
19
7 

9A
pJ

. 
. .

22
7.

 .
48

9F
 

The Astrophysical Journal, 227:489-496, 1979 January 15 
© 1979. The American Astronomical Society. All rights reserved. Printed in U.S.A. 

CARBON MONOXIDE EMISSION AND THE rj CARINAE 
STAGE OF NOVA NQ VULPECULAE 

G. J. Ferland, D. L. Lambert, and H. Netzer 
Department of Astronomy, University of Texas 

AND 

D. N. B. Hall and S. T. Ridgway 
Kitt Peak National Observatory* 

Received 1978 June 5; accepted 1978 August 2 

ABSTRACT 
This paper announces the detection of CO emission from Nova NQ Vul. First-overtone 

vibration-rotation bands were detected in a 1.6-2.2 /¿m spectrum obtained 19 days after outburst, 
~20 days before the large visual fading. The absence of detectable 13CO bands sets the limit 
12C/13C > 3. CO emission at 4.8/¿m is predicted to be ~40 times stronger than the 2.2/¿m 
emission and easily accounts for the 5 /xm emission feature discovered by Ney and Hatfield. 
This identification implies that CO emission persisted for 3 weeks in NQ Vul and that it was 
also present in FH Ser. 

Photoionization equilibrium calculations were performed to deduce the physical conditions 
in the ejecta on day 19. The H+ Strömgren sphere extends to only a small fraction of the radius 
of the nebula. A largely neutral region, which is heated by photoionization of heavy elements, 
extends to the outer edge of the ejecta. Strong Fe n, Mg n, and C i emission, a characteristic of 
the rj Car phase of the nova outburst, originates here. This region may provide an auspicious site 
for both molecule and grain formation. 
Subject headings: molecular processes — stars: abundances — stars: individual — stars: novae 

I. NQ VULPECULAE—A DQ HERCULIS—TYPE NOVA 

Infrared photometry of recent novae has provided 
new insights into the physics of novae shells. Discovery 
of a broad, strong infrared excess in the spectrum of 
FH Ser (Hyland and Neugebauer 1970; Geisel, Klein- 
mann, and Low 1970) led to the realization that dust 
grains could form in the ejecta. In addition to the 
thermal emission by warm dust grains, narrower infra- 
red excesses have been identified. In particular, an 
excess of 5/xm was seen in both FH Ser (Geisel, 
Kleinmann, and Low 1970) and the recent nova NQ 
Vul (Ney and Hatfield 1978). The origin of this excess 
has not been identified. Clearly, infrared photometry 
over an extended wavelength interval and, in particular, 
spectroscopy should be undertaken for more novae in 
order to define the spectrum and to disentangle the 
contributions of the gas and the dust. This paper 
discusses infrared observations of NQ Vul, a recent 
nova of the DQ Herculis type. 

Yamashita et al (1977) outline the early develop- 
ment of NQ Vul which was discovered on 1976 
October 21.7 by Alcock (1976). Between the discovery 
and early November, the nova varied erratically be- 
tween about V = 6.3 and 8.5. The erratic decline con- 
tinued after an initial sharp drop of 2 mag on 1976 
November 3. A second drop of 3 mag, which occurred 

* Operated by the Association of Universities for Research 
in Astronomy, Inc., under contract with the National Science 
Foundation. 

between about December 25 and 31, is probably the 
true signature of a DQ Herculis type. The nova was in 
the r¡ Car phase, characterized by prominent Fe n, 
Ca ii, and Na i emission, throughout 1976 November. 

Ney and Hatfield (1978) discuss broad-band photom- 
etry at wavelengths of 0.5-12.5 /xm for the period 3- 
235 days after outburst. The December drop in visual 
magnitude was accompanied by an infrared excess 
from 1 to 12.5 /xm which can be interpreted as emission 
from an isothermal (T ä 900 K) dust shell. A quite 
different infrared spectrum was found to be associated 
with the first drop in visual magnitude in early 1976 
November. Ney and Hatfield interpret the spectrum 
as the result of free-free emission on which is super- 
posed a contribution at 5/xm from an unidentified 
source; they note a suggestion that C3 molecules may 
account for the 5 /xm emission. The profile of the 5 /xm 
feature on 1976 November 5 (Merrill 1977) is similar to 
the fundamental CO band. 

In this paper, the detection of first-overtone vibra- 
tion-rotation emission bands of CO at 2.3/xm is 
announced; a 1.6-2.4/xm spectrum was obtained on 
1976 November 8, shortly after the first sharp drop in 
visual magnitude. It is suggested that the 5 /xm excess 
can be identified with emission in the stronger funda- 
mental CO bands. Although this is the first detection 
of the CO molecule in a nova spectrum, the CN radical 
has been detected earlier on rare occasions. The out- 
standing detection of CN occurred with DQ Her when 
the CN violet system was seen in absorption for about 
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3 days near maximum. The CN absorption bands were 
not seen in either NQ Vul or FH Ser (Yamashita et al 
1977; Hutchings 1970). The conditions favoring the 
detection of CO are verified in the Appendix. 

II. THE INFRARED SPECTRUM 

NQ Vul was observed at the Kitt Peak National 
Observatory with the 4 m Mayall reflector and a 
Fourier transform spectrometer (Ridgway and Capps 
1974; Hall 1976). Two spectra were obtained on 1976 
November 8, or 19 days after outburst. The spectra 
representing a total of 3 hours of observation time were 
co-added to improve the signal-to-noise ratio and 
apodized to a resolution of 1 cm "1 ; the original spectra 
are at a resolution of up to 0.15 cm-1. A first-order 
correction for the telluric absorption lines was attempt- 
ed by dividing the nova spectrum by a solar spectrum 
obtained with the same instrument. The final nova 
spectrum is shown in Figure 1. Regions of strong telluric 
absorption are not plotted. 

in. CO EMISSION 

The infrared spectrum contains very few emission 
lines; a line list (Table 1) is discussed later. A cluster 
of four “lines” attracted attention because they co- 
incided closely with the CO first-overtone band heads 
which are a prominent feature in the absorption spectra 
of cool stars. Their identification as emission bands of 
the CO molecule is supported by a synthetic spectrum 
calculation. Figure 2 shows the nova spectrum around 
the CO bands. This is the first detection of carbon 
monoxide in the spectrum of a nova. 

The synthetic spectrum was calculated on the 
assumption that the CO emission was produced in an 
optically thin layer in local thermodynamic equi- 
librium. CO line positions and intensities are well 
known; a procedure described by Hinkle, Lambert, 
and Snell (1976) was adopted. The line profile of a 
single CO line was assumed to match the observed 
profile of the By line. The agreement between the 
synthetic and observed spectra suggests that the CO 
emission originates within or near the nova ejecta; the 
velocity of the CO and By line cannot differ by more 
than 300kms_1. The shape of the CO contour is 
temperature-sensitive; a temperature T = 3500 ± 
750 K is derived. The CO mass is io25*5±0-5g (d = 
1.5 kpc). For comparison, the carbon and oxygen mass 
of ejecta from VI500 Cyg was io28-4±0-3 g (Ferland 
and Shields 1978). Sample synthetic spectra with the 
addition of 13CO to the line list set a lower limit 
12C/13C > 3 to the isotopic abundance ratio. Positions 
of the 12CO and 13CO band heads are marked in 
Figure 2. The 12C170 2-0 band head lies at 4306 cm“1. 
A lower limit of 160/170 > 3 is set. 

Identification of CO emission near 2.3 /zm provides 
a straightforward explanation for the 5 /zm excess 
observed by Ney and Hatfield. Emission in the first- 
overtone (i/ v" = v' — 2) bands near 2.3 /zm must 
be accompanied by stronger emission in the funda- 
mental (v' -+v" = v' — l) bands near 4.8 /zm. For 

a typical vibration-rotation level, the ratio of the 
Einstein A values A(v', J' v' — 1, J' — 1) and 
A(v', J' ->v' — 2, J' — 1) is approximately 60. In the 
optically thin limit, the synthetic spectrum calcula- 
tions predict the CO emission at 4.8 /zm to be approx- 
imately 40 times stronger than at 2.3 /zm. The predicted 
CO emission provides about a factor of 10 more flux 
than is required to account for the observed 5/zm 
excess. A part of this discrepancy is probably at- 
tributable to the crude modeling of the 5 /zm filter 
bandpass used by Ney and Hatfield. It is difficult to 
estimate the effective bandwidth of the 5 /zm filter 
because telluric absorption is quite strong. The dis- 
crepancy may also indicate that the CO fundamental 
lines are optically thick. The 5 /zm band profile is 
similar to fundamental CO band profiles in cool stars 
(Merrill 1977). 

IV. OTHER EMISSION LINES 

The emission lines (see Table 1) in the 1.6-2.2 /zm 
spectrum are recombination lines of hydrogen, carbon, 
and sodium. 

The strongest line is By with an equivalent width 
Wfj ~ 75 cm“1 corresponding to a flux of 4.5 x 10“10 

ergs s“1 cm-2. The flux was estimated by normalizing 
the infrared spectrum to the flux at 2.2 /zm given by 
Ney and Hatfield. This procedure is probably accurate 
to ±307o. Other members of the Brackett series are 
identified in Figure 1. 

Calculations show the Ba flux to be about 2.7 times 
stronger than the By flux. The estimated Ba flux of 
1.2 x 10“9 ergs s“1 cm“2 accounts for the excess flux 
which was apparently present in the bandpass of the 
3.8 /zm filter. 

V. THE NOVA SHELL 

In this section a model of the ionization structure of 
the ejecta is presented. The goals are to determine 
whether conditions amenable to molecule formation, 
survival, and heating are present. The ejecta are 
assumed to be in photoionization equilibrium around a 
central object radiating as a blackbody. 

The color temperature of the central object must be 
determined. The absence of detectable He i lines sets 
an upper limit to T*, since the radiation field can 
contain few photons capable of ionizing He0. The 
upper limit /(He i 1.70 /zm)//(H i 1.68 /zm) < 0.2 sets 
the limit V(He+)/V(H+) < 0.04. If the total helium 
abundance is cosmic or enhanced (He/H > 0.11), then 
/* < 30,000 K (Hummer and Seaton 1964). 

The By Zanstra temperature provides a lower limit 
to T* (Harmon and Seaton 1966); H+ continuous 
emission accounts for approximately half of the con- 
tinuum at 2.1 /zm. This contribution was predicted 
from the strength of By and an electron temperature 
of 7500 K. The equivalent width of By (U^ = 75 cm“1) 
sets a limit T* > 26,000 K. The covering factor, which 
accounts for the fraction of ionizing photons inter- 
cepted by the ejecta, is unknown, so the Zanstra 
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CO EMISSION FROM NOVA NQ VUL 

TABLE 1 
NQ Vul Line List 
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(cm-1) 
Wo 

(cm-1) Ion Transition //Byt 

4528. 
4615. 
5138. 
5608. 
5660. 
5715. 
5760. 
5919. 
5950. 
6090. 
6206. 
6292. 
6360. 

15 
75 
63 
18 
12 
29 
57 
58 
27 
36 
25 
26 
21 

Na0 

H° 
H° 
C° 
C° 
c° 

/H° 
\C° 

C° 
H° 
H° 
H° 
H° 
H° 

4s 2S-4p 2P° 
7- 4 
8— 4 

3¿3D0-4/[2i] 
3í/3í)0-4/,[3í] 
3í/3F°-4/[3i] 

10- 4 
3¿3F°-4/'[4i] 

3/? 'D-Zd 1P° 
11- 4 
12- 4 
13- 4 
14- 4 
15- 4 

0.12 
1.0 
1.0 
0.4 
0.2 
0.6 
1.2 
1.3 
0.6 
0.8 
0.6 
0.6 
0.5 

♦Vacuum wavenumber (Act ± 3cm"1) uncorrected for a radial velocity 
displacement. 

t Approximate intensity, computed by assuming that the continuum is 
Rayleigh-Jeans (Pv oc v2). 

method provides only a lower limit. The agreement 
between the He+ upper limit and the Zanstra tempera- 
ture lower limit suggests that the covering factor is 
large (Q/47t ~ 0.3-1.0). 

In principle, the energy distribution should provide 
another temperature indicator. However, the inter- 
stellar reddening of NQ Vul is poorly determined. The 
equivalent widths of interstellar CH, CH+ lines indi- 
cate Eb-v = 1.2 ± 0.2 (Carney 1977), but Yamashita 
et al. (1977) find that the object’s galactic position 
would suggest a reddening of 0.8. The 0.5-10/¿m 
energy distribution can be fitted with a combination 
of Rayleigh-Jeans blackbody and H+ continuous 
emission if the reddening is 1.2 mag, i.e., the shape is 
temperature-independent. If the reddening is smaller 
then a poorer fit with a lower temperature blackbody 
can be obtained, e.g., T* ~ 6000 K for EB_V = 0.8. 
This point is not critical because the gross features of 
the ionization structure are not sensitive to T*. 

A temperature of T* = 27,000 K will be assumed 
for our model. The blackbody radius and luminosity 
are R* = 0.1 AU and Mhol = — 8 ± 2 mag (d = 
1.5 kpc). 

A constant-pressure photoionization equilibrium 
model was computed with a computer program de- 
scribed by Baldwin and Netzer (1978). The model 
parameters and composition are listed in Table 2. The 
radius of the ejecta was computed from the elapsed 
time and expansion velocity (Ney and Hatfield 1978). 
The chemical composition of VI500 Cygni was assumed 
(Ferland and Shields 1978); i.e., C, N, and O are over- 

TABLE 2 
Model Parameters 

Rejeota.... 7 X 1013 CHI He/H 0.1 
0(H)  2.9 x 1049 photons s"1 C/H 1.2 x 10"2 

Fv(912). . . 8.1 x 1023 ergs s-1 Hz"1 N/H 1.1 x 10"2 

VH  1012 cm"3 O/H 1.7 x 10"2 

T*  27,000 K Fe/H 1.0 x 10"4 

abundant relative to a solar composition. This com- 
position is similar to that found by Williams ei al. 
(1978) in ejecta from DQ Her. The model is not 
sensitive to the assumed density, = 1012cm“3, a 
typical density near maximum light (Mustel 1964). 

The ionization structure is shown in Figure 3. Three 
distinct regions are present. The hydrogen Stromgren 
sphere extends to 2.5 x 109cm and is characterized 
by fairly high ionization (H+, C+, 0 + , Fe++, Mg++). 
Hydrogen ionizing photons do not penetrate beyond 
the H+ Stromgren radius, so only ions with ionization 
potentials less than 1 rydberg exist. A region charac- 
terized by N°, O0, C+, Fe+, and Mg+ extends out to 
rc = 5 x 1011 cm, where carbon ionizing photons are 
exhausted. The outer C°, N°, O0, Fe+, Mg+ zone 
extends to the edge of the nebula, rneb ~ 2 x 1012 cm. 
This largely neutral region is heated to 4000 K by 
photoionization of the metals (Mg, Fe, etc.). 

A large neutral hydrogen ionized metal zone exists 
because the ionizing radiation field peaks longward of 
the ionization limit of hydrogen. This is a charac- 
teristic of all models with 7* < 40,000 K. The ioniza- 
tion structure shown in Figure 3 is a general property 
of metal-rich nebulae ionized by a fairly cool radiation 
field and is not sensitive to the details of the model. 

This model accounts for several important charac- 
teristics of the rj Car phase of the nova outburst. Dur- 
ing the period just after maximum light, novae display 
strong emission lines of Fe n and Mg n. Thackeray 
(1978) noted that the strengths of Fe n lines relative to 
hydrogen lines appear to indicate Fe+/H+ ä 1. This 
ionic ratio is achieved by the model with a solar iron 
abundance. The Fe n emission is the result of colli- 
sional excitation in the hot C n-O i zone. The model 
predicts that the Mg n 2798 doublet should be the 
strongest nebular line during the rj Car stage. Other 
strong predicted lines are NaD (recombination) and 
Ca il (K, H, and infrared triplet). Gallagher and Code 
(1974) and Jenkins et al. (1977) found very strong Mg n 
during the rj Car phases of FH Ser and VI500 Cyg. 
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Fig. 3.—Ionization structure of NQ Vul computed with the 
parameters in Table 2. The abscissa is marked in depth from 
the inner face of the cloud. An extensive H°, Fe+, Mg+ region 
exists because the ionizing radiation field peaks below the H° 
ionization limit. This neutral zone is heated to Te ~ 4000 K by 
photoionization of heavy metals (e.g., Fe+, Mg+). The 
maximum thickness shown represents the physical edge of the 
nebula if the total mass is 4 x 1029 g (Q/47r). 

In addition to the Brackett series of hydrogen, strong 
C i recombination lines are present. The strongest, 
3p1D-3d1F0, 1.69/¿m, is twice as strong as the 
adjacent hydrogen lines. The effective recombination 
coefficient for C i 1.69/xm was computed by scaling 
from hydrogen Paschen lines. One-quarter of recom- 
binations were assumed to be to C i singlet states, and 
transition probabilities were taken from Wiese, Smith, 
and Glennon (1966). The result is = 2.4 x 
10"16 cm-3 s-1 (Te = 104 K), probably accurate to a 
factor of 4. The observed C i/H i intensity ratio 
corresponds to N(C+)IN(H+) = 5.3, while the value 
predicted by the model is 3.8. The agreement is not 
surprising; the ratio is mainly sensitive to the shape of 
the ionizing radiation field rather than to the C/H 
abundance because both the C+ and H+ Strömgren 
spheres extend to the position where ionizing photons 
are exhausted. 

The outer zone of the model is an attractive site for 
molecule formation. At the assumed density (NH ~ 
1012 cm-3), molecule formation probably occurs on a 
satisfactorily short time scale; a chain of ion-molecule 
reactions should guarantee this provided that the 
initial molecules for the chain can be formed. In the 
outer zone, CO molecules should be stable against 
photodissociation and photoionization. Furthermore, 

the vibration-rotation temperature is close to the 
equilibrium temperature. 

The 5 pm excess which is a monitor of the CO 
emission was present for about 1 month. Several 
possibilities can be invoked to explain the disappear- 
ance of the CO emission. The molecules may have 
amalgamated into larger molecules and dust grains. 
Ney and Hatfield detected thermal emission from dust 
within 30 days of the disappearance of the 5/xm 
excess. 

Another contributing factor may be a temperature 
increase of the central ionizing source. Novae grow 
hotter as they fade (McLaughlin 1960; Gallagher and 
Starrfield 1976). A temperature increase will lead to an 
expansion of the Strömgren sphere into the warm H°, 
Fe+, Mg+ zone. The result will be an increase in the 
5 /xm bremsstrahlung radiation and a decrease in the 
total CO content of the outer zone. Therefore the CO 
emission will contribute a smaller fraction of the total 
5/xm radiation; i.e., the 5 /xm excess will diminish. A 
trial model for day 40 with T* = 60,000 K (assuming 
Ae oc time-2 and the initial conditions) shows that 
the H+ Strömgren radius is indeed near the outer edge 
of the cloud. Of course, these effects, which result from 
a change in the central source, can occur at the same 
time as dust grains soak up CO in the outer portions of 
the H°, Fe + , Mg+ zone. 

VI. CONCLUSIONS 
A simple model of the NQ Vul shell explains in a 

semiquantitative way several important features of the 
spectrum. The absence of the He i recombination lines 
and the equivalent width of the By line suggest that 
the central ionizing source had a temperature T* ~ 
27,000 K and that the covering factor, Ü/47T, was fairly 
large (0.3-1.0). A calculation shows that this source 
can ionize H only in the inner regions of the ejecta. 
However, species with ionization potentials less than 
that of H are ionized over a larger region. In par- 
ticular, Fe+ and Mg+ exist throughout the region in 
which H is neutral. Photoionization of Fe, Mg, and 
other metals heats this outer region to about 4000 K. 
This zone is responsible for the strong emission lines 
of Fe ii and Mg n which are an outstanding charac- 
teristic of the rj Car phase of the nova outburst. The 
model also accounts for the strong infrared C i 
recombination lines. 

The outer zone appears to be the site for the CO 
emission whose discovery is announced in this paper. 
The infrared spectrum of NQ Vul obtained about 6 
weeks before the DQ Her drop shows the bands of CO 
emission at 2.2 /xm. The excitation temperature is 
consistent with the predicted equilibrium temperature 
for the outer zone. A previously reported 5 /xm excess 
for NQ Vul and also FH Ser (a similar DQ Herculis- 
type nova) can also be attributed to CO emission. CO 
as monitored by the 5 /xm excess was present for about 
3 weeks. Disappearance of CO may be attributable to 
the incorporation of the molecules into dust grains or 
to an increase in the temperature of the ionizing source 
with a resultant reduction in the size of the outer H°, 
Fe+, Mg+ zone. 
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It is hoped that the detection of CO emission from 
novae ejecta will stimulate observers to obtain infrared 
spectrophotometry with moderate resolution at closely 
spaced time intervals in order to define the CO emis- 
sion phase for a sample of novae. A high-quality 
spectrum would provide useful excitation temperature 
and velocity information for the CO layer as well as an 
estimate for the isotopic C and O ratios. A search of 

495 

the infrared spectrum may reveal other molecular 
lines. 

We are indebted to Dr. K. H. Hinkle for assistance. 
Correspondence with Dr. Y. Yamashita is gratefully 
acknowledged. 
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APPENDIX 

CO EMISSION AND CN ABSORPTION LINES IN NOVAE SPECTRA 

Conditions favoring the detection of CO in emission are examined in this Appendix. The molecules are assumed 
to reside in a spherical shell of radius Rs and thickness H. CO molecules exist at density Nco. The line width of a 
line in the shell spectrum is AAC0. The contrast of the CO emission-line peak relative to the stellar continuum (a 
correction may be added to account for the nebular emission) can be written 

^ CO^CO^CO Xs2& 
Cco “ ^(T^AAco R*2 ’ 

where n'co denotes the population of an excited state, Aco is the transition probability for spontaneous emission, 
T* and R* are the temperature and radius of the central star. The shell is assumed to be optically thin to the CO 
emission. 

The strength of the CN absorption lines in the blue part of the spectrum depends on the optical depth along the 
thickness H through the shell. Emission via collisional excitation at the low shell temperature (Ts ~ 3500 K) is 
unlikely to contribute significantly to the spectrum. The contrast factor for an optically thin absorption line can 
be written 

sv _ WCN^CN^CN4^ 
CcN 87tcAAcn ’ 

where «CN" is the number of CN molecules in the lower level. Statistical weights of upper and level are assumed 
equal. 

On substitution of the Rayleigh-Jeans approximation for the Planck function BÁ(T*\ the ratio of the contrast 
factors simplifies to 

Cço   flçç/ Açq ACq2 4flC (Rs)2 

CcN WCN* ^CN ^CN3 kF* OR*)2 

For typical lines, Aco ~ 20 s_1, Aco ~ 5 /¿m, and ^CN ~ 1.5 x 107 s"1 and ACN ~ 3890 Â. The «co' and w0N", 
which here refer to vibrational levels v = 1 and t; = 0, respectively, can be expressed in terms of the molecular 
partition functions. The central star of NQ Vul at the time of the CO observations hadT* ~ 27,000 K. Substitution 
in C' yields 

C' 1 x 10~3 W2 nco 
OR*)2 «CN 

The small value for the numerical coefficient results from the large difference in the Einstein A coefficient between 
a vibration-rotation transition (CO) and an electronic transition (CN). 

The stellar radius is Æ* # 1012 cm. The shell radius Rs can be as large as the outer extent of the ejecta, which is 
given by the velocity time since outburst product or jRs ~ 7 x 1013 cm (see Table 2). Then, 

C ~ 5wco/wcn • 

Absence of CN absorption lines suggests nco > hcn, which is not unexpected. Clearly, if molecules can form at 
an early stage in the outburst when Rs is smaller, CN detection may be favored. Their absence would imply 
^CO ^ ^CN* 

In the future, it should be possible to search for CO, CN, NO, SiO, CH, NH, OH, and other molecules in the 
3-5 /¿m interval. Analysis of the emission lines should yield relative molecular, isotopic, and elemental abundances. 
A comparison with molecular absorption lines in the visible and ultraviolet will provide information on the radius 
of the molecular shell. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
7 

9A
pJ

. 
. .

22
7.

 .
48

9F
 

496 FERLAND ET AL. 

REFERENCES 
Alcock, G. E. D. 1976, IAU Cire., No. 2997. 
Baldwin, J. A., and Netzer, H. 1978, Ap. J., in press. 
Carney, B. W. 1977, Bull. A AS, 9, 556. 
Ennis, D., Becklin, E. E., Beckwith, S., Elias, J., Gatley, I., 

Matthews, K., Neugebauer, G., and Willner, S. P. 1977, 
,4p./., 214, 478. 

Ferland, G. J., and Shields, G. A. 1978, Ap. J., 226, 172. 
Gallagher, J. S., and Code, A. D. 1974, Ap. J., 189, 303. 
Gallagher, J. S., and Starrfield, S. 1976, M.N.R.A.S., 176, 53. 
Geisel, S. L., Kleinmann, D. E., and Low, F. 1970, Ap. J. 

{Letters), 161, L101. 
Hall, D. N. B. 1976, /. Opt. Soc. Am., 66, 1081. 
Harmon, R., and Seaton, M. J. 1966, M.N.R.A.S., 132, 15. 
Hinkle, K. H., Lambert, D. L., and Snell, R. L. 1976, Ap. J., 

210,684. 
Hummer, D., and Seaton, M. J. 1964, M.N.R.A.S., 127, 217. 
Hutchings, J. B. 1970, Pub. Dom. Ap. Obs. Victoria, 13, 347. 
Hyland, A. R., and Neugebauer, G. 1970, Ap. J. {Letters), 160, 

L177. 

Jenkins, E. B., et al. 1977, Ap. J., 212, 198. 
McLaughlin, D. B. 1960, in Stellar Atmospheres, ed. J. L. 

Greenstein (Chicago: University of Chicago Press), p. 585. 
Merrill, K. M. 1977, in IAU Colloquium No. 42, The Interaction 

of Variable Stars with Their Environment, ed. R. Kippenhahn 
and J. Rahe (Bamberg: Remeis Sternwarte), p. 446. 

Mustel, E. R. 1964, Soviet Astr.—AJ, 1, 772. 
Ney, E. P., and Hatfield, B. F. 1978, Ap. J. {Letters), 219, LUI. 
Ridgway, S. T., and Capps, R. W. 1974, Rev. Sei. Instr., 45, 

676. 
Thackeray, A. D. 1978, M.N.R.A.S., 182, IIP. 
Wiese, W., Smith, M., and Glennon, B. 1966, Atomic Transi- 

tion Probabilities, Vol. 1 (NSRDS-NBS 4). 
Williams, R. E., Woolf, N. J., Hege, E. K., Moore, R. L., and 

Kopriva, D. A. 1978, Ap. J., 224, 171. 
Yamashita, Y., Ichimura, K., Nakagiri, M., Norimoto, Y., 

and Machara, H. 1977, Pub. Astr. Soc. Japan, 29, 527. 

G. J. Ferland, D. L. Lambert, and H. Netzer: Department of Astronomy, University of Texas, Austin, 
TX 78712 

D. N. B. Hall and S. T. Ridgway: Kitt Peak National Observatory, Box 26732, Tucson, AZ 85726 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 


	Record in ADS

