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We present line intensities measured at six positions in the Dumbbell nebula exhibiting a wide range of ionization.
At each position the electron density, temperatures, and ionic abundances of helium, oxygen, nitrogen, neon, and sul-
fur are computed. We estimate the total abundances of nitrogen, neon, and sulfur by assuming that the oxygen ioniza-
tion distribution is a good guide to the ionization distribution of these other elements. The agreement of the total
abundances in the six positions indicates that this is a good assumption for nitrogen and sulfur, but not for neon.
I(\3869) increases with I(A3727) implying that Ne*+ evidently coexists with O+ in the low ionization regions.
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I. Introduction

Hawley and Miller (1977; hereafter Paper I) recently
investigated the physical conditions giving rise to the
large ratio of [N u]/Ha seen at the edges of
NGC 6720, the Ring nebula. The results of Paper I
showed that the strong [N 1] lines resulted from nitro-
gen being predominantly N+ at the edges of the nebu-
la. We also demonstrated that the ionization correction
formulae of Peimbert and collaborators (e.g., Peimbert
and Costero 1969; Peimbert and Torres-Peimbert 1971)
could satisfactorily account for the unobserved stages
of ionization of oxygen and nitrogen.

Several interesting questions remain to be in-
vestigated. Will the ionization correction scheme work
as well for other objects? Even though the ionization
correction factor (i) appears to work for the Ring
nebula (Paper I) and the Orion nebula (Peimbert and
Torres-Peimbert 1977) it is desirable to test the ioni-
zation correction scheme in a larger number of nebu-
lae. Aller and Epps (1975) have stated that the total
nitrogen abundances they derive within the planetary
nebula NGC 7009 varied by almost an order of magni-
tude as a function of position. However, this result
must be viewed with caution because the crucial [O 1]
A3727 line intensity was not measured at the same
place and with the same equipment as the other lines.

The total sulfur abundances presented in Paper 1 are
clearly underestimates. However, the constancy of the
results for six positions raises the question as to wheth-
er St/S*+ is relatively constant independent of i, and
whether the factor i, gives consistent results for sulfur
when S** abundances are available. Observations of
[S ] A6312 would shed light on this question as well
as on the question of what is the total sulfur abun-
dance.
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The i seriously overestimated the neon abundance
in the low ionization regions relative to the high ioni-
zation regions in the Ring nebula. This resulted from
the unexpected great strength of [Ne m1] A3869 relative
to [O 1] A3727 at the edge of the nebula. Since this in-
dicates that there may be an ionization process for
neon which we do not understand, further observations
of [Ne m] in other objects are important. In an attempt
to investigate these questions we have obtained high
spatial resolution observations of NGC 6853, also
known as the Dumbbell nebula, which is well-suited
for a study like that of Paper I because of its large an-
gular size, moderate surface brightness, and varying
ionization.

II. Observations

The observations presented here were obtained with
the image-tube, image-dissector scanner (ITS) (Robin-
son and Wamper 1972; Miller, Robinson, and Wampler
1976) at the Cassegrain focus of the Lick Observatory
3-m Shane reflector. The observing and reduction pro-
cedures were identical to those in Paper I. Six posi-
tions were observed and their locations in the nebula
are displayed in Figure 1. We attempted to observe in
regions showing the widest possible range of ionization.
The six positions were chosen by inspecting the color
photograph of the Dumbbell nebula published by Mil-
ler (1974) and selecting four slit positions which were
green (strong [O m]), and two which were red (strong
[N 1] + Ha).

The line intensities are shown in Table I. The errors
associated with these fluxes are roughly 10% for F(A)
= 50, 25% for 10 =< F(A) < 50, and 35%-50% for
F(A) < 10. We also include the flux in HB through the
274 x 4”0 entrance slot. The positions are numbered
in order of decreasing ionization as inferred from the
ratio [O 1]/[O mi].
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FIG. 1—Observing positions in the Dumbbell nebula. North is at the top and east is at the left. The slits are shown twice actual size of 274 X
40 for the purpose of illustration.
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III. Discussion of the Observations

The observed ratio Ha/Hp is slightly greater than is
predicted by recombination theory (Brocklehurst 1971).
We attribute this steeper Balmer decrement to inter-
stellar reddening and have corrected the observed
fluxes by calculating the Balmer line color excess
E(B—a) and adopting the reddening curve given by
Miller and Mathews (1972). Miller (1973) has shown
that the Dumbbell nebula is only slightly reddened
(Ha/HB = 2.90) and so there may be some unknown
systematic error in these observations at the ~ 10%
level which mimics reddening. An error this small has

little effect on the subsequent discussion and will be
ignored in this paper. The reddening-corrected fluxes
are presented in Table I as I(A).

Electron densities from [S 1] and temperatures from
[N 1], [Om, and in some cases [S 1] were derived in
the manner described in Paper 1. These results are
shown in Table II. The uncertainty associated with the
electron density determination is + 100 cm~3, and
that with the [Om] and [N 1n] temperatures is +
1000 K. The error in the [Su] temperature is some-
what higher because AN4069, 4076 are weak and possi-
bly contaminated by A4078 of Hg in the night sky

TABLE II

TEMPERATURES, DENSITIES AND ABUNDANCES

1 2
T_ [0 TI1] X 11,500 11,500
T [N1II] K 11,250 10,600
T, [s 1I] KX - -
-3
Ne [S II] cm 250 450
Het 0.070 0.066
Het™ 0.051 0.051
He 0.121 0.116
o" 5.3x10 > 1.0x10™%
2.9x10"4 2.5%107%
i 1.74 1.76 .
0 5.9x10°%  6.3x10”
Nt 2.6x10 °  4.2x107°
11.2 6.07

cf . -4 -4
N 2.9x10 2.5x10
Ne™t 8.2x10"°  6.8x107°
i 2.06 2.48

cf -4 -4
Ne 1.7%x10 1.7x10
s 5.7x10°7  1.0x107°
stt 5 ,0X10—6 5. 0x10_6
i 11.2 6.07

cf -5 -5
S 6.3x10 3.6x%10

3 4 5 6
8,500 12,450 13,200 -
8,000 9,200 9,150 9,100
10,000 11,000 8,150 5,750
450 300 800 500
0.095 0.086 0.101 0.117
0.007 0.012 0.002 0.004
0.102 0.098 0.103 0.121
5.8x10°%  3.2x10™%  1.2x1073 1.1x107°
7.3x10°%  1.0x107%  4.5x107°  4.6x107°
1.08 1.13 1.02 1.04

-3 -4 -3 -3
1.4x10 5.8x10 1.2x10 1.2x10
1.7x107%  1l.ox10™%  2.5x107%  2.8x107%
2.45 1.85 1.06 1.08

-4 -4 -4 -4
4.2x10 1.9x10 2.7x10 3.0x10
3.0x10°%  6.7x107°  5.8x107°  8.5x107°
1.92 2.91 27.3 25.5

-4 -4 -3 -3
5.7x10 2.0x10 1.6x10 2.2%10
2.2x10°%  2.3x107%  1.1x107°  3.3x107°
1.1x10°  1.3x107° - <5x107°
2.45 1.85 1.06 1.08

-5 -5 -5 _5
3.1x10 2.8x10 1.2x10 4.1x10
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even though this line is much weaker than A4358. Also,
at a given temperature I(AAN4069, 4076)/I(AN6717,
6731) is more sensitive to the electron density than
I(\4363)/I(A5007) or I(A5755)/I1(A6583). We estimate
that the [S 1] temperatures are good to + 2000 K.

At the positions where the ionization is low, the [S 1]
temperature seems to be less than either the [N 1] or
the [O m] temperature. The accuracy of the [O m]
temperature for position 5 is somewhat less than
quoted above for positions 1 through 4 because, where
A4363 is weak, the strong contamination by Hg A4358
causes more uncertainty in the sky subtraction. The
three temperatures would not necessarily be expected
to be the same since the ionization potentials of S,
N+, and Ot+, so the emission lines arise in differ-
ent regions possibly characterized by different physical
conditions.

The calculation of ionic abundances from the line in-
tensities in Table I was carried out in the manner de-
scribed in Paper I. We used T,([O m]) for the O*+ and
Ne** abundances, T, ([N 1]) for the N*, S*+ and O*
abundances, and T([S n]) for S* when it was available
and T[N 1) otherwise. For position 6 we adopted
T(Om])) = 12,000K. To compute the helium ionic
abundances we used T,([O m]) for He** and T, ([N )
for He*. The helium ionic abundances are not sensitive
to the electron temperature. Uncertainties in the elec-
tron temperatures result in errors of roughly 50% in
the ionic abundances derived from the forbidden lines.

A modification to the procedure outlined in Paper 1
which we have made here is to replace equation (4)
with
N(S*+ + S++)

NI
NH)  NHY

N(O)
N(O+)

(Peimbert and Costero 1969) since we have a measure-

ment of A6312 of [S m] in several positions. This for-
mula should accurately correct for unobserved ioniza-
tion stages in sulfur since the ionization potentials of
O* and S*+ are nearly identical.

The ionic and total abundances along with the val-
ues of i, are shown in Table II. Since A4686 of He*+
was observed in every position we have assumed that
no neutral helium is present (Harman and Seaton
1966). The total helium abundances show the same
scatter as in the Ring nebula. The range of the i s is
not so great as in the Ring nebula but for nitrogen still
encompasses an order of magnitude. The derived total
oxygen and nitrogen abundances are consistent to a
factor of 2 independent of ionization. Evidently the io-
nization correction scheme works well for nitrogen and
oxygen in the Dumbbell nebula. The i, also seems to
work well for sulfur since the total sulfur abundances
show roughly the same scatter as do the nitrogen abun-
dances.

The neon situation is still not understood. The be-
havior seen in the Ring nebula is evident here; i.e., the
i,; greatly overestimates the total neon abundance in
the low ionization regions relative to the high ioniza-
tion regions. This difference amounts to more than an
order of magnitude between position 1 and position 6.
Inspection of Table I shows that F(A3869) generally in-
creases with decreasing ionization. In Figure 2 we
have plotted log I(A3727) versus log I(A3869) including
the data from Paper I. There is an evident correlation
between [O 1] and [Ne m] which is unexpected since
the ionization potential of Net (41 eV) is greater than
that of O* (35 eV). We currently have no explanation
for this observation, but it must result from the physics
of the ionization equilibrium of neon in the outer low
ionization regions.

In Table III we present the total abundances derived

I I I I I I I I
@ 03~  @NGC 6720 oo ]
T X NGC 6853
= X
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N X
> 02 « X .
© X ¢
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log I(3727)/1(HP)
Fic. 2—Log I(A3869)/Hp versus log I(A3727)/Hp. Filled circles are Ring nebula data; crosses are Dumbbell nebula data.
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for the Dumbbell nebula along with the results for the
Ring nebula from Paper I, the average abundances for
planetaries from Torres-Peimbert and Peimbert (1977),
and for galactic H i1 regions from Hawley (1977). The
neon abundances for the Dumbbell and Ring nebulae
are the average of positions 1 through 4 only. The
agreement of the different abundances among the vari-
ous objects is good, implying that for the cases of oxy-
gen, nitrogen, and sulfur in the Dumbbell nebula, the
i.¢s give consistent total abundances which are typical
of the abundances in gaseous nebulae.

IV. Summary

In section III we concluded that the ionization cor-
rection scheme works well for oxygen and nitrogen in
the Dumbbell nebula. As in the Ring nebula the re-
gions of strong [N 1] emission are regions where the ni-
trogen is predominantly N*. Neon is still a problem,
since I(A3869) correlates with I(A3727). The i, ade-
quately corrects for unobserved stages of ionization of

44 HAWLEY AND MILLER
TABLE III
COMPARISON OF ABUNDANCES RELATIVE TO HYDROGEN BY NUMBER

DUMBBELL RING NEBULA PLANETARIES HII REGIONS

He 0.110 0.115 0.110 0.115
0 9.3x10% 9.4x10% 7.4x10 % 4.0x10~%
N 2.9x10”% 2.5%10% 2.1x10"% 3.9x10°
Ne 2.8x10"% 2.5x10"% 1.9x10 1.3x107%
S 3.5x10° - 4x107° 1.8x10°

sulfur as evidenced by the consistent total sulfur abun-
dances for six positions and an average abundance
which agrees with the sulfur abundances in other plan-
etaries.
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