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Abstract. T h e equivalent wid th of t h e b lended l ine at L y m a n a is given for 48 s tars measu red with the 
O A O - A 2 scanning spec t rometer . T h i s provides a n upper l imi t t o t he neu t r a l h y d r o g e n c o l u m n densi ty . 
I n t h e O r i o n associa t ion these u p p e r l imi ts a re significantly lower t h a n t he c o l u m n densit ies deter­
mined from 21-cm emission l ine measu remen t s . T h e de t e rmina t ion of t h e L y m a n a equivalent width 
for 6 Or i by Car ru the r s is rediscussed a n d agreement between 21-cm a b s o r p t i o n measures a n d L y m a n a 
a b s o r p t i o n is ob ta ined for a sp in t e m p e r a t u r e in the range of 4 0 - 7 0 K. I t is suggested tha t the mos t 
l ikely exp lana t ion for the discrepancies found for the o the r O r i o n s tars is tha t the 21-cm emiss ion 
pr imar i ly occurs beyond the Belt s tars . 

T h e corre la t ion between t h e O A O b lended equivalent wid ths and co lo r excess, 4430 A absorp t ion , 
a n d inters tel lar sod ium a b s o r p t i o n a re examined . Excellent cor re la t ion be tween s o d i u m a n d hydrogen 
c o l u m n densit ies is found. 

1. Introduction 

The short wavelength photoelectric scanning spectrometer on board OAO-A2 has 
scanned approximately 60 early-type stars (as of June 1969) from 1050 A to 1800 A. 
The instrumental resolution is 15 A full width at half maximum. Some 50 of these 
stars have sufficient flux at 1200 A to permit measurements of the equivalent width of 
the interstellar Lyman a line. A single observation consists of two scans and many 
objects were observed several times. Comparison of scans of the same stars separated 
by time intervals of several months agree to within 2%. Several representative scans in 
the region of Lyman a are shown in Figure 1, where the measured digital counts are 
plotted as a function of wavelength. The counting statistics on a single scan are quite 
good. The relative weakness of Lyman a in e Per and the great strength in 6 Ori is 
almost entirely due to the interstellar contribution. The variation of the strongest 
stellar line features with spectral type and luminosity has been described by Code and 
Bless (1969). A small background count of the order of ten percent of the continuum 
intensity near Lyman a has been subtracted from the scans in Figure 1. This back­
ground is primarily due to scattered light and has been determined from measurements 
made shortward of 1050 A where only scattered light and dark counts are recorded. 
The sky background does not produce a significant contribution on the sensitivity 
range on which these spectra have been recorded. Any variation in the details of weak 
spectral features on repeated scans of the same object is due to the discrete nature of 
the spectrometer steps. The grating is rotated by a stepping motor in 10 A steps. 
Since the spectrometer has an objective grating, a variation in absolute pointing of 
the spacecraft from one set of observations to another of 30 sec of arc may occur 
corresponding to a displacement of 2.5 A. This results in a modification of the line 
shapes but has little effect on the equivalent widths. It is unlikely that photometric 
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errors, background counts, and spacecraft motions introduce an error in the equiva­
lent widths of strong lines larger than 10%. However, the uncertainty of the continuum 
level is likely to be the main source of error in the equivalent width measurements. 
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F i g . 1. Spect rometer scans in the region of L y m a n a of 4 ear ly- type s tars m a d e with the O A O - A 2 
shor t wavelength scanner . Digi tal coun t s are p lot ted vs. wavelength . 
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F i g . 2 . A compar i son of O A O - A 2 scanner observa t ions wi th rocket observa t ions of Car ru the r s 
(1969) and M o r t o n (1969). D a s h e d lines o n O A O scans indicate a d o p t e d c o n t i n u u m level a n d por t ion 

of L y m a n a blend which is m e a s u r e d . F o r detailed in format ion a b o u t the s tars see Tab le I. 
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The OAO resolution of 15 A blends the interstellar Lyman a line with the stellar 
lines of Sim 1206.5 A and N v 1238.5 A, 1242.8 A and for stars earlier than 09 .5 a 
stellar feature at approximately 1195 A. A number of higher resolution spectra have 
been obtained by Jenkins and Morton (1967) and Carruthers (1969) which show these 
stellar contributions. Figure 2 shows a comparison of the OAO data with rocket data 
of Carruthers (1969), which is plotted on a density scale and of Morton (1969) on an 
intensity scale. It should be possible to separate out the effects of the stellar contri­
bution to the blended Lyman a line by means of high resolution scans of brighter stars 
along with the large number of OAO scans of diverse types and amounts of inter­
stellar absorption. In this preliminary report, however, we merely present measure­
ments of the blend equivalent widths at Lyman a. It will be seen that interesting results 
can be obtained from such measurements. Such measurements provide an upper limit 
to the column density of neutral hydrogen, which is interesting because the discussions 
to date (Carruthers 1968, 1969; Jenkins et al., 1967, 1969) have indicated that the 
hydrogen densities determined from Lyman a measurements were in general consider­
ably smaller than has been inferred from 21-cm data. 

Table. I lists the equivalent widths for the OAO line blend at Lyman a for 48 stars, 
along with other pertinent data. We estimate the possible error to be approximately 
± 2 0 % , the main uncertainty being due to the continuum level estimate. Column 9 
gives the equivalent widths of Na D , and D 2 lines from Merrill et al. (1937), while 
column 10 lists the central depths of the diffuse 4430 A band from several sources. 
The distances given in column 11 are spectrophotometric distances derived from the 
spectral types and photometric data given in columns 5, 6, and 7. Column 12 gives the 
OAO equivalent widths of Lyman a and column 13 the published equivalent widths of 
Lyman a from rocket data. Column 14 gives the upper limit to the neutral hydrogen 
column density from the O A O observations. These upper limits were obtained assum­
ing radiation damping and therefore we used the relation Nl= 1.865 x 10 1 8 W A

2 atoms 
c m - 2 , with Wk expressed in A (Morton, 1967). The final column gives the 21-cm 
column densities in the direction of these stars. Except for 9 Ori the 21-cm data refer 
to emission measurements. In the case of the emission measurements no attempt has 
been made to separate out emission in front and behind the star (see Jenkins et al., 
1969). 

2. Comparison of OAO Data with Rocket Data 

An examination of Table I shows that for all the stars for which rocket data exist, 
except the Scorpius stars, the O A O blend equivalent width exceeds the rocket Lyman a 
equivalent widths by a factor of 2 to 3. In the case of the Scorpius observations of 
Jenkins et al. (1969), however, the OAO blend equivalent width is approximately 
equal to their measured Lyman a equivalent width. These latter observations were of 
resolution comparable to the O A O resolution, and it appears that their measurements 
may include some blending with Sim 1206.5 A. 

It appears unlikely to us that the Sim and N v contributions to the OAO blend 
could cause a factor of 2 to 3 increase in the OAO blend equivalent width over the 

https://doi.org/10.1017/S0074180900102190 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900102190


308 B . D . S A V A G E A N D A. D . C O D E 

rocket Lyman a measurements at higher resolutions. Indeed for all of these objects the 
equivalent widths of the stellar lines account for only about one third of the discrepan­
cy, as judged from the higher resolution spectra. We believe that a more likely 
explanation of the difference is that in the rocket measurements the continuum level 
has been systematically underestimated and furthermore inadequate allowance has 
been made for the broad damping wings of the interstellar Lyman a. 

1150 1 2 0 0 0 1 2 5 0 
A ( A ) 

Fig . 3. T h e 6 Ori obse rva t ion of C a r r u t h e r s (1969). Solid line is C a r r u t h e r s ' e s t i m a t e of the c o n t i n u u m 
level. W e have d r a w n in a new c o n t i n u u m level (dashed l ine). T h e do t t ed l ine is the line profile for 

L y m a n a having an equiva len t w id th of 16 A when referred t o t h e new c o n t i n u u m level. 

i — i - i 1 1 1 1 1 1 

6 O R I N E W C O N T I N U U M L E V E L 

Fig. 4 . 6 Ori observa t ion of Ca r ru the r s (1969) redrawn using the new c o n t i n u u m level of F igure 3. 
L y m a n a lines with equivalent widths of 15 A and 26 A are d r a w n in for compar i son . 
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The case of 9 Ori is particularly important since 21-cm absorption measurements 
exist for the Orion nebula. Carruthers (1969) measured an equivalent width of 16 
± 4 A from his 9 Ori observations. This yields a hydrogen column density of about 
| the value obtained from 21-cm absorption measures assuming a spin temperature of 
100 K. He suggests that the discrepancy could be removed if the spin temperature was 
about 20 K. The OAO blend equivalent width is 33 ± 5 A. Figure 3 shows the obser­
vations of Carruthers (1969) on which a new continuum has been indicated by the 
dashed line. The three solid lines (two vertical and one horizontal) define the area 
Carruthers measured in his equivalent width determination of 16 + 4 A. We assume 
in this discussion that, for the low photographic densities recorded in Carruthers' 
9 Ori observation, intensity is directly proportional to photographic density (unfortu­
nately there was no discussion of intensity calibration in Carruthers ' paper). We have 
also indicated in Figure 3 for the new continuum level a Lyman a damping profile 
with an equivalent width of 16 A. As would be expected, for the new continuum level 
this line poorly matches the observations. However, even when referred to Carruthers' 
original continuum a 16 A line profile does not give a good representation of the line 
shape.. In Figure 4 the observations of Carruthers are redrawn using the new con­
tinuum of Figure 3 and the Lyman a profiles for an equivalent width of 15 A and 26 A 
are drawn in for comparison. Our estimate of the equivalent width of Lyman a for 
9 Ori based on the data in Figure 3 is 24 ± 8 A. It is of interest that with the new 
continuum level the blend equivalent width for 9 Ori (as determined from Figure 4) is 
34 A, in good agreement with the OAO blend measurement. Since the interstellar line 

Fig . 5. Cor re la t ion between c o l u m n densi ty obta ined from O A O blend equivalent widths (an upper 
l imit to the co lumn densi ty) a n d the 21-cm r ad io emission and abso rp t i on c o l u m n densit ies. Or ion 

stars a re indicated with a • , o the r s tars are indicated with a # . 
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is on the square-root portion of the curve of growth, the 50% increase in the equivalent 
width of Lyman a for 6 Ori results in an increase in the column density of more than a 
factor of 2. The column density for an equivalent width of 24 A is NHl=\ 1 x 1 0 2 0 

atoms per cm 2 . Muller (1958) gives a value of AfH/= 19 x 1 0 2 0 per cm from the 21 -cm 
absorption line based on a spin temperature of 125 K. If we equate the Lyman a and 
21-cm densities we derive a spin temperature of approximately 70 K. Carrying out the 
same calculation but using the radio absorption data of Clark (1965) (AfH/=2.9 x 10 2 1 

for T s p i n = 100K) we obtain a spin temperature of approximately 40 K. 
In Figure 5 the column density determined from 21-cm measures is plotted against 

the upper limit to the column density given by the OAO blend. Thus correcting the 
OAO Lyman a measurements for the effects of blending would move points to the 
left. The Orion stars are plotted as squares, the other stars as circles. Excluding the 
Orion stars, the 21-cm densities are usually somewhat less than the OAO upper limit 

40 y 

3 0 

°5 
S 
z 
u 
_J 
CD 

_ l 
2 0 

10 

• BO JSC 
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Fig . 6 . Corre la t ion between L y m a n a b lend equivalent width and color excess. T h e spectral type of 
each s ta r is indicated o n the figure. 
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as would be expected if most of the 21-cm emission is not background emission. In 
Orion the 21-cm column densities range from 1.5 to 5 times the OAO upper limit. In 
view of the reasonable agreement found for the 21-cm absorption measurement in 
front of the Orion Nebula and the Lyman a absorption for 9 Ori it is reasonable to 
believe that most of the 21-cm emission in the direction of the Orion association occurs 
at distances greater than the bright Orion stars. 

4 0 1 1 1 1 1 1 1 1 1 1 1 

3 0 

Q 20 
Ld 
_ J 

CO 

8 
10 

• 0 6 p 

B 3 E 
B O I a # 0 9 . 5 I b 

• B 0.5 I a 

0 9 I E 
0 9 . 5 Y 

0 1 2 3 4 5 6 7 8 9 10 
A c ( A 4 4 3 0 ) (%) 

Fig . 7. Cor re la t ion of the equivalent w id th of the L y m a n a b lend wi th the 4430 A central absorp t ion 
m e a s u r e m e n t s of D u k e (1951). 

40 | 1 1 1 1 1 1 1 1 1 

3 0 

Q 
Lj 2 0 
CD 

UJ 
10 

• 0 9.5 l b 

• B 33E 

0 9.5 Z 

• BO 31 

A 4 4 3 0 M E A S U R E M E N T S 

• S T O C K L Y a n d D R E S S L E R ( 1 9 6 4 ) 

• W A M P L E R ( 1 9 6 6 ) 

1.6 1.8 2.0 .2 .4 .6 .8 1.0 1.2 1.4 
A c ( A 4 4 3 0 ) (%) 

Fig. 8. Cor re la t ion of the equivalent wid th of the L y m a n a b lend with the 4430 A centra l absorp t ion 
measurement s of Stoeckly a n d Dressier (1964), and W a m p l e r (1966). 
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0.1 h 

# 0 9 . 5 I b 
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Fig . 9. Corre la t ion of the equivalent wid th of the L y m a n a b lend wi th the equivalent width of the 
s o d i u m D2-line. Points connec ted to a r r o w s indicate the upper l imit o n D2 equiva lent wid th . Sod ium 

d a t a is f rom Merr i l l et al. (1937). 

20.0 20.5 21.0 

L O G [ N H l ( L a B L E N D ) ] 

21.5 

Fig . 10. C o l u m n density of a t o m i c h y d r o g e n (obta ined from the L y m a n a b lend) vs. c o l u m n 
densi ty of neu t ra l sod ium a t o m s . 

3. Correlations of Blend with Other Interstellar Features 

In Figure 6 the equivalent width of the OAO Lyman a blend is plotted against the 
B—V color excess of the stars. The early-type stars do show a general correlation of 
increasing equivalent width with increasing color excess. For stars with small color 
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excesses the equivalent width shows a systematic increase with spectral type. This is a 
result of the increasing strength of the stellar lines included in the blend. In particular 
Sim and stellar Lyman a become quite strong in stars later than B3. For BO V stars 
the stellar lines contribute 5 to 10 A to the measured equivalent widths. A simple 
subtraction, however, cannot be used to go from the Lyman a blend equivalent width 
to the interstellar Lyman a equivalent width. 

In Figures 7 and 8 the equivalent width of the Lyman a blend is plotted against 
measurements of the central absorption of the 4430 A diffuse interstellar band. 
Figure 7 shows the data of Duke (1951) and Figure 8 the measurements by Stoeckly and 
Dressier (1964)* and Wampler (1966). The correlation is poor, just as that between the 
4430 A band and the sodium D-line is known to be. 

Figure 9 shows the correlation of the blend equivalent width with the equivalent 
width of the sodium D 2 line from the data of Merrill et al. (1937). The correlation 
between these data is very good. The stars plotted are located in Orion, Scorpius, and 
Perseus. The stars at the bottom of the illustration connected to arrows are stars for 
which interstellar D is very weak or absent. Among these stars we see the increasing 
equivalent width of the blend with spectral type indicating the growth of the stellar 
contribution. Sodium column densities were determined for these stars from the 
doublet ratio and the results are plotted in Figure 10. The agreement between the 
D 2 column densities and the hydrogen densities is good and in reasonable agreement 
with abundance ratios and ionization estimates. 

4. Conclusion 

The discussion presented above is preliminary in nature but suggests the direction 
which future work might take. Additional OAO Lyman a measurements are being 
made. We are attempting to extract the effect of the blended stellar lines both on the 
basis of higher resolution profiles and on the differential comparison of stars of the 
same spectral type. Clearly it would be helpful to have additional data on interstellar 
absorption for these stars, both radio data and optical measurements of interstellar 
Ca, Na, CH, 4430 A, etc., would be useful. 
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Discussion 

Carruthers: You mentioned that the equivalent width of your 'blend' is about a factor of two 
greater than our equivalent width of the Lyman a line for 6 Ori. I would like to point out that the 
Nv line is very strong in an 06 star, in the case of 0 Ori this line is comparable to or possibly even 
stronger than the Lyman a line, hence the combined strength of both lines would be in good agreement 
with your measurements. 

Bless: Nv is indeed strong in 6 Ori but the factor of 2-3 refers to all the OAO-rocket comparisons, 
except those in Scorpius recently observed by Princeton. This includes stars in which Nv is not very 
strong. 

Carruthers: Would you agree that it is possible to raise the level of your continuum as I suggested 
earlier? 

Bless: Yes, I agree that there is room for raising the continuum. Our spectrum of 0 Ori is rather 
weak in this wavelength range and there is an appreciable uncertainty in the continuum level. 

Greenberg: If we believe in a generally good correlation of 4430 A with extinction, how do you 
reconcile your observation of lack of correlation of Lyman a and 4430 A depth with the result which 
Jenkins presented showing an almost surprisingly excellent correlation of Lyman a with extinction? 

Bless: I don't know. The correlation - if it exists - might be masked by our measuring a blend, 
rather than Lyman oc alone. Also, we have observed relatively few stars for which 4430 A measure­
ments exist. 

Morton: Is it possible to reduce the problems of the blends by concentrating on stars of types Bl 
to B3 where the contributions of N v and Sim may be rather small without too serious a contribution 
from the photospheric Lyman a line? 

Bless: Yes, this is one of the things we intend to do to sort out the effects of the blend. 
Morton: Since the OAO Lyman a data tend to agree with the rocket observations toward Orion, 

would the radio astronomers object to a real hole in the H i density in this direction? 
Oort: It is perhaps not implausible to think that the interstellar gas in the Orion region would form 

some sort of a relatively thin sheet. If this is supposed to be related to the Orion association one could 
easily imagine that there would be holes in the neutral hydrogen around the high-temperature stars 
while the rest of the sheet would remain neutral. In such case the Lyman oc absorption results for the 
Hi density might well be much lower than those derived from the 21-cm emission measurements. 

Bless: Since OAO observations suggest that for some stars in other parts of the Galaxy there is 
reasonable agreement between Lyman a and 21 cm measurements, such a local density anomaly in the 
Orion region seems a little more plausible than looking for fundamental difficulties with 21-cm obser­
vations, etc. 
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