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ABSTRACT

The IUE satellite spectra of some planetary nebulae show features due to

silicon and magnesium: Si III] _ 1883, 1892; Si IV X% 1394, 1403; Mg II

XX 2796, 2804 and [Mg VJ %X 2784, 2929. With the aid of modeling techniques,
we can find the corresponding elemental abundances, which have not hitherto

been known for planetary nebulae. In addition to previous observations of NGC

7662 and IC 418, we now have data for NGC 2440, Hu I-2, IC 2003 and IC 2165.

Silicon appears depleted by up to an order of magnitude relative to the sun.

Large variations of magnesium abundance are found, which are likely to reflect

differing degrees of depletion due to grain formation. Such observations may

offer new insight into the formation of interstellar grains.

INTRODUCTION

It is known that elements such as Mg, AI, Si, Ca and Fe, which form

refractory compounds, are strongly depleted in the interstellar medium,

presumably by the formation of grains (ref.l). We would like to know if such

depletions occur in planetary nebulae, for this would be direct evidence of

grains within the ionized gas and the pattern of depletion could provide
information about the formation and composition of the dust. Shields (ref. 2)

has shown that Fe is depleted in a number of planetary nebulae; otherwise
little is known about the abundance of refractory elements in these objects.

OBSERVATIONS

SILICON

Lines of Si III] _1882.7, X1892.0 and Si IV _1393.8, _1402.8 are seen in

the IUE spectra of planetaries. The Si III] lines are close to the strong C

III] %1906.7, X1908.7 doublet, while the Si IV lines are intermeshed with the

O IV] X1397.2, 1399.8, 1401.2, 1404.8, 1407.4 quintet. A high-dlspersion

spectrum of NGC 7662 (SWP 4106 - 400 min.) obtained by Dr. S.R. Heap clearly
shows the individual components of Si III], Si IV and O IV]. For most

nebulae, the Si lines are too faint to observe at high-dispersion, so we must

rely on low-dispersion data. Low-dispersion observations of NGC 7662 with the

small aperture (which gives somewhat better resolution than the large

aperture) show the Si III] %1883 and Si IV %1394 lines (ref. 3). (The Si
III] XI883/XI892 ratio, like C III] _1907/%1909, is density-sensitive, with a

low density limit of about 1.5. In NGC 7662 this ratio is seen at high-
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dispersion to be greater than unity; thus for objects where we only obserw_.

the %1883 line we have assumed the low-density ratio.) We have measured the

flux in Si III %1883 in four additional nebulae with the large slot in low

dispersion. The results are presented in Table I. For NGC 2440, the
photowrite shows the spatially extended image of the % 1883 llne.

Si IV is usually substantially weaker than O IV]. When the Si IV

contribution to the blend becomes comparable to 0 IV], the feature shows _l

distinct blueward shift, since the %1394 line is twice the intensity of

%1403. This effect is observed in Hu I-2, the nebula with the largest Si IIIir
intensity.

MAGNESIUM

The Mg II %2796.4, %2803.5 doublet is a strong feature in a few

planetaries, e.g. IC 418 (ref. 4). It has also been observed in the high-

excitation object NGC 7027 (ref. 5). We observe faint Mg II emission in IC

2165 and NGC 2440. In the latter case, the lines are also seen at high
dispersion (LWR 6257).

Lines of [Mg V] at %2783.9 and %2929.2 were identified in NGC 7027 (ref,

5). The %2784/%2929 intensity ratio should be 3.6. We see the [Mg V] %278_i
line very clearly in our high-dispersion spectrum of NGC 2440 and there i_

also a feature of the expected intensity at %2929. The [Mg V] lines have the
same width as the other nebular lines.

We have measured the [Mg V] %2784 flux in the low dispersion spectra of
three objects: NGC 2440, IC 2165 and Hu 1-2. In IC 2165 there is clear

stratification: the [Mg V] image is almost stellar while the Mg II image i_

very extended. This is also seen when the spectrum is traced with different
slit heights.

INTERPRETATION

MODELS

We have constructed preliminary models of three nebulae. Details of the

atomic data adopted and of the numerical procedures employed will be given

elsewhere (ref. 6). It should be noted that the photoionization cross section

of Mg+ (ref. 7) is unusually small (0.28 Mb at threshold; of. 6.3 Mb for

H°). This leads to a hi_her fractional abundance of Mg+ than for other singly

ionized species. The Si_2 and Si+3 photoionization cross sections we use (ref.
8, 9) are also many times smaller than the quantum defect values sometimes
employed (e.g., ref. i0).

In Table 2 model predictions for IC 2165 and NGC 2440 are compared with

observations. The model for IC 2003 is given elsewhere in this volume (ref.
II), where the CN0 abundances of the three nebulae are discussed. All models

employ blackbody stellar fluxes and simple density distributions. The

defining parameters for the models of IC 2003, IC 2165 and NGC 2440,

respectively, are as follows: Stellar temperature: i00,000 K; 135,000 K;

180,000 K. Stellar luminosity: 1.3 x 104 LQ; 2.6 x 103 LQ; 1.9 x 103 LQ.
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Adopted distance: 7.6 kpc; 2.8 kpc; 2.3 kpc. Inner and outer radii: 0.06-.12

pc; 0.007-0.055 pc; 0.022- 0.122 pc. Fillin_ factor: 0.043; 0.5; 0.14.
Hydrogen density of filled volume: constant at I0_ cm _; constan_ at 7.2 x 103
cm-3; nH = r-_, decreasing from 1.4 x 104 cm-3 to 2.75 x i0_ cm-3. He/H
ratio: 0.13; 0.13; 0.154.

We attempted to fit the [0 III] %5007/%4363 temperature sensitive ratio
and to match the overall ionization structure even if a fit to the total flux

in some of the emission lines could not be achieved. We can use these models

as a basis for the interpretation of the Si and Mg features.

SILICON

The silicon abundances in our models were adjusted to match the observed

Si III] %1883 intensity. Table I shows the resultant Si/O ratios. The solar
value of Si/O is 0.052 (ref. 12, 13). Thus silicon would appear to be

depleted by up to an order of magnitude in these nebulae. We do not yet have

a model of Hu I-2, but it is likely that the Si depletion for this object is
less than for the others.

It can be seen from Table 2 that the Si IV intensities which result from

our adopted abundances are consistent with the observational result that 0 IV]
is the dominant contributor to the _1400 blend. Because the collisional

excitation rate for the Si+3 ion is 36 times larger than that of the 0+3 ion,

a Si/O ratio near solar would lead to the domination of this feature by Si IV;
this is not observed even in Hu 1-2.

MAGNESIUM

Because of the small photoionization cross section for Mg+ and the large

collisional cross section for Mg II 2S-2p° _ ~ 17), we would expect Mg II

%2800 to be prominent in the UV spectra of planetary nebulae unless Mg is

strongly depleted. In IC 418, _2800 is strong and an approximately solar Mg/H
ratio has been derived for this object (ref. 4). On the other hand, in the

Orion nebula (which is of similar excitation), %2800 is not seen. This

implies an order of magnitude depletion of Mg (ref. 14). A depletion is also

implied by the absence of _ II %2800 in high excitation planetaries; e.g. NGC

7662 (ref. 15,6). The fact that Mg II %2800 is not observed in most of the

nebulae examined by Boggess, Feibelman and McCraken (ref. 16) implies that the
depletion is widespread.

The situation becomes more complex, however, when we consider planetarles

in which [Mg V] is observed. An analysis of NGC 7027 by P_quignot and
Stasifiska (ref. 17) showed that no single Mg abundance could simultaneously

reproduce the intensities of both [Mg V] %2784 and Mg II _2800. They were led

to propose an abundance gradient, with Mg/H near solar in the inner region of

the object and strongly depleted in the outer region.

We find Just the same situation in IC 2165 and NGC 2440. The Mg

abundances of the models in Table 2 have been adjusted to match the observed

Mg II %2800 fluxes. The resultant Mg/H ratios are 10-6 for IC 2165 and 8 x
10-7 for NGC 2440, compared to the solar Mg/H ratio of 4.2 x 10-5 (ref. 13).
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However, if we were to adjust Mg/H to match th_ [Mg V] _2784 llne, the ratios
would be 2.5 x 10-5 for IC 2165 and 3.5 x i0- , not significantly different

from the solar value. (Compounding the difficulty is the fact that the

models, even with the low abundances adopted, produce a Mg I] _4571 intensltF

much greater than observed. There might be charge-transfer effects which

would prevent the existence of as much Mg ° in the ionized gas as the models

predlct, however. )

P_qulgnot and Staslnska propose that the carbon-rlch nature of NGC 7027

is responsible for locking up the O in CO at the time of grain formation, so

the Mg condenses as a metal rather than some more refractory compound, and

thus can later evaporate in the Inner regions of the nebula. This scheme

might also be invoked for IC 2165, but in the case of NGC 2440, we find that

C/O < I (ref. Ii).

In any case, unless our ideas of the ionization structure for Mg are
completely in error, further study of this "Mg ll-[Mg V] anomaly" in planetary

nebulae promises us insights into the formation and/or destruction of grains

in differing chemical environments.

REFERENCES

(i) Spltzer, L., Jr.: Physical Processes in the Interstellar Medium. John

• Wiley and Sons, New York, 1978, p.6, p.204.

(2) Shields, G.A.: Gas-Phase Abundances of Iron and Carbon in Planetary

Nebulae. Astrophys. J., vol. 219, no. 2, Jan. 15, 1978, pp.559-564.

(3) Harrlngton, J.P.; Lutz, J.H.; and Seaton, M.J.: IUE Observatalons

of the Planetary Nebulae NGC 7662. In: The First Year of IUE:

Proceedings of the Symposium, London, England, April 4-6, 1979.

London, University College, 1979, pp. 199-207.
(4) Harrington, J.P.; Lutz, J.H.; Seaton, M.J.; and Stlckland, D.J.:

Ultraviolet Spectra of Planetary Nebulae - I. The Abundance of

Carbon in IC 418. Monthly Notices Roy. Astr. Sot., vol, 191,

no. i, April 1980, pp. 13-22.

(5) Grewlng, M.; Boksenberg, A.; Seaton, M.J.; SnlJders, M.A.J.: Wilson, R.;

Boggess, A.; Bohlln, R.C.; Perry, P.M.; Schlffer, I.H.,III;

Gondhalekar, P.M.; Macchetto, F.; Savage, B.D.; Jenkins, E.B.;
Johnson, H.M.; Perlnoto, M.; and Whlttet, D.C.B.: SUE Observations

of the Interstellar Medium. Nature, vol. 275, no. 5679, 5 October

1978, pp. 394-400.

(6) Harrlngton, J.P.; Lutz, J.H.; and Seaton, M.J.: Ultraviolet Spectra of

Planetary Nebulae - II. NGC 7662. Monthly Notices Roy. Astro. Soc.,
to be submitted.

(7) Black, J.H.; Welshelt, J.C.; and Lavlana, E.: Oscillator Strengths and
+

Ground-State Photoionizaton Cross-Sections for Mg and Ca .

Astrophys. J., vol. 177, no. 2, 15 October 1972, pp. 567-572.

(8) Reilman, R.F; and Manson, S.T.: Photoabsorptlon Cross Sections for
Positive Atomic Ions with Z 4 30. Astrophys. J. Supplement Series,

vol. 40, no. 4, August 1979, pp. 815-880.

(9) Shevelko_ V.P.: Oscillator Strengths and Photolonlzatfon Cross Sections

of Alkali-llke Ions. Opt. Spectrosc., vol. 36, no. I, January 1974,

pp. 7-9.

626
I



(I0) KSppen, J.: Photoionization Models for Gaseous Nebulae: III. Third
Period Elements. Astron. Astrophys. Suppl. Ser., vol. 39, no. I,

January 1980, pp. 77-81.

(II) Marionni, P.A.; and Harrington, J.P.: Elemental Abundances in High

Excitation Planetary Nebulae, 1980, this Symposium.

(12) Lambert, D.L.: The Abundances of Carbon, Nitrogen and Oxygen. Monthly

Notices Roy. Astron. Sot., vol. 182, no. I, January 1978, pp. 249-
272.

(13) Lambert, D.L.; and Luck, R.E.: The Abundances of the Elements in the

Solar Photosphere - IX: Na to Ca. Monthly Notices Roy. Astron. Sot.,

vol. 183, no. I, April 1978, pp. 79-100.

(14) Perlnotto, M.: and Patriarchi, P.: The Abundances of Carbon and

Magnesium in the Orion Nebula. Astrophys. J. Letters, vol. 235,

no. i, I January 1980, pp. LI2-LI6.

(15) P_qulgnot, D.: Charge Transfer Reactions: II. A Photoionlzaton Model of
the Planetary Nebula NGC 7662. Astron. Astrophys., vol. 83,

no. I/2, March 1980, pp. 52-57.

(16) Boggess, A.; Feibelman, W.A.; and McCracken, C.W.: An Atlas of
Emission Line Fluxes for Twenty-Four Planetary Nebulae in the 1150-

3200A Region. 1980, this Symposium.

(17) P_quignot, D.; and Stasi6ska, G.: An Abundance Gradient for Gaseous
Magnesium in the Planetary Nebula NGC 7027. Astron. Astrophys.

vol., 81, no. I/2, January 1980, pp. 121-127.

(18) Torres-Peimbert, S.; and Peimbert, M.: Photoelectric Photometry and

Physical Conditions of Planetary Nebulae. Rev. Mex. Astr.

Astrofis., vol. 2, no. 3, Aug. 1977, pp. 181-207.

(19) Kaler, J.B; Czyzak, S.J.; and Aller, L.H.: Spectrophotometrlc Studies

of Gaseous Nebulae. X. The Small High-Excitation Planetary Nebula

IC 2165. Astrophys. J., vol. 153, no. I, July 1968, pp. 43-48.

(20) Aller, L.H.; Czyzak, S.J.; and Kaler, J.B.: Spectrophotometrlc Studies

of Gaseous Nebulae. VIII. The Irregular Planetary Nebula NGC 2440.

Astrophys. J., vol. 151, no. I, Jan. 1968, pp. 187-195.
(21) Aller, L.H.; and Walker, M.F.: The Spectra of Thirty-Three Gaseous

Nebulae in the Yellow-Green Region Obtained with an Electronic

Camera. Astrophys. J., vol. 161, no. 3, Sept. 1970, pp. 917-
945.

TABLE 1 -- Si III] X1883 FLUXES AND Si/O RATIOS

IC IC NGC Hu

2003 2165 2440 1 - 2

F(Sl III] X1883) erg/_m2/s 4.10 -14 4.10 -14 1.7x10 -13 6.xlO -14
l(Si III] X1883,92) ta_ 3.0 3.2 5.8 II.

(Si/O) Abundance Ratio 0.006 0.006 0.005 --

(a) Relative to I(HS) = I00, corrected for reddening (ref. II);

I(XI883)/I(XI892) = 1.5 assumed.
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TABLE 2. LINE INTENSITIES: OBSERVATIONS AND MODEL PREDICTIONS.

IC 2165 , NGC 2440 ,

LINE OBS. # MODEL tion OBS. % MODEL tlo n

%1241N V 45. 40. 1.81 I00. 95. 1.61

%1394,03 Si IV { 4.3 1.50 { 5.6 1.55
%1401,5 0 IV] 39. 18.3 1.68 54. 28.4 1.58

%1406,17 S IV] 1.7 1.50 1.2 1.55
%1485 N IV] 47. 50. 1.57 220. 170. 1.57

%1549 C IV 970. 960. 1.55 500. 585. 1.57

%1640 He II 260. 290. 1.73 350. 480. 1.56

%1664 0 llI] 33. 35. 1.42 42. 42. 1.41

%1750 N III] 37. 29. 1.42 170. 170. 1.44

%1883,92 Silll 3.2 3.2 1.47 5.8 5.8 1.52
%1908 C III] 850. 725. 1.43 750. 660. 1.40

%2328 C II] 81. 33. 1.40 97. 80. 1.15

%2424 _e IV] II0. 83. 1.62 160. 160. 1.49

%2470 [O II] ...... 17. 22. 1.20

%2784 [Mg V] 5.2 0.21 1.87 8.3 0.19 1.60

%2800 Mg II 6.4 6.2 1.40 3.9 3.8 1.21
%3426 [Ne V] 63: 65 1.78 140: 134. 1.57

%3727 [0 II] 62. 55. 1.38 230. 310. 1.20

%3869 [Ne III] ii0. 150. 1.41 140. 140. 1.26

%4267 C II 0.46 0.15 1.43 0.38 0.18 1.40

%4363 [0 llI] 22. 18. 1.42 28. 22. 1.41

%4571Mg I] 0.6 5.1 1.39 0.2 5.4 1.18
%4686 He II 42. 40. 1.73 58. 68. 1.56

%4861H8 I00. I00. 1.51 I00. I00. 1.46

%5007 [0 III] 190. 920. 1.42 1500. 1200. 1.41
_5200 [N I] ...... 13. 30. 1.00

15755 [N II] 0.5: 2.1 1.38 17. 31. 1.19

%5876 He I Ii. ll.6 1.42 II.3 13.6 1.31

%6300 [O I] 3.2 0.6 1.37 24. 29. 1.05

%6312 IS ili] 1.7 2.0 1.41 2.3 1.9 1.38

%6584 IN II] 45. 54. 1.38 970. 1200. 1.19

%6723 [S II] 6. 5.3 1.39 29. 28. 1.16

%7325 [O II] 6. 8.9 1.38 16. 27. 1.20

#The UV observations are discussed in ref. II. The optical data is from

ref. 18 and 19. Intensities have been corrected for reddening (ref. II).

_Optical data from ref. 18, 20 and 21.

*Model temperature weighted by Ne Nio n, in units of 104 K. See ref. ii.
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Fig. 1 - The Si III] k1883 feature on the wing of C III] 11909
in NGC 2440.
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Fig. 2 - The XI400 Si IV - 0 IV] blend in Hu 1-2. The length of
the vertical lines indicates the theoretical relative

intensity of the line component.
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