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THE EMISSION LINES IN THE SPECTRA OF B 1985
AND WY GEMINORUM*

P. SWINGS AND O. STRUVE

ABSTRACT

The spectra of B 1985 and WY Gem show numerous emission lines in the ultraviolet region. These
have been identified with [Fe11], Fe1r, [Cr 11|, and Cr 1. The permitted lines of Fe1r and Cr 11 are
relatively much stronger in B 1985 than in WY Gem. Lines of high excitation potential are relatively

-weaker in the stars than in the laboratory. The strength of forbidden [Fe m] in the shells of these stars

suggests that the lifetimes of the metastable levels are considerably shorter than those of metastable
levels of [0 1], [V T, [S 1], etc.

These two objects® are known to possess strong emission lines of ionized iron, both
permitted and forbidden, and some of their characteristics have been recently discussed
by the authors.? In WY Gem the forbidden lines of [Fe 11| are considerably stronger
than the permitted Fe 11 lines of the photographic region, whereas, in B 19835, the rela-
tive intensities of Fe 11 and [Fe 11] are about the same as in » Carinae. Fach of the two
objects consists of an M-type star and of a hot companion approximately of type Bgze.
The authors have devoted several recent papers to the discussion of binaries of similar
type, such as Z And, TC Br, AX Per, CI Cyg, a Sco, etc.; the present note is concerned
with the bright lines not previously discussed. The observational material consists of
(a) spectrograms on Eastman Process emulsion, extending from N 3900 to A 4900, taken
with the glass spectrograph of the McDonald Observatory (dispersion 26 A/mm at
Hv)3 and (b) spectrograms taken in the ultraviolet region from X 3100 to X 3450 (dis-
persion 57 A/mm at \ 3220).

Besides bright H and K lines which are weakly present in B 1985, the material shows
the following emissions: (1) permitted and forbidden lines of Fe11; (2) permitted and
forbidden lines of Cr 11; and (3) a forbidden line of S 11.

IONIZED IRON

‘A. PERMITTED LINES

In the photographic region all the strong Fe 11 lines arise from excited levels between
5.3 and 5.6 volts, their lower levels lying between 2.6 and 2.9 volts. The photographic
region is, therefore, not suitable for a discussion of the behavior of bright lines arising
from widely separated excited levels. The situation is quite different in the region
A\ 3130—3425, which contains strong Fe 1I lines arising from excited levels ranging from
4.8 volts (z6D°) to 8.6 volts (y?F°). Many Fe 11 lines have been observed in B 1985 and
WY Gem in that region, and the results are summarized in Table 1, in which the lines
have been classified according to increasing potential of the upper level.

This table clearly illustrates the effect of the excitation potential. A line of laboratory
intensity 1o gives a stellar line of estimated intensity 5 when the excited level is around

* Contributions from the M cDonald Observatory, University of Texas, No. 34.

t Boss 1985 = HD 60414—60415, —14°1971; a (1900) 7R2g™2; § (Igoo) — 14°18"; m = 5.2. WY Gemi-
norum = HD 42474; +23°1243; & (1900) 6b05™8; 5 (1900) +23°14"; m = 7.4 — 7.9-

2 Ap. J., 91, 546, 1940.

3 The spectrum of a Orionis was used for comparison, this spectrum being very smular to the Iate -type
component of the two objects investigated.
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5 volts and a stellar intensity of only 1 when the excitation potential is around 8 volts.
The intensities are, thus, quite different from those which we should expect if the re-
TABLE 1

PERMITTED LINES OF Fe IT1 OBSERVED IN EMISSION BETWEEN
A 3130 AND A 3425 IN B 1985

LABORATORY
INTENSITY RE-
TRANSITIONS
N B1g8s MARKS
A Intensity
a‘D—2fDe 35—3% 3255.88 8 3
(1.1v.)(4.8v) 33—43 3277.35 9 4
25 —2% 3281.29 7 3
13—% 3285.42 3 o
13—13 32905.81 6 1
2 —;,% 3302.86 4\ 2 .
-3 330347 4f
adP —z4D° 2}—13 3166.67 4 1-o
(r.7v)(5.5v.) 13—3% 3170.34 6 1-0
13 —1} 3186.74 11 34 2
i—3 3103.81 11 5
1—13 3210.45 10 4
11 —23 3213.31 13 5
25—3% 3227.73 13 6
adP —z4F° 21 —21 3163.09 5 3 3
(1.9v)(s.5Vv.) 13—2% 3183.11 8 4
23—33% 3196.07 10 5
aiP —z4Po 1131 3416.02 5 o1
(2.3v)(5.8v)
b?G—z¢H° 35—3% 3289.35 7 1-0 3
(3.8v)(7.5v.)
bF —z2D° 23 —13 3297.89 5 o
(3.9v)(7.6v)
bD —y4F° 3b—a3 3259.05 10 o-1
(3.9v)(7.7v)
b2G—22G° 35—3% 3167.85 ir 1
(3.8v.)(7.7v)
b¢D—x4De° 23 —2% 3135.36 0 o1
(3.9v)(7.8v) 3t—33% 3177.53 10 1
G—y2G° 335—3% 3162.80 8 3 4
(4.1v)@®.0v) 45—43 3187.29 8 34 4
2D —y*F° 23 —21 3175.08 4 o-1 3
(4.7v)(@B.6v) 13—24 3180.16 7 -2 3
1. Possibly weakly blended. 3. Blend.
2. Major contribution of a blend. 4. Minor contribution of a blend.

combination process were predominant. A behavior of the observed type would be ob-
tained in the case of excitation by electron collisions.
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B. FORBIDDEN LINES

Besides the new forbidden transitions given in our previous paper,? among which
the most prominent is a*F—b*D, the present material provides the following informa-
tion. In the photographic region two faint emission lines have been observed at X 4114.4
and X 4249.1; they may be identified as a‘F,, —b?Hg, (A pred. = 4114.5) and a*D;,—
b4D;, (A pred.=4249.1). In the far ultraviolet region we shall consider four forbidden
multiplets (Table 2).

The forbidden transition a®D,,—b*D,, gives probably the major contribution to the
stellar line; there is a permitted Fe 11 line at 3175.08 (lab. int. 4), but it arises from the
very high level y*F° at 8.6 volts; and, according to Table 1, it should not have any ap-
preciable intensity in B 1985. The identification of a’D;,—b*D., is doubtful because
of the discrepancy in wave length and because of the high stellar intensity. These results
supersede our previous work on the same multiplet; in our first paper? the stellar line

TABLE 2

FORBIDDEN LINES OF Fe II IN THE ULTRAVIOLET
REGION OF B 1985 AND WY GEM

. Transition A Pred. B)‘I;];S fr?t;zzl;:; Remarks
atD—bD 43—33 3175.28 3175.3 o—1 Slightly blended
33 —2% 3224.54 3223.7 2 Doubtful identification
atD—bF 33—23 3181 .05 3180.6 -2 Blended
afD—b*G 4L —41 3289.76 3289.2 1o Minor contribution
a‘F —c2G 43 —43 3164.26 3163.1 4n Partial contribution in blend
33—3% 3217.51 3217.7 1-o0

N 3290 had been attributed to a®D—b“D, but it is presumably due to a permitted Fe 11
line.

The transition afD;,—b?F,, (from doublet to sextet) is possibly the major contributor
to the stellar line N 3180.6 (int. 1—2). There is an Fe 11 line of intensity 7 at A 3180.16,
but it again arises from the high level y?F° at 8.6 volts and should not produce a stellar
intensity of 1—2; the identity remains uncertain.

The line a’D,,,—b*G,,, gives only a minor contribution to a blend. In a*F—c?G, the
transition 33—3% appears to give the complete identification, whereas the line 4343 gives
only a partial contribution to the observed stellar line. The present information with
regard to [Fe11] is summarized in Figure 1.

IONIZED CHROMIUM

In the ultraviolet region several permitted Cr 11 lines are observed in emission. The
observations are summarized in Table 3.

A fairly strong, bright line measured in both objects at A 3993.10 may be attributed
to [Cr 11], a%S,,—b*D,,, as has been mentioned previously;* the excitation potential of
b4D is 3.1 volts.

IONIZED SULPHUR

A bright line has been measured in both objects at X 4068.56. This is the strongest
component of the transauroral pair of [S 11] (exc. pot. 3.0 v.). In WY Gem a line had
been measured by Redman4 at X 4068.8 and attributed tentatively to [Fe 11]. The attri-
bution to [S 11] is now beyond any doubt.

4 Pub. Dom. Ap. Obs., Victoria, 6, 34, 1931; M.N., 92, 118, 1932.
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Fi1. 1.—Forbidden lines of Fe1r observed in B 1985 and WY Gem. Full drawn lines: forbidden
transitions observed previously in other stars; dasked lines: new observed lines; and dotfted lines: transi-
tions probably present.

TABLE 3 ‘
PERMITTED LINES OF Cr 11 OBSERVED IN EMISSION IN B 1985
LABORATORY
TRANSITIONS InTENSITY
m B1g8s
N Intensity
a‘D —z4P° 13—13 3403.35 15 o1
(2.4v)(6.1v) 33—23 3408.78 20 1-2
23—1% 3422.76 20 2
a4D —yipo 33—23 3368.06 20 o1
(2.4v.)(6.1v.)
asD —z4F° 13—21 3120.37 15 o—1n
(2.4v.)(6.4v) 23—3i 3125.00 20 o-1
‘ 33—43 3132.06 20 1
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The simultaneous presence of [Fe 11] and of transauroral [S 11] in the emitting atmos-
pheres of B 1985 and WY Gem is very interesting. They also appear simultaneously in
several other stars: n Carinae, HD 45677, VV Cephei, MWC 17, 4+11°4673 at certain
stages. This should be related to the fact that in certain objects (e.g., MWC 17 and
+11°4673) [Fe11] and [N 11] appear together. It also happens that [Fe 11] and [O 1] are
observed in the same bright-line star (e.g., MWC 17, HD 45677, and certain stages of
novae).

REMARKS ON THE TRANSITION PROBABILITIES OF THE [F [4 II] LINES

The simultaneous appearance of the forbidden lines of [Fe 11] and of other elements
throws some light upon the problem of the transition probabilities of the [Fe 11] lines.
We consider here the probabilities of transitions between various terms of the 3d°4s and
3d7 configurations; no computed probabilities are as yet available for such a complex
case.

The intensity 7 of a forbidden line of frequency v is given by

_ NA:hy
B4+CH A+ 4.+....

I

where NV is the number of atoms arriving per second in the upper state; 4, 4., .. ..
are the probabilities of line emissions; B is the probability of removal from the upper
level by a collision either of the first kind (gain of energy) or of the second kind (loss of
energy); and C is the probability of removal by absorption. If 4 is much greater than
B and C (the normal case in nebulae), we have

I= ,ffhv '
I+ Z—i_ e
In ;che extreme case where B -+ C is much greater than 4; + 4,4 . ..., we have
7= NA:hy .
B+ C

In the intermediate cases of shells all factors should be considered.

We know that [Fe 11] has never been observed in any planetary nebula, even if the exci-
tation is low enough. For example, in BD4-30°3639, [Fe 11] is absent, whereas [O 11] and
[NV 11] are strong; in IC 418, [O 11] is also very strong and [O 111] is weaker; in neither case
does [Fe 11] appear. This is true for all planetaries even when [O 1] is present. This absence
may be attributed to one of two causes: the relatively low abundance of iron compared to
the lighter elements or the distribution of electronic excitation among many levels. From
the observation in nebulae of [Fe vir] and [Fe vi], which have only a small number of me-
tastable levels and for which the transition probabilities are known,s it appears that iron
must be less abundant than sulphur (by a factor of the order of 10), nitrogen, and oxygen
(by a factor of 100). Within the range of electron kinetic energy between 1.6 and 4.8
volts, Fe 11 possesses 50 sublevels, from a4P,, (1.66 v.) to ¢*D;,, (4.72 v.), into which the
Fet atoms may be brought by collisions; the average distance between two sublevels is only
about 0.06 volt. But, on the other hand, the collisional cross-section for a collision of the
first kind between an electron and an atom is large when the kinetic energy of the elec-

5 S. Pasternack, Ap. J., 92, 129, 1940.
¢ Bowen and Wyse, Lick Obs. Bull., 19, No. 495, 1939.
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tron is only slightly above that necessary to bring the atoms to a higher level; for elec-
trons of higher velocity the collisional cross-section falls off rapidly. The presence of a
large number of sublevels will thus increase the exciting efficiency of the collisions with

“electrons, and it is by no means certain that the populations of the Fe 11 levels will be

much reduced, in comparison with atoms with few low levels, such as S11, N 11, or others.
A more definite statement is at present impossible because the collisional cross-section
is very sensitive to the structures of the colliding particles and to the relative velocities.
Under nebular conditions the effects of de-excitation by collisions of the first or the sec-
ond kind and by absorptions are unimportant. The only major factor is the number of
atoms arriving per second in the excited states.

Thus, the absence of [Fe 11] in nebulae suggests that under nebular conditions the
combined effect of lower abundance and of the larger number of metastable states re-
duces considerably the intensity of the [Fe 11] lines as compared to [O 1], [NV 11}, and [S 11].

The observations show that the situation is quite different in the emitting layers of
stars, such as B 1985, WY Gem, 5 Carinae, and others. In these shells the electron pres-
sure is much higher than in most nebulae, as is shown by the predominance of the transi-
tions of auroral type. The de-excitation of certain excited states by collisions or absorp-
tions is no longer negligible.

The proximity of the metastable and ordinary excited levels of Fe 11 would tend to
increase their de-excitation by collisions or absorptions, compared to [0 1], [N 11}, or
[S 1], in which the ordinary levels lie rather high above the metastable states. Hence,
unless we assume very peculiar abundances, we are tempted to seek the explanation for
the strength of the [Fe 11] lines in relatively high probabilities of these forbidden transi-
tions.

In a nebula of low excitation, the lines of [Fe 11] are much weaker than the lines of
[V 11] and [S 11] by a factor of the order of 100. On the contrary, in certain stellar shells,
despite the unfavorable conditions of de-excitation by collisions or absorptions, the
[Fe11] lines are stronger than [NV 11} or [S 11]. The transition probabilities for the auroral
or transauroral lines are 2.2 sec™* for [0 1]; 2.2 sec™* for [NV 11]; and 0.32 and o.13 sec™
for [S 11]. The excitation potentials of [S 11] and [Fe 11] are practically the same. It is diff-
cult to estimate how much of this phenomenon is due to ionization effects and how much
to the transition probabilities. But it appears safe to assume that the strongest lines of
[Fe11] have a transition probability appreciably higher than the forbidden lines of [O 1],
[N 11], and [S 11], the ratio being of the order of 100. A similar result would be obtained
for configuration 3ds of [Cr 11].

McDoNALD OBSERVATORY
January 1941
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