec~1.
Dashed lines indicate negative contours.

ing envelope of lower level emission. Figures 5È7 show
spectra from single pixels at the position of the center
of the galaxy decl.(1950)\[R.A.(1950)\ 00h45m5A.81,

and the star cluster [R.A.(1950)\[25¡33@38A.8]
and a spectrum00h45m5A.63, decl.(1950)\[25¡33@40A.5],

from the envelope at a position east of the star cluster and
south of the center of the galaxy [R.A.(1950)\ 00h45m5A.74,

Based on their coincidence indecl.(1950)\[25¡33@40A.6].
position, the brightest IR source to the southeast is the
superÈstar cluster identiÐed in the optical (Watson et al.
1996). The fainter IR source to the northwest is the center of
the galaxy identiÐed by its extreme nonthermal radio emis-
sion (Turner & Ho 1985 ; Ulvestad & Antonucci 1997). The
third component is the larger scale envelope. The spectra

FIG. 4.ÈEmission at 20.2 km. The lowest 10 contour levels are in steps
of 0.14 Jy arcsec~1 and 0.28 Jy arcsec~1 thereafter.

FIG. 5.ÈSpectrum at decl.(1950)\R.A.(1950)\ 00h45m5A.81,
the position of the center of the galaxy. Note the PAH[25¡33@38A.8,

emission feature at 11.3 km and the [Ne II] line at 12.8 km.

show the [Ne II] line at 12.8 km, the 11.3 km PAH feature,
and the 8.6 km PAH feature. Because the quality of the data
below 9 km is poorer, about 100 mJy arcsec~2 versus 30
mJy arcsec~2 at 12 km, we do not use the 8.6 km feature in
our analysis. The spectra and the images show that the
ratios [Ne II]/continuum and 11.3 km PAH/continuum are
di†erent in each of the three components, suggesting that
these di†erent regions have di†erent IR properties, that is,
di†erent mixtures of molecular, atomic, and ionized gas and
dust. Since the state of the gas depends on the quantity and

FIG. 6.ÈSpectrum at decl.(1950)\R.A.(1950)\ 00h45m5A.63,
the position of the star cluster. Note the PAH emission[25¡33@40A.5,

feature at 11.3 km and the [Ne II] line at 12.8 km.
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FIG. 7.ÈSpectrum at decl.(1950)\R.A.(1950)\ 00h45m5A.74,
a position in the envelope west of the star cluster and south[25¡33@40A.6,

of the center of the galaxy. Note the PAH emission feature at 8.6 and 11.3
km and the [Ne II] line at 12.8 km.

hardness of the radiation heating it, these regions quite
probably have di†erent underlying power sources.

From the three images one can pick out other sources.
For example, in the [Ne II] image (Fig. 2), the radio point
source which marks the exact center of the galaxy is at the
east (left) end of the small east-west bar of emission north of
the star cluster. Either the emission associated with the
center of the galaxy is extended, or there is another source
to the west of the center of the galaxy between the center
and the star cluster. The latter possibility is suggested
because the western (right) end of the small bar becomes
progressively brighter at longer wavelengths while the
eastern (left) end fades. This results in the apparent
wavelength-dependent position for this feature (Kalas &
Wynn-Williams 1994). Nonetheless, in this paper we will
analyze the three easily distinguished sources.

Table 1 gives the positions, sizes, and Ñuxes of the three
components. The Ñuxes for the three components are
derived by Ðtting three Gaussians simultaneously to an
image of the spectral feature. At any position there is a sum
of IR emission from the three di†erent components. So, for
example, in Table 1, the 12.8 km continuum emission from

the center of the galaxy is quite weak because most of the
emission at that position is assigned to the underlying
envelope component. However, the 12.8 km [Ne II] line at
the center of the galaxy is best Ðtted by a narrower com-
ponent, implying little [Ne II] contribution from the
envelope.

We estimate the upper limit of the optical depth at 9.8 km
as q\ [ ln We derive the(S9.8 km measured/S9.8 km continuum).
9.8 km continuum by measuring the slope of the emission
between 20.2 and 12.8 km and extrapolating to 9.8 km. The
reason we do not use our measurements around 8 km to
determine the slope is that this region of the mid-IR spec-
trum is known to be signiÐcantly inÑuenced by the 8.6 and
7.7 km PAH features. Our estimate of the optical depth is
an upper limit because there may also be PAH emission in
the 12.8 and 20.2 km bands. For example, in an extreme
case, the silicate absorption feature would be negligible if
the measured 9.8 km emission indicates the continuum level
and the increased emission at 12.8 km is due solely to PAH
emission (Dudley & Wynn-Williams 1993, 1997).

3. DERIVED QUANTITIES

The [Ne II] line emission is directly related to the emis-
sion measure, of the ionized gas, which in turn can ben

e
2 l,

used to predict a number of quantities including the thermal
radio continuum emission, the number of ionizing photons
required to maintain the ionization, the number of O stars
required to produce the ionizing photons, and the mid-IR
continuum expected from the ionizing photons.

The [Ne II] Ðne-structure line at 12.8 km is a two-level
system between the and the states. The intensity2P3@2 2P1@2depends on the number of atoms in the upper state,
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cdensity, and the critical density of [Ne II]. The number
abundance of Ne relative to H is with WecNe, cH` \ 104.
use We use the mea-T

e
\ 104, cNe\ 0.83, n

c
\ 3.6] 105.

sured width of the [Ne II] line, which at our low resolution

TABLE 1

MEASURED QUANTITIES

Sizeb 11.3 PAH 12.8 Continuum 12.8 Ne II 12.8 Continuum
Component R.A.a (1950) Decl. (1950) (arcsec2) q9.8 kmc (Jy) (Jy) (Jy) (Jy)

Star cluster . . . . . . 00 45 05.63 [25 33 40.5 1.5 ] 1.5 0.8 (0.06) 0.18 (0.02) 4.3 (0.02) 1.8 (0.02) 10.8 (0.04)
Center . . . . . . . . . . . 00 45 05.75 [25 33 38.8 2.4 ] 2.0 0.3 (0.05) \0.02 (0.02) 3.0 (0.01) 2.0 (0.02) 6.3 (0.03)
Envelope . . . . . . . . 00 45 05.78 [25 33 38.8 11.6 ] 3.9 0.6 (0.01) 4.9 (0.01) 12.6 (0.01) 11.5 (0.01) 35.9 (0.01)

NOTEÈUnits of right ascension are hours, minutes, and seconds ; units of declination are degrees, arcminutes, and arcseconds.
a Position uncertainties are 0A.5.
b Size uncertainties are Sizes were measured in the 12.8 km continuum.0A.3.
c q\ [ ln (9.8 km/12.8 km continuum) ; 1 p uncertainties follow in parentheses. The uncertainty is based on the noise in the maps. However, the absolute

Ñux calibration may have a 3 p error of 25%.
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was a little broader, 0.25 km, than the CVF bandpass of 0.2
km. We assume that the electron density is low enough that

and we assume that the [Ne II] line is opti-n
c
/(n

e
] n

c
)D 1,

cally thin. Table 2 shows the emission measure for our three
selected components in NGC 253. With these assumptions,

n
e
2 l(pc cm~6)\ 7.0] 106INe II

(Jy arcsec~2)
] (*jFWHM/0.25 km) . (3)

The [Ne II] optical depth can be estimated from the
intensity by substituting with appropriate constants forB12and for times the ratio of the transition rates,A21 n2, n1downward over upward. Assuming an electron density of
1000 cm~3, the optical depth in the [Ne II] line is much less
than unity, about 0.001 for all three components. Because
the upward collision rate varies linearly with density, the
optical depth, for a given brightness, varies inversely with
the unknown electron density. That is, if we assumed a
lower electron density, say 100 cm~3, the optical depth
would be a factor of 10 higherÈstill much less than unity.
This low optical depth implies that the [Ne II] line is not
a†ected by self-absorption.

The emission measure is directly related to the thermal
radio continuum. At 5 GHz the optical depth in the free-free
continuum (Mezger & Henderson 1967),

qff\ 8.2] 10~2
AT

e
K
B~1.35A l

GHz
B~2.1A n

e
2 l

cm~6 pc
B

, (4)

is less than 0.001 at all positions if the temperature of the
ionized gas, is 104 and less than 0.02 forT

e
, T

e
\ 5000.

Using the optically thin approximation, the brightness tem-
perature or, in Ñux units,T

b
\T

e
qff, S5 GHz(Jy)\ 1.6
The predicted 5 GHz radio continuum,] 10~2S*Ne II+(Jy).

assuming for our three components is presented inT
e
\ 104,

Table 2.
Using the thermal free-free radio continuum predicted by

the [Ne II] observations, we can derive the nonthermal syn-
chrotron radio emission as the di†erence between the
observed or total radio continuum and the predicted free-
free continuum. We compare the [Ne II] emission at the
position of each of our three sources to the 5 GHz radio

emission from Ulvestad & Antonucci (1997). We use the
[Ne II] emission directly from Figure 2 rather than from the
Gaussian components of Table 1 because the total [Ne II]
emission at any point (Fig. 2) is a sum of fractions of the
three Gaussians corresponding to their peaks and distances
from the point. The radio Ñux of the source at the center of
the galaxy may be taken as given by Ulvestad & Antonucci
(1997). However, because the star cluster does not have an
obvious radio counterpart (Pina et al. 1992 ; Keto et al.
1993 ; Kalas & Wynn-Williams 1994), we used the Ñux of
the nearest radio point source, which is named 5.62[ 41.3
(Ulvestad & Antonucci 1997), as an upper limit, although
this radio source may or may not be associated with the star
cluster. The results are presented in Table 2. In the center of
the galaxy, the nonthermal radio source dominates and the
thermal emission is only 17% of the radio emission. In con-
trast, the radio emission from the star-forming supercluster
is nearly all thermal, indicating a signiÐcant contribution
from H II regions. Comparing the radio and [Ne II] in the
larger scale envelope, we Ðnd the thermal emission is 30%È
40% of the total radio.

From the emission measure, derived from the [Ne II]n
e
2 l,

observations, we can compute the number of ionizing
photons, necessary to maintain the ionization (SpitzerNUV,
1978, eq. [5-21]) :

NUV(s~1) \ n
e
2lAa(2)\ 1.28] 1052SNe II

(Jy) , (5)

where A is the area and a(2) is the e†ective recombination
coefficient for hydrogen to all levels except n \ 1. The
results are presented in Table 3. This calculation assumes
that all the ionizing photons ionize the gasÈin other words,
no dust absorption. In principle, knowing the gas density
and the gas-to-dust ratio, one can correct for the dust
absorption (Petrosian, Silk, & Field 1972). For a gas density
of about 1000 and a proton-to-dust ratio of 3000, the cor-
rection is about a factor of 4. The rate of ionizing photons
implies a certain number of massive stars. One should prop-
erly consider the e†ects of the initial mass function (IMF),
but as a Ðrst approximation, divide the total rate by that
produced by a star of spectral type O6ÈO7, which is 1049
UV photons s~1. The supercluster should therefore contain

TABLE 2

DERIVED QUANTITIES : RADIO

5 GHz 5 GHz
n
e
2 L Ne IIa Predicted Measured Percent

Component (cm~6 pc) (Jy) (Jy) (Jy) Thermal

Star cluster . . . . . . 3.5] 106 0.6 9.7 [10.5 Z90
Center . . . . . . . . . . . 2.8 ] 106 0.5 7.4 44.2 17
Envelope . . . . . . . . 9.1] 105 0.2 2.6 6.9 30È40

a Includes contribution from envelope component at positions listed in Table 1.

TABLE 3

DERIVED QUANTITIES : IONIZING PHOTONS AND IR

S12.8 km continuum S12.8 km continuum
Nionizing Predicted Measured Ratio

Component (s~1) (Jy) (Jy) Measured/Thermal

Star cluster . . . . . . 4.0] 1052 1.5 4.3 3.0
Center . . . . . . . . . . . 3.3] 1052 1.6 3.0 1.9
Envelope . . . . . . . . 1.6] 1053 7.3 12.6 1.7
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on the order of a few times 103 or possibly as many as 104 O
stars.

Assuming that all the ionizing photons are eventually
degraded into the IR, one can compute the total expected
IR emission and, assuming a gas temperature, the expected
mid-IR continuum emission. The total energy Ñux due to
ionizing photons eV) is(hlUV \ 13.6

Stot \
hlUV NUV

4nR2 , (6)

where R is the distance to the galaxy, about 3 Mpc. If the IR
spectrum is given by the Planck function modiÐed by the
dust emissivity, lb, the fraction of the IR emerging at any
wavelength is (Genzel et al. 1982 ; Ho, Beck, & Turner 1990)

Sl(W m~2 Hz~1)\ Ab
A hl
kT

e

B4`b ej@cStot
ehl@kTe [ 1

. (7)

If b \ 1, then We can calculate an upperAb \ 4.02 ] 10~2.
limit to the mid-IR emission by assuming a temperature of
300 K. Comparing this upper limit to the measured mid-IR
emission (Table 3) suggests that the measured IR emission
exceeds that predicted from the ionizing photons by a factor
of a few. This di†erence could be accounted for by the pres-
ence of dust inside the H II regions which would increase the
required UV photon rate by a factor of a few. However,
assuming a gas temperature of 100 K rather than 300 K
results in predicted mid-IR Ñuxes a factor of 8 lower, and a
temperature of 25 K will produce no detectable mid-IR. We
may conclude that the gas must be quite warm or that
sources of energy other than ionizing photons are signiÐ-
cant in heating the dust.

4. PROPERTIES OF THE NUCLEAR COMPONENTS

4.1. T he SuperÈStar Cluster
If there are several superÈstar clusters (SSCs) visible in

the HST optical images (Watson et al. 1996) why is one of
the superÈstar clusters so singularly bright in the mifd-IR?
The predominance of thermal radio emission from the
cluster suggests that the cluster might be exceptionally
young, less than 106 yr, and most of the O stars may still be
on the main sequence. The fraction of nonthermal radiation
should increase as the cluster ages and the O stars become
supernovae, and, in addition, the supernovae may drive
some of the gas and dust out of the cluster, reducing its
mid-IR emission. The other clusters in the envelope may be
in this more advanced stage.

Although the cluster may be very young, our obser-
vations suggest that the radiation of the star cluster is not
dominated by ionizing radiation. This is inferred from the
comparison of the power in the observed mid-IR contin-
uum radiation and the power in the ionizing photons as
deduced from the [Ne II] Ñux. There is more mid-IR radi-
ation than could be produced from the down-conversion of
the ionizing photons. This ““ mid-IR excess ÏÏ has been noted
in previous observations of the nuclei of several nearby star-
bursts including NGC 253 (Ho et al. 1989 ; Mouri et al.
1997). One interpretation of this mid-IR excess is that there
is signiÐcant nonionizing radiation in the star cluster, which
could be provided, for example, by supernova remnants or
low-mass stars. Ho et al. (1989) suggested that low-mass
stars could not provide the power for the mid-IR, by the
following reasonable argument. SigniÐcant mid-IR radi-
ation is only emitted by dust which has a temperature of

150 K or more. Such hot dust is found only within 0.1 pc of
a typical OB star and within a closer distance around any
later type. Because their observations, at lower angular
resolution, appeared to show the mid-IR extended over
several hundred parsecs, they reasoned that later type stars
could not heat the di†use gas in such a large volume to the
required temperature. However, the recent HST obser-
vations mentioned in ° 1 suggest that the star formation
occurs in compact clusters, and it is the clusters that are
distributed over several hundred parsecs. In this case the
gas and stars are much more densely packed in the small
volume of each of the clusters, and it might be possible for
low-mass stars to heat the gas enough to produce signiÐ-
cant mid-IR radiation. It has been suggested that the IMFs
of starbursts are biased toward high-mass stars and that
there are fewer low-mass stars than in the IMF of the solar
neighborhood (Rieke et al. 1980, 1993). However, if the
super star clusters are young globulars as suggested by Ho
(1996) and Ho & Filippenko (1996a, 1996b), then the SSCs
must be rich with low-mass stars (Paresce et al. 1995), which
may produce most of the nonionizing radiation.

4.2. T he Center of the Galaxy
The compact, nonthermal radio emission with its high

brightness temperature indicates an AGN at the center of
NGC 253. The 11.3 km PAH feature suggests a signiÐcant
di†erence in the properties of the gas around the AGN and
in the superÈstar cluster. In contrast to the generous level of
11.3 km PAH emission from the star cluster, the PAH emis-
sion from the bright, nonthermal radio source at the center
of NGC 253 is relatively weak compared to the thermal
emission indicated by the [Ne II] line (Figs. 3 and 2,
respectively). In our Galaxy, PAH molecules are most often
associated with photodissociation regions of molecular
clouds which are found around the H II regions of massive
stars and planetary nebulae (e.g., Cohen et al. 1989). The
lower level of PAH emission in the center of the galaxy
could be interpreted as indicating a higher ratio of ionized
gas to photodissociated or molecular gas. It has been pro-
posed that the hard spectrum of an AGN may destroy PAH
molecules (Puget & Leger 1989 ; Roche et al. 1991). This
proposal was made in a larger scale context based on lower
angular resolution observations of the central several
hundred parsecs of active galaxies with much more power-
ful AGNs than would be in NGC 253. Nonetheless, the
relative lack of PAH emission in the central few parsecs of
NGC 253 may be due to the hard spectrum of the mild
AGN responsible for the nonthermal radio point source.
Alternatively, perhaps it is not a question of the hardness of
the radiation but one of the lack of dissociated molecular
material. Observations of molecular emission (Paglione,
Tosaki, & Jackson 1995 ; Peng et al. 1996) suggest plenty of
molecular gas, but perhaps little of it is dissociated. For
example, one ionizing source, the AGN, can dissociate a
single shell of optical depth unity, whereas a large number
of ionizing sourcesÈfor example, the O stars in a clusterÈ
can potentially dissociate a much larger volume if they are
distributed throughout the molecular gas each with its own
dissociated shell of optical depth unity.

4.3. T he envelope
Although the star cluster produces the brightest mid-IR

emission, the larger scale envelope component contributes
more to the total mid-IR and more to the ““ mid-IR excess ÏÏ
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of the galaxy (Tables 1 and 3). Following the discussion
above, the mid-IR excess in the envelope may derive from a
rich population of low-mass stars concentrated in individ-
ual aging superÈstar clusters that are themselves distributed
throughout the nucleus. The HST images show other star
clusters in the nucleus, and there must be still others which
are optically obscured. If the starburst is made of a collec-
tion of superÈstar clusters, then the picture we have of star-
bursts is di†erent from the one where starbursts are
dominated by higher mass stars with a low-mass cuto†
(Rieke et al. 1980, 1993). In particular, the IMF of a star-
burst may be more like that of globular clusters with a mass
spectrum extending to well below a solar mass.

5. CONCLUSIONS

A three-component conceptual model for the starburst
nucleus matches the three components of the nucleus identi-
Ðed by their di†erent mid-IR and radio spectra. There is an
AGN at the center of the galaxy that is responsible for the

bright, nonthermal, radio point source as well as a volume
of ionized gas with relatively little dissociated molecular
material. The mid-IR and radio spectra indicate that most
of the 6 cm radio from the center is nonthermal. Second,
there is a young superÈstar cluster with several thousand O
stars, H II regions, and photodissociation regions. In the
cluster, most of the 6 cm radio emission is thermal, and
there is signiÐcantly more mid-IR than predicted based on
the Ñux of ionizing photons. Finally, there is a larger scale
envelope with an older population of stars, star clusters, and
supernovae remnants. In the envelope which may be ener-
gized by a population of older SSCs, about 30%È40% of the
6 cm radio emission is nonthermal. The di†erence between
the one cluster which is much brighter in the mid-IR and
the others in the envelope is that the mid-IR bright cluster
may be much younger with most of its O stars still on the
main sequence. The model of a starburst as a collection of
superstar, protoÈglobular clusters predicts a starburst IMF
with many low-mass stars, at odds with starburst models
based on an IMF biased toward the high end of the stellar
mass spectrum.
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