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ABSTRACT
In spiral galaxies, the H I surface density declines with increasing radius to a point at which it is seen

to truncate dramatically in the best observed cases. If the ambient radiation Ðeld is sufficiently strong,
there exists a maximum radius beyond which the cold gas is unable to support itself against ionization.
We have now succeeded in detecting ionized gas beyond the observed H I disk in spirals. Here we report
on our Ðndings for the Sculptor galaxy NGC 253. The H I disks in Sculptor galaxies extend to only
about although we have detected ionized gas to the limits of our survey, out to This has1.2R25, 1.4R25.important ramiÐcations for spiral galaxies in that it now becomes possible to trace the gravitational
potential beyond where the H I disk ends. The detections conÐrm that the rotation curve continues to
rise in NGC 253, as it appears to do for other Sculptor galaxies, from the H I measurements, but there is
a hint that the rotation curve may fall abruptly not far beyond the edge of the H I disk. If this is correct,
it suggests that the dark halo of NGC 253 may be truncated near the H I edge and provides further
support for the link between dark matter and H I. The line ratios are anomalous with [N II] j6548 to
Ha ratios close to unity. While metallicities at these large radii are uncertain, such enhanced ratios, com-
pared to solar-abundance H II regions ([N II] j6548/Ha \ 0.05È0.2), are likely to require selective
heating of the electron population without further ionization of N`. We discuss the most likely sources
of ionization and heating, and the possible role of refractory element depletion (e.g., Ca, Si, and Fe) onto
dust grains.
Subject headings : galaxies : ISM È galaxies : kinematics and dynamics È galaxies : spiral È

galaxies : structure

1. INTRODUCTION

The case for dark matter in galaxies rests primarily on
spiral galaxies in which the H I rotation curve has been
measured at radii that are several times larger than the
optical disk. At these large radii, the observed rotation of
the gas is fully a factor of 2 larger than that expected for
circular orbits in the potential Ðeld of the luminous galaxy

Albada et al. Many of these extensive rotation(van 1985).
curves are Ñat or even rising at the outermost points, which
means that the edge of the mass distribution has not yet
been found & Carignan In an attempt to Ðnd(Puche 1991).
the edge, several observers have pushed their H I obser-
vations to higher sensitivity Gorkom(van 1993 ; Corbelli,
Schneider, & Salpeter These observations have1989).
shown that H I disks are abruptly truncated at column
densities near 1019 atoms cm~2 where the rotation curves
are still Ñat.

One possible explanation for the truncation is that at
large radii, the thin H I disks become fully ionized by the
metagalactic UV background & Sunyaev(Bochkarev 1977).
If this is the case, the outer parts of gaseous disks should be
emitting Ha photons. has shown that theMaloney (1993)
expected Ha emission measure from the ionized disk
beyond the truncation point falls in the range 0.025È0.25
cm~6 pc. After demonstrating that these Ñux levels are quite
feasible with the TAURUS-2 Fabry-Perot interferometer

1 Current address : European Southern Observatory, Karl-
Schwarzschild-Strasse 2, 85748 Garching bei Mu� nchen, Germany.

et al. hereafter we now use(Bland-Hawthorn 1994, BTVS),
this technique to search for the signature of ionized gas at
and beyond the H I edge in Sculptor spirals.

The implications of a positive detection are profound. If
the outer disk could be detected, we would know how
extensive galactic disks (and dark halos) really are, and we
could continue tracking the rotation curve in order to Ðnd
the edge of the halo and hence the total mass of galaxies. A
positive detection also has important implications for
explaining low-redshift Lya absorption-line systems toward
quasars and for constraining the poorly known metagalac-
tic ionizing background.

In we describe the observations carried out at the° 2
Anglo-Australian Telescope (AAT). In we derive the° 3
expected level of Ha emission at an H I edge and describe
the experimental procedure for achieving such faint detec-
tions. The reduction and analysis steps are brieÑy outlined
in the results of which are discussed in In we° 4, ° 5. ° 6
attempt a physical interpretation of both the gas kinematics
and the gas excitation, before drawing our conclusions
in ° 7.

2. OBSERVATIONS

The observations were carried out over three long, dark
nights (1994 August 9È12) at the f/7.91 Cassegrain focus of
the AAT 3.9 m. Follow-up observations were carried out at
f/14.9 on 1995 September 27. The TAURUS-2 interferome-
ter was used in conjunction with the refurbished HIFI 40
km gap Queensgate etalon and a four-cavity blocking Ðlter
(90% peak transmission), centered at j6555, with a 45
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FIG. 1.ÈTAURUS-2 5@ Ðelds (SW1, SW2, SW3, SW4) superposed on a B image of NGC 253. The blue [N II] line occurs at smaller galactic radii,
compared to the Ha line in the same Ðeld. There are four distinct Ðelds with two emission lines occurring in each. At the central position, the etalon was used
at two di†erent spacings, which meant that we obtained line detections at four discrete positions.

bandpass well matched to the etalon free spectral rangeA�
(54.3 at Ha). The 50 mm Ðlter was placed out of focusA�
close to the focal plane and baffled to give a Ðeld. The5@.0
etalon was tilted by to shift the optical axis to the Ðeld3¡.4
edge. An in-focus, focal-plane colander mask was used to
ensure that low-order ghosts fall outside the Ðeld of view.
The TAURUS-2 f/8 pupil diameter is 59.9 mm, which is
oversized for the 50 mm diameter etalon. Because of uncer-
tainties of the precise location of the optical cavity within
the etalon, we placed a 45.0 mm aperture stop immediately
in front of the etalon. The pupil stop introduced a major
loss of light (50%), compounded by a Cassegrain hole
which is 17% of the total pupil area. The full pupil was used
in the f/15 observations. The observational setup was the
same, except for a 75 mm blocking Ðlter centered at j6585
that was not baffled, thereby producing a Ðeld of view
similar to the f/8 observations.

Observations were made at four positions in NGC 253
(Figs. and with several discrete tunings of the etalon at1 2),
each position The etalon was used at Ðxed-gap(Table 1).
spacings, and the resulting ring pattern was imaged onto a
Tek 10242 CCD with pixel scales of pixel~1 (f/8) and0A.594

pixel~1 (f/15) with read noise B 2.3e~. The wave-0A.315
length range jj6550È6590 is dispersed quadratically over
the 5@ Ðeld at 1 resolution, with blue wavelengths to theA�
north. The instrument and detector were rotated to a posi-
tion angle of 230¡ in order to align the detector with the
galaxy major axis. At both foci, we observed two stellar Ñux
standards at f/8, we also observed four planetary(Table 1) ;
nebulae. Observations were also made of blank Ðelds and in
the direction of the Smith high-velocity cloud (Smith 1963 ;

and twilight Ñats were taken on all nights,Wakker 1991),
with and without the etalon.

3. EXPERIMENT

3.1. T he Expected Ha Flux
We now derive the expected Ñux levels from spiral edges

ionized by a metagalactic radiation Ðeld. The surface
density of H I gas falls exponentially in spiral galaxies. A
point is reached at which the H I column is no longer able to
support itself against ionization by the cosmic radiation
Ðeld. A naive calculation can be used to predict the expected
column density at which this is likely to occur, in addi-NH
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FIG. 2.ÈSame as but the TAURUS-2 Ðelds have been superposed onto a deep ATNF H I map Whiteoak, & Houghton TheFig. 1, (Koribalski, 1995).
outermost H I contour corresponds to a column density of 5 ] 1020 cm~2.

tion to the local electron density, and the expected emis-n
e
,

sion measure, More sophisticated treatments are givenE
m
.

in and & ShullMaloney (1993) Dove (1994).
We shall assume that, at a large galactocentric radius, the

ionization rate is in rough equilibrium with the rate of
recombination. Therefore, along an axis z, perpendicular to
the galactic disk, we Ðnd
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= 4nJl
hl

dl , (1)

where the recombination coefficient depends on thea
Bneutral hydrogen column and on the local electron tem-

perature (case B: cm3 s~1 at K).a
B
B 2 ] 10~13 T

e
\ 104

The local electron density (and therefore the protonn
edensity is related to the neutral hydrogen densityn

p
) nHthrough the ionizing fraction s, such that n

e
\ snH.

assumes that the neutral gas sheet is ionizedEquation (1)
from both sides. We approximate the cosmic ionizing Ñux
level as

Jl \ 10~21J~210
Al0

l
Bb

ergs cm~2 s~1 Hz~1 sr~1 , (2)

where is the metagalactic Ñux at the Lyman limitJ~210
in units of ergs cm~2 s~1 Hz~1 sr~1. If the cosmic(l\ l0)

ionizing Ðeld (e.g., & Madau results largelyHaardt 1996)
from quasars at high redshift, b is approximately unity.

For an exponential disk with density proÐle expnH \ nH0the electron density in the plane of the galaxy at the([z/z
s
),

ionized edge is

nH0 B 1.8s~1JJ~210 (z
s
b)~1 cm~3 , (3)

where the vertical scale height of the disk is in parsecs. Wez
sassume a value of pc throughout. The particlez

s
\ 100

column density perpendicular to the disk is

NH \ 2
P
0

=
nH dz (4)

B1.1] 1019s~1JJ~210 z
s
b~1 cm~2 . (5)

For a 2 p upper limit ergs cm~2 s~1 Hz~1 sr~1J~210 \ 0.08
et al. Bland-Hawthorn 1997), the gas is(Vogel 1995 ;

fully ionized when cm~3 andnH0 B 0.05 NH B 3 ] 1019
cm~2. The latter is in good agreement with observations
(e.g., et al. A crude upper limit on the HaCorbelli 1989).
emission measure isE

m

E
m

\
P

n
e
n
p
dl B 0.25 cm~6 pc . (6)
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TABLE 1

TAURUS-2 OBSERVING LOG

P.A.
Object Focus Exposures Date Filter Gap Air Mass Seeing (deg)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Flux Standard : Line

N6072 . . . . . . . . . . . . . . f/8 6 1994 Aug 9 6555/45/0 . . . 1.1 1.0 0
N6302 . . . . . . . . . . . . . . f/8 6 1994 Aug 9 6555/45/0 . . . 1.1 1.3 0
N6445 . . . . . . . . . . . . . . f/8 6 1994 Aug 10 6555/45/0 . . . 1.1 1.3 0
N6563 . . . . . . . . . . . . . . f/8 6 1994 Aug 10 6555/45/0 . . . 1.1 1.3 0

Flux Standard : Continuum

LTT 7379 . . . . . . . . . . f/8 3 ] 1 1994 Aug 9 6555/45/0 . . . 1.1 1.7 0
CD-32 9927 . . . . . . . . f/8 3 ] 2 1994 Aug 10 6555/45/0 . . . 1.1 1.3 0
HZ 7 . . . . . . . . . . . . . . . . f/15 2 1995 Sep 27 6585/43/8 260 1.4 0.9 230
Hiltner 600 . . . . . . . . . f/15 2 1995 Sep 27 6585/43/8 260 1.3 0.9 230

Blank Fields

Sky 1 . . . . . . . . . . . . . . . f/8 6 ] 20 1994 Aug 11 6555/45/0 180 1.3È1.9 1.4 230
Smith 1 . . . . . . . . . . . . . f/8 6 ] 20 1994 Aug 9 6555/45/0 200 1.4 1.7 0
Smith 2 . . . . . . . . . . . . . f/8 8 ] 20 1994 Aug 10 6555/45/0 200 1.4 1.3 0
Smith 2 . . . . . . . . . . . . . f/8 5 ] 20 1994 Aug 11 6555/45/0 180 1.2È1.3 1.3 230

Object Fields

N253 1 (SW1) . . . . . . f/8 5 1994 Aug 10 6555/45/0 200 1.7 1.3 230
N253 2 (SW2) . . . . . . f/8 10 1994 Aug 10 6555/45/0 200 1.2 1.3 230
N253 2 (SW2) . . . . . . f/8 5 1994 Aug 10 6555/45/0 260 1.2 1.3 230
N253 3 (SW3) . . . . . . f/8 18] 20 1994 Aug 10 6555/45/0 260 1È1.4 1.3 230
N253 4 (SW4) . . . . . . f/8 16] 20 1994 Aug 11 6555/45/0 240 1È1.9 1.5 230
N253 3 (SW3) . . . . . . f/15 2 ] 20 1995 Sep 27 6585/43/8 260 1.2È1.4 1.0 230
N253 3 (SW3) . . . . . . f/15 5 ] 30 1995 Sep 27 6585/43/8 260 1.4È1.6 0.9 230

NOTE.ÈCol. (1) : Object name; col. (2) : AAT focus ; col. (3) : exposure times (minutes) ; col. (4) : local date of observation ;
col. (5) : blocking Ðlter/bandwidth angle ; col. (6) : etalon gap in BCV units (ellipsis indicates full FSR scanned) ; col. (7) :(A� )/tilt
average air mass ; col. (8) : seeing disk FWHM; and col. (9) : position angle of detector on the sky.

This surface brightness, equivalent to 90 millirayleighs (mR)
and 5 ] 10~19 ergs cm~2 s~1 arcsec~2, is reached at the 3 p
level by the Fabry-Perot ““ staring ÏÏ technique in less than 1
hr of observation (BTVS).2

3.2. Fabry-Perot Staring
We exploit the staring technique in order to obtain a

single, extremely deep spectrum of a di†use source that Ðlls
the Ðeld of view. For a Ðxed gap spacing, j P cos h, where h
is the angle of an incoming ray of wavelength j to the
optical axis. The spectrum in a narrow band (D40 isA� )
dispersed radially from the optical axis across the Ðeld (see

As with long-slit spectrometers, the instrumentalFig. 3).
proÐle is projected onto the detector, but the line FWHM in
pixels varies across the Ðeld inversely with h. Complete
Fabry-Perot rings have constant surface brightness and
equal spectroscopic resolution. After Ñat-Ðelding and point-
source removal, the data are binned azimuthally and
resampled to a linear axis to obtain a single deep spectrum
(e.g., Figs. and4 5).

Maximum sensitivity is achieved when (a) the detector
covers the unvignetted Ðeld ; (b) the line-emitting source Ðlls
the Ðeld of view; and (c) the velocity range and internal
kinematic dispersion, taken together, are comparable to the
instrumental proÐle width. These criteria determine which
galaxies are best matched to a given instrument.

The isovelocity contours of a disk undergoing Ñat rota-
tion show two distinct regimes. The central region of solid-

2 1 rayleigh \ 106/4n photons cm~2 s~1 sr~1 or 2.41] 10~7 ergs cm~2
s~1 sr~1 at Ha.

body rotation gives rise to contours that are parallel to the
kinematic minor axis. At the turnover radius, the contours
become radial and therefore subtend a Ðxed angle, as seen
on the sky about the kinematic major axis. The spread in
velocity within a Ðxed Ðeld of view declines inversely with
radius, until we reach the intrinsic spread of an isothermal
H I disk km s~1 ; An important(pH IB 10 Kamphuis 1993).
concept is the angular extent of the innermost monochro-
matic Ðeld (imf ) for a given instrument, telescope, and
object. We deÐne this as the Ðeld at the smallest radius
along the disk major axis within which the observed spread
in velocities does not exceed the instrumental resolution.
The necessary condition for a galaxy with maximum depro-
jected velocity inclined at an angle i, isvmax,

vmax2 (sin2 i)
C
1 ]

A kFkpc
2R sin i

B2D~1 ] pH I2 ¹ pFP2 , (7)

where is the instrumental width (in km s~1) and R is thepFPradius to the Ðeld center (in kpc). Truncated H I edges typi-
cally occur at radii larger than the semimajor axis distance

in kpc) of the B\ 25 mag arcsec~2 contour. For a(R25Ðxed Ðeld (in kpc), this condition is most easily satisÐedFkpcin large, nearby galaxies where the instrument Ðeld of view
is a small fraction of the object size. The constant k allows
for two di†erent approaches to sky subtraction. If this is
achieved through a separate exposure, k \ 1 ; otherwise, in
a properly matched experiment, we assume that half of the
Ðeld is given over to the sky background, for which k \ 0.5.

The optimal disk inclination is unclear : face-on galaxies
have a smaller velocity spread and subtend larger solid
angles, whereas inclined disks have a higher projected
column density. A potential problem in edge-on disks is
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FIG. 3.ÈMagniÐed image of part of the SW3 Ðeld in Figs. and The Ðeld of view is rotated so that the vertical axis lies parallel to the galaxy major axis.1 2.
Clumpy [N II] and Ha emission is clearly visible. What is not easily rendered is the di†use emission between and at large o†-axis angles to the major axis.
Notice the extremely faint galaxy continuum (BD 25 mag arcsec~2) over much of the Ðeld. The bright arcs are atmospheric OH lines.

Ñaring resulting from the declining stellar surface density
which tends to reduce the projected emission(Olling 1995),

measure. To minimize the velocity spread, we rotate the
instrument so that the incomplete ring pattern is convex in
the same sense as the projected velocity Ðeld and is centered
on the kinematic major axis (see Figs. and1 2).

4. REDUCTION AND ANALYSIS

A detailed discussion of the many subtleties of data
analysis is to be presented elsewhere ; a brief overview is
given here. An important step is establishing the optical axis
of the incomplete calibration rings to better than 0.1 pixel.
This was achieved with orthogonal distance regression (e.g.,

Byrd, & Schnabel Next, we azimuthally binBoggs, 1987).
the calibration rings for all nights to ensure that (a) there
were no optomechanical shifts, (b) the instrumental
response was constant, and (c) the etalon-gap zero point
was constant from night to night. With respect to point b,
the etalon was found to behave reliably, except that there
was a slow drift in the optical gap during the Ðrst night.

Some calibration spectra showed baseline variations after
binning over di†erent parts of the Ðeld. This arises from
illumination (vignette) e†ects, stray light, chip structure, and
CCD fringing, which can be divided out reliably with Ñat

Ðelds. The spectral bandpass seen by individual pixels is
roughly 1 where the bandpass centroid declines by 40A� A�
from the optical axis to the Ðeld edge. Twilight Ñats were
found to be the most reliable, although the Fraunhofer
spectrum leaves its imprint on the data. We divide out the
solar spectrum from the Ñat Ðeld by establishing the mean
spectrum and then generating a polar image with this spec-
trum. Occasionally, the Ñat Ðelds leave residual fringe struc-
ture in the data. It is possible to remove this with azimuthal
smoothing, but potentially informative intensity variations
in the data would be washed out. CCD fringing constitutes
the main systematic error in di†use detection and provides
a major challenge to achieving deeper detection limits than
that quoted by The response of the blocking Ðlter isBTVS.
removed in the twilight division.

To obtain discrete spectra from the summed CCD
images, the data were divided into annular rings that were
two pixels wide. Within each annulus, we can calculate the
mean, median, or mode of the histogram. Cosmic-ray events
appear as outliers and are therefore easily removed. We
tried more sophisticated methods (e.g., the biweight
statistic), but the improvement was found to be marginal.
The weak underlying galaxy continuum observed in NGC
253 had only a negligible e†ect on the Ðnal spectra. This was
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FIG. 4.ÈEmission-line spectrum at the H I edge (Ðeld SW3 in Figs. 1
and compared with the o†-Ðeld spectrum. The di†erence of these spectra2)
is shown below. Remarkably, the [N II] j6548 line has a surface brightness
comparable to the Ha surface brightness, as compared to solar-abundance
H II regions, where the ratio is an order of magnitude smaller. This result
holds after removing the dense knots in The azimuthally averagedFig. 3.
galaxy continuum underlies the spectrum and corresponds to roughly

mag arcsec~2 below [N II], falling to 25 mag arcsec~2 below Ha.k
B
\ 23

The equivalent widths of the lines are 0.60 and 1.8 respectively.A� ,

FIG. 5.ÈEmission-line spectrum for the Ðeld beyond the H I edge (Ðeld
SW4 in Figs. and As we did not get a matching sky exposure, the1 2).
spectra are shown from binning over two di†erent opening angles. The top
spectrum results from binning over 25¡ about the major axis from the
optical axis ; the lower spectrum arises from binning over the entire Ðeld.
The di†erence of these spectra is shown below. The [N II] emission is
clearly seen in the top spectrum and, indeed, in a high-contrast image. This
line is completely washed out in the lower spectrum. The Ha emission is
just visible in the high-contrast image and does not begin to appear until
we sum over the entire Ðeld. The di†erence has been taken after weighting
the top spectrum for its lower signal-to-noise ratio. Again, we see a very
faint galaxy continuum spectrum that is roughly mag arcsec~2k

B
\ 26

after azimuthal binning below the [N II] line, dropping to magk
B
\ 27

arcsec~2 below the Ha line. The equivalent widths of the lines are 7.8 and
9.9 respectively.A� ,

examined by subtracting a matching R-band exposure,
modulated by the polar response of the blocking Ðlter. This
same image was used to identify unresolved sources within
the Ðeld.

Sky subtraction is particularly hazardous, since atmo-
spheric humidity produces variable water vapor features. If
the object Ðlls the Ðeld of view, as does NGC 253, it is
necessary to obtain o†-Ðeld exposures at the same air mass
and at comparable humidity. The OH lines are time vari-
able, but, most importantly, they vary with the zenith angle
of the observation This is quite distinct(Kondratyev 1969).
from the geocoronal lines, which reach a minimum at local
midnight, rising sharply toward dawn. The night-sky lines
allow for wavelength calibration to better than 0.04 A�

& Martel as shown by the di†erence in(Osterbrock 1992),
wavelength produced by a discharge lamp and solar Lyb
resonance excitation of the exosphere & Roesler(Yelle

The velocity centroid of the Galactic [N II] emission1985).
(““ Reynolds layer ÏÏ), using new wavelengths from

provides an independent measurementSpyromilio (1995),
of the Earth-Sun motion with respect to the local standard
of rest. For all four nights, the conditions were consistently
photometric, as judged by the Reynolds-layer emission. The
photometric calibration was achieved using both line and
continuum Ñux standards (Table 1).

5. RESULTS

The four TAURUS-2 Ðeld positions are shown in Figures
and overlaid on a B image of NGC 253 and its deepest1 2,

H I image to date. A magniÐed section of one interferogram
is shown in and summed spectra are shown for theFigure 3,
two outermost Ðelds in Figures and The staring method4 5.
allows for an extremely deep spectroscopic detection over
pixels that fall within the projected arc deÐned by a discrete
frequency. There are two frequencies of interest, so kine-
matic measurements are possible at two positions within
each Ðeld. The etalon was tuned to two di†erent spacings
for the innermost Ðeld, so that we have kinematic measure-
ments at no more than 10 independent positions along the
major axis. These data are presented in Figures and6 7.

Optical line emission is detected in all Ðeld positions. In
Ðelds SW1 and SW2, bright H II regions were clearly seen in
both Ha and [N II] j6548. These short exposures were
taken in order to establish the systemic velocity of the gas
independently. The kinematic measurements are seen in

at r \ 7@. The large systematic errors in both axesFigure 6c
are caused by averaging azimuthally over a large spread in
velocities and radial distances within the projected plane at
small galactic radii.

Field SW3 is the imf deÐned by the criterion in equation
Weak stellar continuum emission is seen over the(7).

central third of the Ðeld, extending from roughly k
B
\ 23

mag arcsec~2 (northeast) to 25 mag arcsec~2 (southwest).
The [N II] and Ha line emission comprise clumpy structure
superimposed on a faint, di†use component. Only two of
the sources are unresolved : these show up on our matched
BV R images and are labeled in The two brightFigure 3.
knots at the position of the [N II] line are probably faint
H II regions.

The summed spectrum for Ðeld SW3 is shown Figure 4.
The di†erence of the on-object and o†-object spectra clearly
shows the declining stellar disk along the major axis, in
addition to the [N II] and Ha lines at 6557.7 and 6572.8 A� .
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FIG. 6.ÈKinematic measurements along the major axis of NGC 253,
deduced from VLA H I, TAURUS-2 Ha, and [N II] lines. (a) Original
rotation curve of has been projected onto the sky with their inferredPCvG
orbit inclination at each radius. Three sets of measurements are shown:
these represent the approaching side (open circles), receding side (squares),
and Ðt to the full velocity Ðeld ( Ðlled circles). (b) original curves,PCvGÏs
where the data have been deprojected with the measured inclination at
each radius. (c) Solid line is the same curve as the squares in (a). The Ðlled
squares are the TAURUS-2 [N II] measurements ; the circles are the Ha
measurements.

While these lines fall at di†erent spatial locations within the
galaxy, the strength of the blue [N II] line with respect to
Ha is striking, a result that holds after removing the bright
knots. The weakness of the galaxy continuum rules out a
signiÐcant correction to the Ha line Ñux resulting from
stellar absorption & Alloin We achieved the(Bica 1987).
same basic result in the 1995 September 27 observations,
although the signal-to-noise ratio was roughly half that of
the earlier observations. Both sets of observations show
that the di†use emission peaks toward the major axis.

The summed spectrum for Ðeld SW4 is presented in
This Ðeld lies beyond the H I edge of NGC 253.Figure 5.

Unfortunately, we did not manage to obtain a matching sky
observation. The data clearly show weak [N II] emission
and possibly broad di†use Ha emission. We have attempted
to subtract something approximating a background spec-
trum by dividing up the Ðeld into three vertical panels that
have equal area when the outer panels are taken together.
The central section constitutes our on-object spectrum, the
outer quarter panels our o†-object spectrum. The weak
outer envelope of the galaxy is seen in the di†erence spec-
trum. The [N II] emission peaks toward the major axis and
is not detected in the outermost panels. Broad di†use Ha
emission is seen in both regions at comparable intensity and
therefore subtracts cleanly in the residual spectrum. That
this feature is real can be seen by comparing the lower
spectrum in with the o†-object spectrum inFigure 5 Figure

where such a feature is not seen.4,
The radial velocities for the emission lines in Figures 4

and were corrected for EarthÏs motion before subtracting5
the systemic velocity of NGC 253. These measurements are

FIG. 7.ÈRepresentative Ðts to the and TAURUS-2 data using aPCvG
three-component mass model (disk, halo, and gas). The contribution from
the H I surface density (dotted line) is the same in all models. (a) We adopt
an exponential disk (short-dashed line) and an isothermal sphere for the
spherical halo (long-dashed line), using the numerical approach developed
by (b) We have used the disk-halo models of &Carignan (1985). Dehnen
Binney the least-squares Ðt was carried out by W. Dehnen. (c) We(1997) :
have truncated the halo at a radius of 10 kpc in order to demonstrate a
possible explanation for the last measured point.

presented in Figures and The innermost TAURUS-26 7.
measurements were used to establish the systemic velocity
of the ionized gas. et al. show the system-Schommer (1993)
atic uncertainties that can arise between H I and ionized gas
kinematics. Our optical determination (243^ 9 km s~1) is
consistent with the weighted-average H I measurements
(249 ^ 8 km s~1) from the NASA/IPAC Extragalactic
Database. We adopt the H I value 245^ 5 km s~1 (Puche,
Carignan, & van Gorkom hereafter as we1991, PCvG),
wish to relate the optical data to their data. For the mea-
surements between r \ 10@ and r \ 14@, the kinematic error
is dominated by the uncertainty in systemic velocity. The
smaller error bars compared to the inner TAURUS-2 mea-
surements reÑect the smaller intrinsic radial and kinematic
dispersion. The fact that the optical values appear to be
systematically high by 10 km s~1 is discussed in the next
section. For the outermost point, the di†use broad feature
has a large kinematic measurement uncertainty. Unlike the
other lines, this feature has fairly uniform intensity over the
full Ðeld. Its lack of continuity with the other measurements
calls into question its association with the galaxy.

6. DISCUSSION

6.1. Dynamical Interpretation
The major-axis measurements in NGC 253 pose an inter-

esting problem. In the ““ rotation curve ÏÏ appears toFigure 6
Ñatten o† before rising at a radius r \ 7@. This e†ect is seen
for both the approaching and receding sides of the disk,
with or without the correction for orbit(Fig. 6b) (Fig. 6a)
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inclination. In the TAURUS-2 measurementsFigure 6c,
conÐrm and extend this trend out to The outerr \ 13@.5.
TAURUS-2 values are somewhat higher than the azi-
muthally averaged H I rotation curve, but this is a distinc-
tive feature of the approaching side of the disk in(Fig. 6a)
that the outer H I measurements here are higher than
average.

If we assume that the distribution of mass has spherical
symmetry, then from PoissonÏs equation,

d
dr

(rv
c
2) \ 4nGr2o(r) , (8)

where o and are the local mass density and the circularv
cvelocity. For the Ñat region of o declines as r~2 ; thev

c
,

sudden rise requires the density proÐle to become much
Ñatter or even constant with increasing radius. A slightly
Ñattened potential gives the same result, although the
inferred total mass will be overestimated in this case.

The inÑection in the rotation curve can be understood
naturally as arising from the potential of an exponential
stellar disk with a much larger dark halo (e.g., &Carignan
Freeman To illustrate this, we show a variety of pos-1985).
sible three-component Ðts to the data.

In the Ðrst model the H I and stellar disks have(Fig. 7a),
the same form. The dark halo is represented by an isother-
mal sphere, which is fully speciÐed by any two of the halo
central density the central velocity dispersion or theo

h
, p

h
,

core radius The stellar disk is speciÐed by a centralr
h
.

surface density and a scale length The H I surfacek
e

r
e
.

density proÐle is given in the central holePCvG (Fig. 5) ;
within causes the gravitational force resulting fromr \ 1@.9
the gas to be directed outward (e.g., et al.Staveley-Smith

We have taken km s~1, kpc,1990). p
h
\ 253 r

h
\ 18 k

e
\

1.35] 109 kpc~2, and kpc. These valuesM
_

r
e
\ 1.6

compare well with those of except that the disk andPCvG,
halo scale lengths are 30% smaller than their values. In
order to match the observed data, the model rotation
curves have been projected to a plane inclined at 72¡. We
note that such a large core radius is normal for the dark
halo of large disk galaxies (e.g., Freeman 1993).

In the second model the radial forms of the disk(Fig. 7b),
and halo are given by & Binney For theDehnen (1997).
halo, we adopt

o
h
(R, z)\ o0

Am
r0

B~gA
1 ] m

r0

Bg~b
exp

A[m2
r
t
2
B

, (9)

with

m2\ R2 ] (z/q)2 . (10)

The halo parameters are the halo density normalization, o0,the halo scale radius, the outer cuto† radius, and ther0, r
t
,

inner and outer power slopes, g and b. Apart from the halo
axis ratio (q \ 0.8), all of these parameters were obtained
from a Ðt to the rotation curve. Both the stellar and gaseous
disks are assumed to be exponential in form, i.e.,

o
d
(R, z) \ k

d
2z

d
exp

A
[ R

m
R

[ R
R

d
[ o z o

z
d

B
. (11)

For each of the disks, the adopted parameters are the
surface density normalization, the disk scale height,k

d
, z

d
,

and the disk scale radius and inner cut-o† radius, andR
dFor the H I disk, these were Ðxed atR

m
. k

d
\ 1.94] 107

kpc~2, kpc, kpc, andM
_

R
d
\ 3.92 z

d
\ 0.04 R

m
\ 1.22

kpc. For the stellar disk, kpc, kpc, andR
d
\ 1.80 z

d
\ 0.15

kpc, as suggested by the photometry. The surface-R
m

\ 0
density normalization for the stellar disk was obtained from
the least-squares Ðt.

The Ðt, kindly undertaken by W. Dehnen, ignored the
last TAURUS-2 measurement to yield the following results :

kpc~2, kpc~3,k
d
\ 1.56] 109 M

_
o0\ 1.98 ] 108 M

_g \ [1.058, b \ 1, kpc, and kpc. Ofr0\ 34.2 r
t
\ 164.0

these, b was constrained to be greater than or equal to
unity. shows that the rising halo contribution toFigure 7b
the rotation curve gives a better Ðt to the data overall. But
there are strong correlations between the various param-
eters, and the Ðtted results depend critically on which of the
TAURUS-2 points are included.

The outermost TAURUS-2 Ha measurement in Figures
and suggests that the rotation curve may be falling6c 7

beyond a radius of about 10 kpc, but there are certainly
other possible explanations for its low observed velocity.
For example, (i) it may result from tidal distortion of the
outermost regions of NGC 253, or (ii) it may result from
accretion of a faint gas-rich object at large radius. In
support of the accretion idea, a stacked photographic image
by D. Malin shows extended stellar light at faint levels (D26
mag arcsec~2) to the southwest of the disk ; similar emission
is not seen to the northeast. (iii) While the emission may
arise from an outer ionized envelope, it is conceivable that
this emission is associated with the group itself. An extra-
galactic H` cloud has recently been discovered in the
Fornax cluster et al.(Bland-Hawthorn 1995). Mathewson,
Cleary, & Murray and found tentative(1975) Arp (1985)
evidence for H I clouds within the Sculptor group (cf.

& Roberts It is difficult, however, to reconcileHaynes 1979).
the Ha radial velocity (B440 km s~1) with the Magellanic
Stream, which passes in front of the Sculptor group

& Ford(Mathewson 1984).
Finally, we consider the possibility that the rotation

curve of NGC 253 is indeed falling beyond 10 kpc. Such a
rapid decrease suggests that the dark halo may be trun-
cated. We can illustrate the e†ect of such truncation with a
simple model. We take the halo density distribution to be

o
h
\ o0(1 ] r2/r

a
2)~1 , (12)

with the rotation curve V (r) given by

V 2\ V =2
C
1 [

Ar
a
r
B

tan~1
A r
r
a

BD
. (13)

For km s~1 and core radius kpc, theV=\ 733 r
a
\ 18

rotation curve for this model is very similar to that of the
isothermal halo in the optical galaxy lies wellFigure 7a :
within the core radius of the halo, and the halo rotation
curve is close to solid body. We now truncate the halo at
r \ 10 kpc ; its rotation curve is then Keplerian for r [ 10
kpc. shows how the resulting total rotation curveFigure 7c
now provides an acceptable Ðt to all of the H I and
TAURUS-2 data. The model is artiÐcial (the halo is sharply
truncated, and we did not truncate the stellar and H I disks),
but the point is obvious enough : truncation of the dark
halo near the observed outer edge of the H I disk can
produce the apparent falling rotation curve.

If this is all correct so far, there are some interesting
consequences. The properties of dark halos are best studied
in disk galaxies for which the H I distribution extends well
beyond the optical distribution. In the outer regions of these
galaxies, the ratio of dark matter surface density to H I



No. 1, 1997 WHERE DO DISKS OF SPIRAL GALAXIES END? 151

surface density is roughly constant (e.g., Bosma 1978 ;
NGC 253 is not such a galaxy. Its H ICarignan 1991).

extent is similar to its optical extent (e.g., Our dataPCvG).
provide the Ðrst hint that in galaxies like NGC 253, where
the H I and the light are coextensive, the dark matter may
also not extend much beyond the optical distribution. It is
tentative evidence of the apparent link between the dark
matter and the H I. We emphasize that the dark matter is
still essential for generating the observed rotation curve for
NGC 253 : the inferred mass ratio of dark matter to lumi-
nous matter is about 5. Our point is simply that the dark
matter distribution in NGC 253 may be truncated at a
radius of only 10 kpc, compared to the much larger dark
halo distributions observed in our Galaxy (e.g., Freeman

and other large spirals (e.g., et al.1996) Zaritsky 1997).
The reduced s2 values for the models presented in

Figures and are 5.2 and 2.9, respectively. The latter7a 7b
model has the highest statistical signiÐcance of all models,
but the basic assumptions are unlikely to be physical. A Ñat
rotation curve given by does not Ðt the mea-equation (13)
surements adequately. The reduced s2\ 6.3, and, more sig-
niÐcantly, 10 of 12 points outside of r \ 7@ miss the curve by
more than 2 p. But the inclusion of a truncation radius
lowers the reduced s2 to 3.9, and the curve now passes
through all the outer points (Fig. 7c).

6.2. Ionization and Heating of the Di†use Gas
The most striking feature of the spectra presented in

Figures and is the inferred high [N II] j6548/Ha ratios.4 5
To ensure that the white-light calibration adequately
removed the Ðlter response over the Ðeld we examined(° 4),
the line ratios in H II regions over the inner disk. Where we
have two interference rings that fall close together on the
skyÈone from Ha, the other from [N II]Èthe H II regions
appear weak in [N II], compared to Ha, which is indicative
of the order-of-magnitude di†erence expected for inner-disk
H II regions. If the outer H I gas has subsolar abundances

the enhanced line ratio must arise(Pagel 1989 ; Diaz 1989),
from one or more excitation processes. To date, however,
numerical models involving a single ionizing source have
not managed to produce such an enhancement (e.g.,

Thus, we separate our discussion of ion-Sokolowski 1994).
ization and excitation where possible. Almost certainly, the
anomalous ratio is indicative of a higher local electron tem-
perature, for which there are various mechanisms. In solar-
abundance H II regions, this ratio rarely exceeds 0.15 (Evans
& Dopita increasing this ratio substantially requires1985) :
that we selectively heat the electrons without producing
N``.

T he required ionizing Ñux.ÈThe emission measure E
mfrom the surface of a cloud embedded in a bath of ionizing

radiation gives a direct gauge, independent of distance, of
the intensity of the ambient radiation Ðeld beyond the
Lyman continuum (Lyc) edge (e.g., Hogan & Weymann
1987). This assumes that the covering fraction seen by the
ionizing photons is known and that there are sufficient gas
atoms for soaking up the incident ionizing photons. At elec-
tron temperatures of 104 K, collisional ionization processes
are negligible. Perpendicular to the surface, from equation

the column recombination rate in equilibrium must(1),
equal the incident ionizing photon Ñux, a

B
n
e
N

p
\ r

i
,

where is the rate at which Lyman continuum photonsr
iarrive at a planar cloud surface (photons cm~2 s~1), and N

pis the column density of ionized hydrogen. The emission

measure produced by this ionizing Ñux is

E
m

B 4.5r4 mR , (14)

where & Maloney here-r
i
\ 104r4 (Bland-Hawthorn 1997,

after For an optically thin cloud in an isotropic radi-BM).
ation Ðeld, the solid angle from which radiation is received
is )\ 4n, while for one-sided illumination, )\ 2n.
However, can be anisotropic, and ) can be considerablyr

iless than 2n.
Metagalactic ionizing background.ÈThe measured

surface brightness values for the emission lines in Figures 4
and are as follows : for the [N II] j6548 line, 90^ 5 mR5

46 ^ 5 mR for the Ha line, 81^ 6 mR(r \ 10@.5), (r \ 12@.0) ;
41 ^ 8 mR If the underlying H I is(r \ 13@.5), (r \ 15@.0).

optically thick to the Lyman continuum, the Ha lines
require an ionizing Ñux of 2 ] 105 and 9 ] 104 photons
cm~2 s~1. The present upper limit on the metagalactic ion-
izing Ñux is ergs cm~2 s~1 Hz~1 sr~1(° 3.1) J~210 \ 0.08
(2 p), which sets an upper limit on the one-sided ionizing
Ñux, at the surface of an optically thick H I sheet, of 2] 104
photons cm~2 s~1, thereby ruling out the metagalactic
background as the dominant ionizing source. The com-
bined ionizing radiation from hot gas and galaxies within
the Sculptor group is also much too weak. Sciama (1995)
predicts an ionizing Ñux that is an order of magnitude
higher from decaying neutrinos, which could conceivably
account for much of the Ha Ñux. However, the narrow
energy bandpass of decaying neutrinos at the(Sciama 1996)
Lyman limit cannot produce N` and therefore requires an
additional source of ionization.

Compact halo sources.ÈThe most recent summary of the
MACHO project indicates that as much as half of the dark
matter in the Galaxy out to the LMC is made up of solar-
mass objects. There is wide disagreement on whether the
missing mass could comprise a halo population of white
dwarfs & Laughlin(Adams 1996 ; Kawaler 1996 ; Chabrier,
Segretain, & Me� ra But most plausible models invoke1996).
a population that produces essentially no UV Ñux. This is
supported by high-redshift observations of the precursor
halo population & Silk(Charlot 1995).

Compact disk sources.ÈUnlike ellipticals, spiral galaxy
disks tend not to ““ grow ÏÏ when photographic plates are
stacked or ampliÐed to reveal light at very faint levels

But a photographically ampliÐed plate of(Malin 1983).
NGC 253 reveals a faint blue disk extending to(Malin 1981)
the limits of our outermost detection (r \ 15@). Following a
suggestion from G. B. Field, we now consider whether these
could comprise an extended white dwarf population
(including the precursor population of central stars in plan-
etary nebulae) young enough to produce a signiÐcant UV
disk Ñux. Such a population was originally considered by

and & Lyon In weLyon (1975) Bania (1980). Figure 8,
consider whether white dwarfs could account for the di†use
line emission in concert with the faint stellar continuum at
the H I edge in NGC 253 (barred arrow). We present the
expected Ha emission measure versus B surface bright-E

mness for an isothermal population of white dwarfs as a func-
tion of the disk surface density. The contribution to both of
these quantities from white dwarfs in the solar neighbor-
hood is also shown ( Ðlled symbols). The luminosity function
is taken from Dahn, & Monet and theLiebert, (1988)
luminosity-temperature conversion from Wood (1990).

There are two basic problems in using white dwarfs to
explain the disk ionization. In the solar neighborhood, the
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FIG. 8.ÈPredicted Ha emission measure vs. B surface brightness forE
man isothermal population of white dwarfs as a function of surface density.

The solid lines are isotherms for white dwarf temperatures in the range
104È2 ] 105 K. The dashed lines are isochoric lines indicating variations in
white dwarf surface density in steps of 0.5, in dex, starting at 1 pc~2 at the
top. The arrow indicates the average emission measure and diskÈsurface
brightness upper limit at the edge of the H I disk. The Ðlled circles are the
expected contribution to the B-band Ñux and Ha emission measure for the
white dwarf population in the solar neighborhood (assuming that all
photons are absorbed). The Galactic disk is assumed to be 600 pc thick,
and the white dwarf radius is assumed to be 0.14 R

_
.

combined e†ect of all white dwarfs could produce E
m

\ 0.1
cm~6 pc, which fails to explain the Reynolds-layer emission
by an order of magnitude or more, in agreement with

Cordes, & Terzian If we assume a compa-Nordgren, (1992).
rable star formation history in the outer reaches of NGC
253, this model could conceivably be used to explain the
measured Ha emission. This is particularly attractive in that
the high temperatures of the white dwarf population
produce elevated [N II]/Ha ratios & Bland-(Sokolowski
Hawthorn However, if the luminosity function1991).
resembles the solar neighborhood, the combined disk
surface brightness at B from the cooler white dwarfs is very
much brighter than what is observed, particularly when one
includes the contribution of early main-sequence stars.
Alternatively, attempting to explain the low Ha emission
measure in terms of 2000 white dwarfs kpc~2 at 45,000 K
leads to a timing problem. We have measured an age-
temperature relation from for whichWood (1990)

log
A t
yr
B

\ 3.6 log Twd [ 9.7 . (15)

Stars hotter than 40,000 K have left the asymptotic giant
branch less than 107 yr ago, which would require a highly
contrived star formation history throughout the disk.

S. G. Ryan has suggested the possibility of hot,
horizontal-branch stars, in particular, an isothermal popu-
lation with temperatures around 15,000 K If we(Lee 1993).
assume comparable line blanketing with white dwarfs,

illustrates that such a population will alwaysFigure 8
produce too much blue light for the required ionizing Ñux,
irrespective of the uncertain sizes and surface densities of

both objects. The characteristic ““ temperature ÏÏ of the ion-
izing source needs to be sufficiently high to fall within the
strict B-band limit. Interestingly, this is just what is needed
to enhance the [N II]/Ha ratio signiÐcantly, as photons with
higher mean energies produce higher electron temperatures.

Ram pressure has stressed theheating.ÈMathis (1986)
problems associated with shocks as a source of ionization
and heating for the Reynolds layer, particularly that of the
near-uniformity of the emission. An interesting possibility is
ram-pressure heating, as NGC 253 moves through an exter-
nal medium in which the disk is inclined at some angle to its
direction of motion. The wake of NGC 7421 et al.(Ryder

suggests that such a process can take place. To ionize1996)
a column of 1019 atoms cm~2 requires shock speeds of close
to 130 km s~1 & Sutherland A medium with(Dopita 1996).
preshock density D10~2 cm~3, moving through an
ambient medium with the relatively high density D10~3
cm~3 at 400 km s~1, could produce the necessary ram pres-
sure. The postshock temperature at a shock velocity of 130
km s~1 is 2.4] 105 K, which is a factor of 10 higher than
the upper limit from the Doppler parameter (22 km s~1) of
the observed line proÐles. For N` and H` to have been
collisionally ionized, the gas must have had time to cool.
But groups with low velocity dispersions, like the Sculptor
group, tend to have very little intracluster medium (Fadda
et al. Therefore, the galaxy would need to be running1996).
into a large, external gas cloud for the shock model to
remain plausible.

Exotic heat sources.ÈThere exists a wide range of exotic
models for heating the electron population preferentially,
including turbulence-driven MHD wave heating (Raymond

and mixing layers driven by bulk Ñows Shull,1990) (Slavin,
& Begelman Bulk Ñows and turbulence in the disk1993).
are thought to be maintained primarily by energy injection
from star formation. The star formation rates at the H I

edge are likely to be very small. An alternative possibility is
that the outer disk is being rained on by galactic fountain
material driven by the inner starburst (e.g., &Benjamin
Shapiro It is unclear at present whether fountain1993).
models can generate the necessary heating through shocks.

& Mushotzky have shown that under ratherFerland (1984)
special conditions, low-energy cosmic-ray electrons can
selectively heat ions and electrons through Coulomb repul-
sion. However, emphasizes the difficultiesSciama (1996)
involved in the penetration of gas clouds by cosmic rays,
and these do not appear to be an important agent.

Young stellar disk.ÈThe inner disk of NGC 253 hosts a
young stellar population producing copious amounts of
ionizing photons. It is plausible that the outer disk sees this
radiation either through dust scattering or through warps
in the outer parts. For Rayleigh scattering, we have repeat-
ed the calculations of using up-to-date dielectricJura (1980)
phase functions & Rouleau & Lee(Martin 1990 ; Draine

and assuming a standard grain mixture and distribu-1984)
tion Rumpl, & Nordsieck We adopt the(Mathis, 1977).

phase function, which relates theHenyey-Greenstein (1941)
asymmetry parameter g to photon energy. The expected
ionizing Ñux at the H I edge is much less than 105 photons
cm~2 s~1, primarily because of the highly forward-
scattering behavior (g [ 0.9) of the grains at increasing
energy, toward the Lyman limit.

While there is some uncertainty as to the fraction of ion-
izing photons that escape a normal spiral galaxy, two inde-
pendent lines of argument suggest that roughly 5% of



0

0.5

1
5007

3727
6716

6300

0

2000

4000

6000

8000

0

0.5

1

0 1 2 3
0

0.5

1

No. 1, 1997 WHERE DO DISKS OF SPIRAL GALAXIES END? 153

ionizing photons escape the Galaxy & Mathis(Domgo� rgen
The absolute B magnitude of NGC 253 is com-1994 ; BM).

parable to that inferred for the Galaxy, and thus, if the disk
opacity is comparable in both cases, the models in BM
apply here as well. G. D. Bothun (1997, private
communication) suspects that the disk of NGC 253 may be
more opaque than the Milky Way, in which case our pre-
dicted Ñuxes should be considered as upper limits. To
explain the Ha Ñux at both outer positions (9 and 12 kpc)
requires an integral sign warp originating at 7 kpc and
reaching 20¡ at 10 kpc. It is difficult to rule this out on the
basis of the H I data. At face value, ofFigure 8 PCvG
indicates that such a warp starts at 7 kpc, reaching B10¡ at
9 kpc. In the next section, we explore this model in more
detail.

Dilute photoionization.ÈAfter weSokolowski (1994),
attempt to simulate conditions at the H I edges of spiral
galaxies ionized by the stellar radiation Ðeld from the
central disk. This requires that the outer southwestern edge
of NGC 253 be warped (D25¡) or Ñare up and therefore see
the central regions. We use the CLOUDY code (Ferland

to ionize plane-parallel slabs with cosmic abundances1991)
& Anders The physical state and emission(Grevesse 1989).

spectrum of a low-density photoionized gas with a given
composition are Ðxed by two parameters : the shape of the
ionizing continuum and the ionization parameter (Tarter,
Tucker, & Salpeter For the ionization parameter U1969).
(the ratio of ionizing photons to nucleons), we adopt

U \ r
cnH

, (16)

where c is the speed of light. In the results for aFigure 10,
range of emission-line diagnostics are presented as a func-
tion of U. The radiation-bounded models are truncated

FIG. 9.ÈLower panel shows the relative ionization fraction of impor-
tant neutrals and ions, where the front of the gas slab is ionized(NH \ 0)
by a dilute radiation Ðeld (U D 10~4). The middle panel shows the tem-
perature and mean electron density structure within the slab. The top
panel shows the normalized line emissivities and illustrates the relative
dependence on electron temperature, electron density, and ionization frac-
tion.

when the electron temperature falls below 4000 K; allT
emodels assume cm~3.nH \ 1

The unabsorbed radiation Ðeld is a composite, taking the
form where is the current star formationt

c
m(M

*
)t(M

*
), t

crate, m is the initial mass function, and t is the main-
sequence lifetime. The ionizing Ðeld is dominated by stars
with we specify the upper mass cuto† to beM

*
º 40 ;

The stellar atmospheres are fromM
*

\ 120 M
_

. Mihalas
and the solar-metallicity evolutionary(1972) Kurucz (1979) ;

tracks are from For the massive star initialMaeder (1990).
mass function, we adopt which fallsm(M

*
) P M

*
~2.7,

between the and theSalpeter (1955) Miller-Scalo (1979)
models.

Irrespective of the shape of the ionizing continuum, a
dilute radiation Ðeld leads to enhanced emission from low-
ionization emission lines & Netzer(Ferland 1983 ; Halpern
& Steiner But a general hardening of the ionizing1983).
Ðeld also produces the same trend (e.g., &Sokolowski
Bland-Hawthorn Indeed, if the edges of spirals are1991).
ionized by the central stellar disk, the ionizing Ðeld is
expected to be both dilute and hardened.

There are at least two phenomena that serve to harden
the local ionizing radiation Ðeld : interstellar opacity and
metal depletion (i.e., refractory elements) onto grains. We
assume that the ionizing photons have leaked from the
young inner disk and that the ionizing spectrum has been
hardened by intervening absorption perpendicular(qLL D 3
to the disk). We adopt the atomic photoionization cross
section for which the average interstellar opacity varies as
E~2.43 above 13.6 eV et al. In quiescent(Cruddace 1974).
galaxies, the outer H I disk is expected to have subsolar
metallicities (e.g., Ferrini, & Diaz But theMolla, 1996).
ongoing nuclear starburst in NGC 253 & Beckwith(Beck

& Ulvestad could conceivably enrich1984 ; Antonucci 1988)
the outer disk through long-range galactic fountains

& Salpeter On balance, we adopt solar(Corbelli 1988).
abundances & Anders modiÐed by the(Grevesse 1989)
known depletion rates for cold gas & Songaila(Cowie 1986 ;

& MassaJenkins 1987 ; Savage 1987).
Gas-phase depletion.ÈThe formation of grains primarily

depletes Ca, Fe, and Si, which in turn suppresses the domi-
nant coolants from the singly ionized stages of these atoms

For example, at U \ 10~4, [C II] 158 km(Ferland 1992).
and [Si II] 35 km account for one-quarter of the total
nebular cooling. While C, N, and O are not strongly
depleted, the forbidden line emission from N`, O0, O`, and
O`` is greatly enhanced by the increased temperature. In
particular, Ðnds that the [N II]/Ha ratioMathis (1986)
increases as Therefore, a 20% increase in the localT

e
3.6.

electron temperature can e†ectively double this line ratio.
We neglect grain heating and cooling processes (Reynolds
& Cox as these are only important in the high-U1992),
limit et al. Complete removal(Baldwin 1991 ; Ferland 1992).
of the grain population from the depleted gas causes line
strengths to change by no more than 5% (Shields 1992).

Photoionization models.ÈIn we show theFigure 9,
detailed ionization and thermal structure within the
gaseous slab. N0, O0, and H0 are closely coupled with slight
di†erences caused by charge-exchange reactions. N`, O`,
and H` are therefore also closely linked, but divergence can
occur at the front of the slab if the radiation Ðeld is suffi-
ciently strong to produce a higher state of ionization in N or
O. The soft photons are soaked up and fully ionize the front
of the slab ; the harder photons propagate further into the
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FIG. 10.ÈDependence of Ðve important line diagnostics on the strength of the radiation Ðeld and hydrogen column density. The solid lines are
radiation-bounded models, where all ionizing photons are soaked up by the gas. Also shown are matter-bounded models, where the slab has been truncated
at 1, 2, 5, 10, and 20 ] 1018 cm~2. The observed line ratio [N II] j6548/Ha is a factor of 2.98 smaller than [N II] j6583/Ha gives some(Veilleux 1988). Fig. 9
appreciation for the distinct trends shown by di†erent lines (e.g., [O II] vs. [O III]).

gas and set up a partially ionized zone. Here the electron
temperature increases by 25%, which boosts the emissivities
of the [O I], [O II], [N II], and [S II] lines. The high-energy
photons are essential : cutting o† the continuum just below
the ionization potential of N II (29.6 eV) produces [N II]
j6548/Ha line ratios that are no higher than 0.25.

shows the dependence of Ðve important lineFigure 10
diagnostics on both ionization parameter and the gas
column density. The range of column densities shown are
relevant to spiral edges. The line ratio [N II] j6583/Ha
peaks at U \ 10~4, with a Ðvefold enhancement when com-
pared with H II regions. In the warped disk model above, we
expect /\ 3È30 ] 104 photons cm~2 s~1. Only the high
end of this range is sufficient for explaining the Ha recombi-
nation emission. For a gas disk with a thickness of 1 kpc,

cm~6 pc implies cm~3, such that for aE
m

\ 0.1 n
e
B 0.01

fully ionized gas, U \ 10~5 to 10~4. The high end of this
range is indeed where the [N II] j6548/Ha ratio peaks in

The observed ratio ([N II] j6548/Ha B 1) impliesFigure 10.
that [N II] j6583/Ha (B3) is a factor of 2 higher than the
peak of the curve in While this model may haveFigure 10.
some application to the H I edges of NGC 253, a full expla-
nation of the gas excitation requires an additional heat
source.

Our attempt to explain the enhanced [N II]/Ha ratios
with the dilute, hardened radiation Ðeld is made much more
difficult if the particle column density seen from the nucleus
is much less than 3 ] 1019 atoms cm~2. It is noteworthy
that [O I] j6300 is produced deep within the slab, com-
pared to [O II] and [O III]. The relative strength of these
lines exhibits a complex interdependence of the shape of the
ionizing spectrum, the ionization parameter, and, most cru-
cially, the column density of the ionized gas. illus-Figure 10
trates that, in fact, all emission lines exhibit some
dependence on the gas column density.

emphasizes the importance of the He IRand (1997)
j5876/Ha and the [N II]/Ha ratios, taken together, for con-
straining the He ionizing fraction and the ionizing spec-
trum. & Mathis predict a high HeDomgo� rgen (1994)
ionizing fraction if the enhanced [N II] emission results
from a dilute, hardened radiation Ðeld. A direct measure-
ment of the kinetic temperature is possible from a detection
of the [N II] j5755 line But these V -band(Osterbrock 1989).
lines are expected to be an order of magnitude fainter than
Ha, which puts them at the limit of detectability (BTVS).

Finally, we summarize the steps that were taken to
achieve the enhanced low-ionization line ratios in Figure

If [N II] j6583/Ha \ 0.3 is typical for a high-U model10.
(e.g., H II region), a dilute radiation Ðeld (U \ 0.01) in the
neighborhood of hot stars can double this ratio (e.g., Mathis

Hardening the dilute radiation Ðeld with interstellar1986).
absorption can produce line ratios closer to unity (e.g.,

An additional 50% increase is achievedSokolowski 1994).
with the known gas-phase depletions of refractory elements.
Further enhancement of this ratio (for a Ðxed abundance)
requires that we selectively heat the electrons without
producing a higher ionization state of nitrogen.

7. CONCLUSIONS

We have succeeded in detecting ionized gas at and
beyond the H I cuto† radius in the nearby spiral galaxy
NGC 253. This galaxy is a member of a small ensemble, the
Sculptor group, with a low internal dispersion and little or
no associated hot medium. The detected emission measures
of the Ha and [N II] lines are sufficiently strong that it is
unlikely that the source of the ionization is the metagalactic
UV background. The strength of the [N II] line with respect
to the Ha line argues for an enhanced electron temperature
at large galactic radius, compared with the inner H II

regions. The dominant ionization mechanism is suspected
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to be caused by hot young stars in the inner regions that see
the warped outer H I disk. We present a composite ioniza-
tion model that may have some application to the H I edges
of NGC 253, but a full explanation requires additional heat
sources. The kinematic measurements conÐrm that the
rotation curve is still rising at and beyond the H I edge. In
some respects, since the H I disk ceases to be detectable at
only this is not an ideal object for testing the orig-1.2R25,inal proposal of & Sunyaev But there areBochkarev (1977).
a few objects that subtend a large solid angle on the sky and
have H I disks extending to beyond these will be the2R25 :
focus of subsequent papers.
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