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ABSTRACT 
An extensive set of measurements of the ratio of deuterium to hydrogen in the interstellar 

medium has been undertaken. In this paper, we describe the general observing program, the data 
reduction techniques used to separate the complex deuterium and hydrogen profiles, and the 
results of the measurements for two stars : £ Pup and y Cas. 

We find, for y Cas, log A(D)/Y(H)= —4.8 ± 0.1, in agreement with previous measurements. 
For £ Pup a complicated structure of absorbing clouds in the interstellar medium is inferred. The 
best value is about log A(D)/Y(H) = —4.6 for each of two components. One component is prob- 
ably more complex than can be demonstrated directly at our resolution, and log Y(D)/A(H) could 
be —4.0 or larger in this component. 
Subject headings: interstellar: abundances — interstellar: matter 

I. INTRODUCTION 

The determination of the ratio of deuterium to 
hydrogen has been successfully accomplished in 
several sources recently, including the solar corona 
(Hall 1974, unpublished; Anglin, Dietrich, and 
Simpson 1973), Jupiter (Beer and Taylor 1973; 
Trauger et al 1973), molecular clouds in interstellar 
space (Wilson, Penzias, and Jeiferts 1973) and diffuse 
interstellar space (Spitzer et al. 1973; Rogerson and 
York 1973 [Paper I of this series]; York and Rogerson 
1976 [Paper II]). The D/H ratio thus determined 
applied to D and H in combination with other ele- 
ments, not to D and H in atomic form, except for 
Papers I and II. Upper limits have been set for the 
Sun based on solar wind data (Geiss and Reeves 
1972) and from meteoritic data (Black 1972), as well 
as from very long path lengths in interstellar space 
(Cesarsky, Moffet, and Pasachoff 1973; Pasachoff and 
Cesarsky 1974). 

The presently available results show that Y(D)/Y(H) 
in interstellar space, now and at the time of formation 
of the Sun, is about (2 ± 1) x 10 “5. The mass fraction 
of deuterium which follows from this measurement 
can be used to determine, formally at least, the present 
density of the Universe, if one adopts the view that 
deuterium has been formed during the primeval 
phases of the Universe (Wagoner 1973; Reeves 
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et al. 1973). The actual formal density depends on the 
assumed values of the muon and electron lepton 
numbers (Yahil and Beaudet 1976); but if these 
numbers are zero, as is commonly assumed, the 
deuterium values quoted imply a mean density so 
low that the universe is not bound. 

One important point to establish is the true site of 
formation of the deuterium. Observationally, one 
can ask just how variable the ratio N(jy)IN(H) 
actually is within our own Galaxy. If the deuterium is 
primordial, one expects some local deviation in the 
sense that D must be lower in regions where active 
star formation occurs, because stars consume deu- 
terium but do not expel any to interstellar gas, 
because of the efficiency of nuclear reactions destroy- 
ing it. 

On the other hand, if deuterium is formed locally, 
for instance by supernovae (Colgate 1975), a reverse 
correlation must be found as suggested by Ostriker 
and Tinsley (1975). The question of the point-to- 
point contrast has not been explored in the literature. 
In the case of variations due to astration, since this 
process works for nearly all stars, local variations are 
probably smoothed by looking over lines of sight of 
100 pc, which contain several regions of star formation. 
For local production mechanisms, there will be some 
dilution as the expanding region around the super- 
nova sweeps up interstellar matter. Both processes are 
affected by the fact that mixing in the interstellar 
gas could be efficient in lowering any contrast pro- 
duced, especially if the bulk of star formation and 
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destruction occurred early in the evolution of the 
Galaxy as suggested by most of the present models of 
chemical evolution (Truran and Cameron 1971; 
Talbot and Arnett 1973; Quirk and Tinsley 1973; 
Audouze and Tinsley 1974). 

Nevertheless, the data from the Copernicus instru- 
ment will soon lead to the availability of relative 
abundances for many elements over a wide range of 
lines of sight so that at least a differential comparison 
of the variability of various abundance ratios to that 
of A^(D)/Ar(H) can be made. 

We have therefore undertaken a program of detec- 
tion of interstellar deuterium in lines of sight which 
extend beyond the stars which lie within 200 pc of 
the Sun. In making this extension, one is faced with 
several difficulties described in §11. The techniques 
used in deriving the deuterium for each interstellar 
component are described in § III, which includes an 
analysis of errors in measurement. The results are 
summarized in § IV. 

II. OBSERVING PROGRAM 
The observational limitations of the proposed 

program are: (1) the need to observe absorption 
lines in spectra of stars with v sin i > 50kms_1, 
since the Copernicus resolution is about 15 km s "1 ; 
(2) the reduction in signal at deuterium and hydrogen 
wavelengths caused by coincident lines of interstellar 
molecular hydrogen and by stellar hydrogen absorp- 
tion; (3) the reduction in signal due to low mirror 
reflectivity (system efficiency ~0.03% at 950 Â) and 
the rapidly rising UV extinction in interstellar clouds 
(York et al, 1973); and (4) the increase in number of 
interstellar components with distance, which tends, 
at our resolution, to smear out separate components 
and compromise the accuracy of the analysis. 

The problem of overall efficiency restricts us to 
studying stars brighter than fourth magnitude in a 
survey such as this. Stellar hydrogen lines are shallow 
enough to allow observations for stars earlier than 
Bl. The problems of extinction and of coincident H2 
lines limit useful observations to stars with E(B — V) 
<0.1. Choosing only simple lines of sight is difficult, 
a priori, because the most useful observations in this 
regard are of Na i and Ca n lines (Hobbs 1969; 
Marschall and Hobbs 1972), whose column density 
depends on TVXNa) or W(Ca), and ne, whereas V(D i) 
is independent of ne. Hence, we have essentially used 
the restriction of magnitude and extinction in choosing 
stars. We have maintained the requirement of being 
able to observe at least three deuterium lines to allow 
internal consistency checks on the accuracy of the 
derived abundances. 

There are about 20 stars which are useful, of which 
ß Cen, a Cru, a Vir, y2 Vel, and p, Col have been 
previously observed (Paper II). For this more exten- 
sive program we have chosen to scan the deuterium 
and hydrogen resonance lines Lß, Ly, L8, and Le, 
using tube Ul (Rogerson, Spitzer, et al. 1973). In 
addition, a wide enough wavelength range was 
included in each scan to obtain a few other inter- 
stellar lines (chiefly O i and H2), as well as some 

indication of the shape of the stellar spectrum, 
needed for accurately defining the continuum. 

III. DATA PROCESSING 

Previous abundance determinations have been done 
through the use of the curve-of-growth technique, 
which has the very important advantage of giving a 
result independent of the instrumental profile used for 
the observation. Nevertheless, it is well known, as 
demonstrated by different authors (Nachman and 
Hobbs 1973; Gomez-Gonzalez and Lequeux 1975), 
that this technique may induce large errors, parti- 
cularly in the flat portion of the curve of growth, 
essentially because the absorbers are not in a single 
simple cloud but in several clouds having different 
velocities corresponding to different and overlapping 
Doppler shifts. 

To partially overcome this difficulty, we have tried 
to use the information included in the line profiles to 
separate the cloud components. A deconvolution 
of the observed spectra was performed by introducing 
in the calculations the instrumental profile of the 
Princeton instrument. Because the studied cases 
represent solutions spread over the full curve of 
growth (hydrogen and deuterium observed in four 
different Lyman lines), we had to make precise 
calculations using a full Voigt profile calculation 
(Morton and Morton 1972). Two of us (A. V.-M. and 
C. L.) prepared model fitting programs following 
Kaper et al. (1966), giving the possibility of separating 
up to seven cloud components along a given line of 
sight. 

a) The Data Processing Principles 

1. Because the Princeton instrument has a very 
narrow entrance slit (0''3), the slightest pointing 
motion induces flux variations which introduce a 
nonrandom noise over the data. To correct this 
effect, it was only necessary to use the data collected 
with another channel (U2) fixed in wavelength while 
the stellar spectrum was measured through the U1 
channel (short wavelength range and high resolution; 
see Rogerson, Spitzer, et al. 1973). The data intro- 
duced in all calculations were then corrected through 
the following relation: 

U=^-U2, (1) 
u2 

where U2 represents the average value of all the counts 
collected by the U2 channel during the completion of 
one given spectrum. As the nonrandom fluctuations 
may approach 10% in our data sample, the resulting 
improvement in the data quality is quite important. 

2. The general equations used to fit the data repre- 
sent classical line profile calculations using simul- 
taneously the Doppler core and the damping wing 
formulation through the Harris function noted here 
as H(a, w). Under such conditions the absorption 
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introduced into a stellar spectrum at a given wave- 
length A may be represented by the following function : 

^4(A) = exp [ — 2 = A(X, N\ T\ v*) , 
L i=1 J (2) 

where n is the number of clouds (up to seven) and i 
is a superscript representing one of the absorbing 
clouds, ko1 the absorption coefficient per absorber at 
line center, A* the cloud column density, Tl the cloud 
temperature related to the classical ft-value by b1 = 
(IkFIm)112, and v* the global velocity of the cloud 
relative to the star. Since we will analyze in general 
small spectral ranges over the spectra of fast rotating 
stars, the stellar spectrum ^(A) may be approximated 
in such regions quite well by a parabola ^(A, a, ß, y) 
(three parameters as shown in the different figures 
presenting the data). 

Finally, to represent the measurements U(Am) taken 
at the wavelength Am we have to calculate the convolu- 
tion of the spectrum by the instrumental profile 
which was assumed as a triangle of half width Ap : 

/(A, Ap, Am) = ^ (l ± , (3) 

where the sign is positive for Am — Ap < A < Am and 
negative for Am < A < Ap + Am. /(A, Ap, Am) = 0 for 
A < Am — Ap or A > Ap + Am. Then the measurements 
should be compared with the following numerical 
evaluation: 

J*Ajb + Ap 
Fs(\, a, ß, y)A(\, Nl, T1, vl) 

A«,-A« ^ Am “ Ap 

x /(A, Ap, Am) dX , (4) 

where B represents the background. 
To fit this theoretical evaluation to the data, we 

used an iterative process similar to the one described 
by Kaper et ai (1966) which allowed us to find the 
best parameters. 

3. The instrumental profile width, Ap, was evaluated 
using unsaturated absorption lines due to molecular 
hydrogen (at 1024.366 Â, for instance) in the spectrum 
of a bright star, y Cas, or the deuterium fines them- 
selves in the spectrum of y Cas and I Pup. 

The results obtained show that the best fits are 
generally obtained with Ap values larger than 0.04 Â 
and less than 0.05 Â, the values for which the sum of 
the squares of the differences starts to rise significantly. 
Furthermore, as will be shown in the I Pup study, a 
lower value of Ap seems to be preferred to a higher one. 

Under such conditions all the following calcula- 
tions were done with a Ap value of 0.045 Â (but see 
Spitzer and Morton 1976) for all studied wavelengths, 
the effect of changing Ap being studied only in one 
particular case (y Cas). 

b) Data Processing Method 

To analyze the data, we will now have to pass 
through three different steps which will give us 

successively: the shape of the shortward wing of the 
hydrogen absorption fine where the deuterium absorp- 
tion takes place (phase I); the deuterium cloud 
parameters (phase II); the whole absorption profile 
due to hydrogen since it is necessary to evaluate also 
hydrogen column densities to deduce the relative 
deuterium abundances (phase III). 

i) Phase I 

Introducing into the calculations a few data 
points on either side of the deuterium absorption 
feature (not including the points of the absorption 
feature itself), and solving equation (4) for one 
hydrogen cloud, we end with a set of parameters: 

a, ß, y, AH, rH, vH, Ap, which have no real physical 
meaning but are necessary to represent the hydrogen 
absorption shortward wing. These parameters will 
then be used as input data in the next phase. 

ii) Phase II 

To evaluate now the parameters of the deuterium 
absorbing cloud, we may write equation (4) in the 
following form: 

U{Xm) = B + 
p JA, 

Fs(A, cc,ß,y) 

x A(X, A", TH, vH)A(X, A*, r, ^/(A, Ap, Am) dX , (5) 

where the only parameters are Af, T\ and as the 
other values are taken from phase I. To find the 
solution, we have to operate step by step, finding 
first a single deuterium cloud that fits the data. 
Then by looking at the differences between U(Xm) 
and the observations it is easy to deduce the existence 
of other weaker clouds around the main one. Further- 
more, with such a formulation, it is also possible to 
see how much matter may be hidden without disturb- 
ing the fit, giving a more precise evaluation of the 
error bars, as will be shown for specific cases. 

iii) Phase HI 

Using now phase II results, some physical param- 
eters, Tl or b1 and vl of the main absorbing clouds, 
it is possible to introduce this information in a cal- 
culation which will try to represent the whole absorp- 
tion line. 

Under such conditions, through the use of equation 
(4) we evaluate the parameters a, ß9 y, representing a 
broad parabolic variation, and A*, the unknown 
column densities. 

One may criticize each part of each phase described 
above independently; but because we have three or 
four different fines for each star to study and because 
hydrogen and deuterium should have the same 
physical parameters in the various velocity compo- 
nents observed, it is possible for us in such a study to 
iterate between phase II and phase III as well as 
between one Lyman fine and another. The results, 
consistent over eight independent sets of observations 
(two absorbing species in four different lines), 
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present then a much higher degree of confidence, as 
will be shown now for y Cas and £ Pup. 

For general reference, we list in Table 1 the inter- 
stellar features likely to occur in studies of deuterium. 

IV. RESULTS AND DISCUSSION 

a) y Cassiopeiae 

All the data collected on the four studied Lyman 
lines along with other interstellar absorption features, 
mainly due to molecular hydrogen or atomic oxygen, 
are shown in Figure 1. Detected interstellar lines are 
labeled. Table 1 includes a complete list of interstellar 
fines, with /-values, which might occur in the wave- 

length regions plotted. The search for the one cloud 
solution on the less saturated deuterium lines (LS 
and Le) is presented on Figure 2, where a whole set 
of possible solutions may be obtained for each 
given ¿-value of the cloud. Two solutions seem to be 
possible, one around ¿ = 10 km s“1 and another one 
around b = 1.0 km s-1. The smaller ¿-value corre- 
sponds to an unrealistically high column density 
[A(Di) ~ 3 x 1019, or more than 10% of A(H)] 
and, in addition, is inconsistent with the relative 
weakness of D i-Ly. 

The b = 10 km s-1 solution corresponds to N(D) = 
1.5 x 1015 atoms cm-2 (deuterium column density) 
with a radial velocity of the order of 15 km s“1. The 

TABLE 1 
Interstellar Lines Affecting D/H Measurements* 

Sp / Sp / 

Le Ly 

0 I  
(16.0) P(3)t. 
(17.0) P(5).. 
Di  
(4.0) P(4>... 
Hi  
01   
(15.0) R(0). 
(16.0) R(4).. 
(18.0) R(7).. 

936.630t 
936.859 
937.475 
937.548 
937.553 
937.803 
937.841t 
938.468 
938.876 
938.876 

LS 

(15.0) P(4). 
(17.0) P(7). 
(3.0) R(3).. 
(14.0) R(2). 
(3.0) ß(2).. 
O I   
(14.0) F(2). 
Di  
(3.0) P(2).. 
Hi....... 
(16.0) P(6). 
(15.0) P(5). 
(3.0) P(4).. 
(3.0) ß(3).. 
P iv  
(14.0) P(3). 
O i    
N I  
N i    

947.887 
948.380 
948.418 
948.472 
948.618 
948.687t 
949.355 
949.485 
949.612 
949.743 
949.845 
950.102 
950.316 
950.401 
950.662 
950.820 
950.885t 
951.08f 
951.35f 

Ly 

(2.0) P(3).. 
(12.0) P(4). 

970.560 
970.835 

3.06( —3)§ 
2.64(—3) 
7.80(—3) 
6.40( — 3) 
7.80(—3) 

8.73(—3) 
3.96(—3) 
2.51(—3) 

3.84(—3) 
2.68(—3) 
1.95(-2) 
6.32(—3) 
2.73(—2) 

4.21(—3): 
1.39(—2) 
5.45(—3): 
1.39(—2) 
3.25(—3) 
4.70(—3) 
1.82( —2) 
2.73(—2) 
1.71(0) 
6.00(—3) 

9.92( —3) 
8.29( —3) 

(13.0) P(6). 
(2.0) P (5).. 
(2.0) ß(4).. 
(14.0) P(7)., 
O I  
(11.0) P(0). 
Di  
F i   
Hi..  
(12.0) P(4). 
(H,0)P(1). 
Cl IV  
(H,0)P(1). 
(2.0) P(4).. 
(13.0) P(6). 
Fi  
(11.0) P(2). 
(2.0) ß(5).. 

970.994 
971.073 
971.386 
971.469 
971.738t 
971.984 
972.272 
972.401 f 
972.537 
972.625 
972.625 
973.212 
973.348 
973.450 
973.828 
973.895t 
974.156 
974.286 

Lj8 

(7.0) P(4). 
(8.0) P(6)., 
(6.0) P(0). 
(8.0) P (7). 
(6.0) P(l). 
(7.0) P(5). 
Di  
Hi  
O i  
(6.0) P(1). 
Mg ii.  
Mg ii  
(6.0) P (2). 
(7.0) P(5). 
(6.0) P (2). 
(6,0) P (3). 

1023.443 
1022.563 
1024.364 
1024.980 
1024.986 
1024.991 
1025.443 
1025.722 
1025.762 
1025.932 
1025.968 
1026.113 
1026.532 
1028.255 
1028.103 
1028.986 

6.70(-3) 
2.21 (—2) 
3.47(—2) 
4.80(—3) 

1.76(-2) 
2.90(-2) 

2.90(-2) 
6.62( —3): 
1.18(—2) 
4.41 ( — 2) 
5.87(-3) 
1.15(—2): 
5.73(—3) 

1.06(—2) 
3.46(—2) 

1.18(—2) 
1.14(—2) 
2.71(—2) 
1.31(—2) 
1.80( —2) 
1.44(—2) 
7.91(—2) 
7.91(—2) 
7.3 (-2) 
9.00(-3) 
1.48(—3) 
7.40(—4) 
1.62(—2) 
1.20(-2) 
1.08(—2) 
1.54(-2) 

* Data for H2 from Morton and Dinerstein 1976. Atomic data from Morton and Smith 
1973, or as noted in last footnote, 

t Striganov and Sventitskii 1968. 
t All such notation applied to the molecule H2. For v", the vibrational number of the 

upper electronic level, > 5, the features are in the Lyman bands. Otherwise they are in 
Werner bands. 

§ Notation to be read 3.06 x 10“3. 
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Fig. 1.—Averages of all scans in y Cas (not monitored, as the data used in curve fitting were). The stellar Lyman lines are evident 

as broad absorption features. Theoretical ± 2 a error bars appear on the right for the top three graphs. Detected features are labelled. 
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Fig. 2.—Solutions in the (6, AO-plane for L8 and Le in y Cas. 
Acceptable solutions are the points of intersection. 

velocity scale is discussed below. The b value of 
10 km s"1 may represent a single cloud at 12,000 K, 
or a blend of cooler clouds spread out in velocity 
space to yield this effective b value. In Figure 3 are 
presented the fits of a solution where the corresponding 
hydrogen absorption features for the Lß, Ly, L8, 
and Le lines are evaluated assuming the hydrogen is 
at the same temperature (b = 14 km s"1) as that of 
deuterium with no turbulent motions. The agreement 
is excellent and shows that to the deuterium cloud 
corresponds a hydrogen cloud having the same 
parameters, radial velocity and temperature, with a 
column density of 1.0 x 1020 atoms cm-2. Tests 
were performed to evaluate the sensitivity of the 
profile fits to changes in the parameters, such as 
background level and instrumental profile. It was 
found that changing the background by ±cr (rms 
deviation, as evaluated at the bottom of the saturated 
Hi features), or changing the instrumental profile 
from 0.04 Â to 0.05 Â, does not seriously alter (±5%) 
the hydrogen column density due to the large saturated 
lines involved in the calculation; and the deuterium 
column density may be different by ±20%, which in 
consequence represents approximately the error in 
the deuterium abundance evaluated under the 
assumption that the 6-values are thermal in origin. 

We have also attempted a solution where the 
internal motions of the assumed single cloud are 
purely turbulent motion (6H = bD). Fits for deuterium 
and hydrogen (6H = bB) are shown for differing 
values of in Figures 4 and 5. The larger column 
densities are needed to replace the effect of the large 
value for 6H previously used to explain the wide line 
cores. The fits are not as good as those in Figure 3. In 
addition, the derived continuum (actually the stellar 

hydrogen line) is too high for Ly (as well as for LjS), 
assuming that the stellar lines should become deeper 
and deeper with increasing oscillator strength. The 
hydrogen column density should not be regarded as 
finally determined until the stellar and interstellar 
profiles can be simultaneously understood. However, 
we regard the quoted value [N(H) = 1 x 1020 cm"2] 
to be accurate to ± 30%. We note that for a column 
density near 1 x 1020 cm"2 for H i and a high 
6-value for hydrogen, LS and Le equivalent widths 
are quite sensitive to b(Wab)9 but insensitive to 
A(H i). The Ly line is sensitive to 6 in the core and 
to A(H i) in the wings. The Lj8 line is sensitive only to 

but in the case where the behavior of the 
stellar background is not known (i.e., not quantita- 
tively determined) the uncertainty in N(R i) derived 
only from Lß can be large. Because of this primary 
dependence of Le and Ly on 6, a comparison of the 
fits to these features in Figure 3 (6H = Mkms"1) 
with those in Figures 4 and 5 (6H = lOkms"1), 
shows that the value of 6H cannot be in error by 
more than 1.5 km s"1. The value of 6D is known 
to similar accuracy. While the possibility that 6H = 6D 
can therefore be ruled out, a combination of turbu- 
lence and thermal broadening could also explain the 
observations. For instance, assuming the effective 
6-value is a quadratic sum of turbulent and thermal 
values, then T > 8000 K, 6turb < 6 km s"1 are values 
consistent with the present data. The fact that 6H > 6D 
could possibly be explained as being caused by high 
velocity hydrogen gas with Ah < 1018 (so D i-Lß 
is not detectable). Such gas would have to be sym- 
metrically distributed about the main gas velocity to 
preserve the fact that the same values for central 
velocity fit the deuterium and hydrogen absorption 
features. 

In Table 2 are presented the different observed and 
evaluated parameters representing the deuterium and 
hydrogen cloud. The velocity shifts (with respect to 
the star) as tabulated are strongly affected by the 
temperature of the spectrometer grating, for reasons 
not entirely understood (see Spitzer and Morton 
1976). Unfortunately, the observations of y Cas were 
broken up into two observing sessions, so that a 
large temperature transient occurred during the 
observations of Ly. By measuring the velocities of 
individual lines on individual scans and plotting these 
versus the grating temperature (recorded at least 
once every 3 hours), an empirical relation for these 
particular observations shows a shift of 4.5 km s"1 

K"1, in the sense that a warming of the spectrometer 
causes the feature to have a more negative shift. 
According to Spitzer and Morton, velocities measured 
at a grating temperature of —6.5° C (—8.5° C at the 
front end of the spectrometer, as referred to in that 
paper) are in error by — lókms"1, if interstellar 
H2 and Na i components are to appear at the same 
velocity. The correct velocity for the H i gas is there- 
fore + 0.5km s"1 with respect to the star. For 

= —6.8 km s"1, vQ = —6.3 km s"1 and vQ — 
= —0.4 km s"1, where vQ is the heliocentric velocity 
of the gas and i;LSR is the apparent velocity of gas 
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Fig. 3.—Final solutions for Le, LS, Ly, and Lß in y Cas. Solid lines, theoretical curves, convoluted with the instrumental profile, 
the parameters for which represent a least squares solution to the solid points. Crosses, points not included in the fit, as they ob- 
viously arise from absorption by species other than D i or H i. Dashed lines, the continua derived in the least squares fitting proce- 
dure (see text). The parameters for all four lines are close to = lOkms-1, ¿>H = 14 km s-1, iV(Di) = 1.5 x 1015 cm-2, iV(Hi) = 
1.0 x 1020 cm-2. Only a single component is necessary to fit the data. 
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D/H RATIO IN INTERSTELLAR SPACE 

TABLE 2 
The y Cassiopeiae Line of Sight 

99 

Parameter Lj8 Ly LS Le 

^ah  
^ad  
AH  
AP  
bn (km s“1) 
vc (km s”1). 
Tgratingrl*. • • • 

1.14 Â 
0.13 Â 

1.0 x 1020 

* 

-7 
-4.8° 

0.52 Â 
0.10 Â 

1.1 x 1020 

1.2 x 1016 

14 
+ 2.5 

0.37 Â 
0.07 k 

0.9 x 1020 

1.8 x 1016 

14 
-16 

C -11 to — 6° C -6 to -6.5° C 

0.28 Â 
0.05 Â * 

* 
14 

-14 
-6.5° C 

* No entry means the line is not sensitive to the parameter; however, in all cases 
the value derived from other lines is consistent. 

t Princeton telemetry data for the thermocouple at the back of the spectrometer, 
about 18" from the grating. The measurement is accurate to ± 0.5 K. 

stationary in the local standard of rest, due to the 
solar motion in this rest frame. 

We find N(D i)/A(H i) = 1.5 x lO"5 ± 30%, in 
good agreement with previous observations (Papers 
I, II). Furthermore, the velocity distribution of the 
hydrogen and deuterium atoms simulates that of a 
warm cloud (T ~ 12,000 K, though T > 8000 K, 
¿turb < 6 km s ~1 is consistent with the data). The 
half-width of the Na i line would be expected to be 
1.7 x 6 = 5.1 km s“1 if the line widths are thermal, 
in good agreement with the line width of 6.5 km s-1 

shown by Hobbs (1976), if the Na i feature is due to 
the same neutral gas producing H i and D i. Hobbs 
shows a heliocentric velocity of — 4.5 kms_1, about 
2kms"1 different from our value of — ó.Skms"1. 
The Na i feature appears to be asymmetric, indicating 

multiple components. The Copernicus velocity scale 
could certainly be in error by 2kms“1. Since Hi 
may exist in the absence of detectable Na i, the Na i 
data, while consistent with our analysis of the line of 
sight, is not conclusive evidence in favor of it. 

The question now is to try to evaluate whether any 
solution is possible with more than one absorbing 
cloud separated by less than 8 km s"1 corresponding 
to the spectral resolution of the Princeton instrument. 

Fig. 6.—Theoretical Gaussian curves of growth for single 
and double (blended) components. The legend shows for the 
various kinds of curves the number of components involved, 
the ratio of column densities in the two components, and the 
separation in velocity between the two components. For two- 
component curves, the ¿-values of the two components are 
equal. Log WÁIX is the total width of the resulting feature and 
log NfX includes the column density in both components. The 
open circles are for the derived equivalent widths and column 
densities of D i in y Cas. The existence of multiple components 
with large b does not change the derived value Nip i) very 
much, as shown by the curves. The components with high b 
could be masking a narrow component with low ¿, but higher 
resolution is needed to see the effect if present. The presence of 
such a narrow component would force N{D i)/A(H i) in the 
high b component to be larger than that derived, since A(H i) 
in any case is known independent of multiple components. 
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Fig. 7.—Solutions in the (T, AO-plane for L8 and Le in 
£ Pup. The Gaussian analysis used kT — 1/2 mb2. The resulting 
T probably reflects turbulent motion or multiple component 
structure rather than kinetic temperature. 

Figure 6, representing a curve of growth for one or two 
components of an equal è-value, shows that for a given 
absorption feature (a given WÁ value) the sum of 
column densities for two components is equal to less 
than the corresponding one-component column 
density. The difference may be particularly important 
for WK values corresponding to the plateau level. 

We also show, in Figure 6, the derived equivalent 
widths corresponding to the computer fits shown in 
Figure 2. These show that in fact the deuterium lines 
agree with the expected behavior of lines with very 
large b near the linear portion. Since there is no 
evidence of incipient resolution of other components 
with Ap > 8 km s-1, and since multiple components 
with smaller separation would yield a curve of growth 
similar to that observed, the deuterium column 
density cannot be much in error. However, the 
component structure could be more complex than 
assumed here, and observations at higher resolution 
would be highly desirable. The value JV(D)//V(H) for 
the entire line of sight (1.5 x 10 “5) agrees with the 
average value for four stars given in Paper II. Com- 
ponents hidden in the present data could individually 
have higher or lower values. There is no evidence for 
this, and in fact the good agreement of the D i and 
H i profiles with the same temperature argues against 
there being separate velocity components of com- 
parable importance in H i column density. 

b) £ Puppis 

For £ Pup, the spectral intervals scanned are much 
smaller than in the case of y Cas, to give a larger num- 
ber of observations in the narrow regions where the 
deuterium lines are located. These profiles appeared 
to be very clean and seem to contain much informa- 
tion. 

The same procedure as for the y Cas case was 
applied here, and on Figure 7 are presented the one- 
cloud solutions obtained for the L8 and Le deuterium 
absorption lines. Here again two types of solutions 
seem to be possible: a high ¿-value, low-N solution, 
and a low ¿-value, high-A solution. Again the large N 
solution is rejected due to the high deuterium column 
density obtained. Consistency with hydrogen is then 
checked here only with the hydrogen Ly absorption 
line due to the lack of data on the two other weaker 
hydrogen lines. As noted earlier, L8 and Le are 
mainly sensitive to the ¿-value, not to N(H i). 

Again we may check the solution under two differ- 
ent assumptions: same temperature or same ¿-value 
for the corresponding hydrogen cloud. Figure Sa 
shows the result of assuming a single cloud of hydro- 
gen to go with the deuterium. From the position of 
the longward side of the core, ¿(H) > ¿(D) gives an 
unacceptable solution, so, unlike the previously 
studied case of y Cas, we find bp ~ ¿H, implying that 
the velocity distribution is dominated by several cold 
components spread out in velocity space, but over- 
lapping, or by turbulence in a single region. All 
attempts to find a solution with ¿H > ¿D leaving the 
continuum as a free parameter failed. The continuum 
is sloping, due to the P Cygni profile of C m (977 Â) 
(Morton 1976), but it is smooth and well defined 
outside the region included in our own scans. 

After several iterations it was found that another 
deuterium component, about —10 km s-1 from the 
main component, and with a similar ¿-value fits the 
deuterium data for Le, LS, and Ly. The corresponding 
hydrogen component is in fact needed to explain the 
extra absorption in the Ly H i line of Figure 8. We 
note that failure to add this second component leaves 
one with the untenable situation of a single cloud 
with different velocities for D i and H i, as is evident 
from the theoretical-versus-observed profile in Figure 
Sa. The simplest solution derives if the second com- 
ponent does have a large ¿-value for Hi, to fit the 
core of Ly, LS, and Le. Finally, another component, 
shifted by +6 to -f-lókms“1 with respect to the 
main component of D i is necessary to fit the region 
between the two D i and the two H i components. 
It seems unlikely that this last component is D i, as 
H i gas with such a high velocity would not fit into the 
observed profile of H i, unless perhaps NÇD i)//V(H i) 
were larger than 10 “3. Alternatively, the needed 
absorption could be H i gas at a velocity near — 70 
kms“1. That the component is not some species 
other than H i or D i is shown by the fact that it is 
also required to fit profiles of Ly, L8, and Le. 

The final fits for Ly, LS, and Le are shown in 
Figures 8¿, Sd9 and 9, respectively. The parameters 
for these fits are listed in Table 3. Figure 8c shows the 
effect of introducing a 3 kms"1 shift into the data, 
thus forcing the addition of another component at 
more negative velocities, and requiring one to move 
the uncertain component between D i and H i to 
longer wavelengths. The effect on the total column 
density of H i or D i is minimal. However, higher 
resolution would clearly be useful in allowing one to 
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TABLE 3 

The £ Puppis Line of Sight 

Parameter Lß Ly LS 

fnH(A)  
(â)  

NHl*  
JVD1  
¿>H1 (km s"1).. 
vcl (kms"1).. 
iVH2;  
NB2  
bH2 (km s”1).. 
vc

2 (km s"1).., 
Nui  
vu (km s-1)... 
6H U (km s"1). 
7gratingr§ ( C). . 

1.23 
? 

2.3’xlO14 

0.8-0.6 x 1020 

1.8 x 1016 

+ 30 to +43f 

-11 

0.52 
0.11 

6 x 1018 

1.3 x 1014 

16 
+ 34 

0.85 x 1020 

1.8 x 1016 

7 
+ 43 

2.7 x 1014 

-30 
11 

-11 

0.35 
0.09 

1.3 x *1014 

16 
+ 33 

1.76 x 1015 

7 
+ 42 

1.4 x 1014 

-30 to -12 

-ii 

0.31 
0.07 

16 
+ 35 

1.76 x*1016 

7 
+ 44 

1.5 x 1014 

-20 

-Ü 

* Column densities (cm-2); 6 and t; in km s-1. 
t See discussion in text. If t? = +43 km s-1, as would be the case based on Lc, y, and 8, 

we find vV(Dl) > 2 x 1016, inconsistent with Ly and L8. Either the velocity scale changed 
for some unknown reason between Lj8 and Ly scans, or some unidentified feature is absorbing 
shortward of Dl. 

t Extra absorption probably due to H i at high negative velocity. For D i, the velocities are 
given in Figs. 8 and 9. 

§ ± 1 K range in temperature observed. 

assign ratio N(D i)/A(H i) to very localized regions of 
space instead of relying on integrated values over 
long lines of sight, particularly since the results of 
any local deuterium production mechanisms are 
more likely to be apparent in low-column-density 
filaments than in a mean value for a large region of 
space. 

We now try to verify the hydrogen column density 
with the observed Lß profile. Bohlin (1975) gives 
A(H) = 0.97 x 1020. We show in Figure 10 (top) a 
profile of Lß, assuming this column density. As is 
noted in the figure legend, the velocity of the main 
component of the gas, in the rest frame of the star, 
is +18 kms-1, as opposed to +43 km s"1 for Ly, 
LS, and Le. Whereas velocity differences between 
Lß, Ly, LS, and Le were noted earlier in y Cas, these 
were well correlated with grating temperature, whereas 
the grating temperature for all four lines in £ Pup 
was —11 K ± 0.5 K. (There was a break in the 
observations between Ly and L8; but since the 
temperature was so similar, the wavelength scales 
should be consistent to ±5 kms“1, as seems to be 
confirmed by our velocity analysis of Ly and LS.) 
The average velocity of four nearby H2 lines is +21 + 
4kms“1 (av. dev.). According to Morton and 
Dinerstein (1976), the H2 lines tend to be more 
negative than the neutral species such as Ar i and N i, 
by as much as —6 km s“1. Since Spitzer and Morton 
(1976) have shown that the H2 has a complex structure, 
more detailed information on the component structure 
is needed to use H2 in deriving a velocity scale for 

H i and D i. We note, however, that with the velocity 
of H i Lß required to obtain a column density of 
1 x 1020 cm“2, the negative velocity component of 
D I, which was near 1.5 x 1014 cm“2 from the fits 
to Ly, LS, and Le, is reduced to 1.3 x 1012cm“2. 
Furthermore, the derived continuum [7(A)e+T(A), 
where /(A) is the count rate at A and r(A) is the optical 
depth in H i at A] for A(H i) = 1 x 1020 cm“2, is too 
high on the short-wavelength side and depressed on 
the long-wavelength side—the expected result if the 
assumed wavelength is too small (see Paper II). While 
a peculiar stellar profile underlying the interstellar 
absorption cannot be ruled out, there is no evidence 
for such behavior in the other Lyman lines. A search 
for Lß emission from the surrounding nebula showed 
that contamination of the stellar spectrum by such a 
source is less than 0.170. Lyman-j8 is seen in absorp- 
tion against the P Cygni absorption profile of O vi 
1031.945 Â (Morton 1976), and a search of the 
corresponding region of the O vi line at 1037.345 Â 
shows that the feature does not have apparent emis- 
sion. By forcing Lß to appear at the same velocity as 
the other lines (only the main H i component affects 
Lß, which is primarily a damping profile), we find a 
column density iV(H i) = 6 x 1019. This solution, 
however, raises N(D i) in component Dl to 5 x 
1015 cm”2, quite inconsistent with values from Ly and 
LS. We conclude that there was an unexpected change 
in the wavelength scale, or that some unexpected 
absorption is occurring. The O vi profile mentioned 
above may have broad excess absorption at Lß (see 
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1200- 

O ' LlI cn 

800- 

8 600- 

400- 

H1 H2 

* tt.* 

872.3 972.5 
_i_ 

972.9 
Fig. 8.—Trial solutions for N(D i) and Y(H i) simultaneously in Ly and LS. Dashed lines, the derived continuum; solid lines, the 

theoretical, convoluted profiles; dot-dash lines, the unconvoluted profiles. Dots, data points. Frame (a) is for one component at 
+ 44 km s-1 (stellar rest frame), = 7 km s-1, iV(H i) = 1 x 1020 cm“2, N{D i) = 1.8 x 1016 cm-2. Frame (b) is for two 
main components: one at +44 km s“1, 6 = 8 km s“1, AT(H i) = 1 x 1020Ncm“2, N{D i) = 1.8 x 1016; the other at +35 km s“1, 
b = 16 km s“1, AT(H i) = 6 x 1018 cm“2, iV(D i) = 1.3 x 1014 cm“2; a third component (U), with iV = 2.7 x 1014, ¿ = 9kms“1 

is D i at +51 km s“1 or more likely H i at —32 km s“1. Frame (c) (L8) is for two components: one at +45 km s“1, ¿>H = = 
8 km s“1, AT(H i) = 1 x 1020 cm“2, AT(D i) = 1.76 x 1016 cm“2; the other ¡í +36 km s“1, = 16 km s“1, iV(H i) = 6 x 1018 

cm“2, A^(D i) = 1.3 x 1014; and the “U” component has = 9.1 x 1013, v i + 69 km s“1 (D i) or -14 km s“1 (H i). Frame (d) 
is similar to (c), except the two main components are 3 km s“1 shortward (+42, +33 km s“1), while the “U” component is at 
+ 51 km s“1 (D i) or —32 km s"1 (Hi) with N = 1.4 x 1014. 

the profile of O vi in Morton 1976). The He n line at 
1025.280 Â may also contaminate this region. Further 
work is needed on this problem. The value A(Hi) 
seems certainly to lie within the bounds 8(4-1, —2) x 
1019cm"2, based on minimizing the sum of the 
squares of the residuals at Lß (see Fig. 10, bottom) 
and Ly. This range cannot be made smaller, because a 
possible shift in the wavelength scale of Lß relative to 
Ly as large as 13 km s_1 cannot be ruled out. 

The parameters for the one U (uncertain), two D i, 
and two H i components are listed in Table 3. We find 
formally, for component 1, iV(D)/A(H) = 2.2 x 10"5 

and for component 2, N(D)/N(ñ) = 2.3( + 0.7, -0.3) 
x 10 "5. The uncertainty of the former value is 
difficult to estimate, since, for the large è-value 
required, values of Á(H i) based mainly on Ly are 
somewhat uncertain for A(H i) < 1019. 

Component 2 may well be due to a combination of 

colder components, or to a velocity distribution of 
gas which is quite complex. In this case, the total 
deuterium column density of component 2 could be 
larger, though our observations of several lines do not 
allow too many saturated components to hide more 
material. For instance, we show in Figure 11 curves 
for N (sum of all subcomponents in cloud D2) versus 
T. The lines show solutions for 1 (solid lines) or 2 
(dashed lines) subcomponents in D2 (the two sub- 
components are assumed to have the same tempera- 
ture, and are separated by Ap, which of course must 
vary as the temperature of the two components vary); 
the dashed lines show a possible solution for LB 
and Lc at A(D2) = 4 x 1016cm“2. The asterisk 
shows the overall column density for a three-sub- 
component solution : two 300 K clouds and one 2000 K 
overlying them in velocity space, based on simulta- 
neous fits in L8 and Le. Thus we cannot rule out the 

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



19
77

A
pJ

. 
. .

21
1 

. .
 .

91
V

 

Fig. 9.—Final solution for Le. The two main components have: y = +44 km s“1, N(H i) = 1.0 x 1020 cm“2, AT(D i) = 1.76 x 
1015 cm-2, 6b = 6h = 8 km s“1; v = +35kms“1, A^(H i) = 6 x 1018cm“2, JV(D i) = 1.3 x 1014cm“2, bB = b* = lókms“1; 
a third (“U”) component (see legend to Fig. 8) has N = 1.47 x 1014 cm-2, 6 = 9 km s-1, v = +61 km s"1 (D i) or i? = —21 km 
s"1 (H i). The dash-dot line is the unconvoluted theoretical profile for these parameters; the solid line is the convoluted theoretical 
profile and the dashed line is the derived continuum. All data points were used in the fit. 
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Fig. 11.—Solutions in the (AT, J>plane for LS and Le, 
assuming multiple components. Solid lines are assuming 
components D1 and D2 (solution 2 in Fig. 12). Dashed lines 
are for D1 plus two subcomponents in D2 at the same 
temperature represented on the abscissa (solution 3 of Fig. 12). 
The asterisk is the point of intersection for LS and Le curves 
computed assuming the presence of D1 and D2, with D2 
divided among three subcomponents : two 300 K components 
to represent the sharp edges of the absorption feature and one 
2000 K component to fill up the center with not too many 
atoms. The curves were defined by finding least squares 
solutions for N (the total column density of the D2 deuterium 
component) for various values of the temperature in that main 
component. 

existence of fairly large column densities of deuterium 
in our component 2, but models can be formulated 
which do not require such large values. 

In Figure 12 we show Q (sum of the square of the 
departures between the measurements and the cal- 
culations) versus the temperature of the main deu- 
terium component. Solution 1 is from the fitting of the 
entire deuterium profile, corresponding to Figure 7. 
Solution 2 is from the fitting of two components (D1 
and D2), with the temperature of D2 changing along 
the abscissa. Solution 3 is from the fit using Dl, 
and two subcomponents in D2 separated by Ap, 
with varying but identical temperatures {dashed lines 
in Fig. 11). The lower g-value for solution 3 essen- 
tially indicates that the D2 component needs sharp 
edges. The profile for solution 3 is shown in Figure 13. 
Shallower edges for the theoretical profile {dash-dot 
line) would worsen the fit of the data points with the 
solid line which shows the effects of the instrumental 
profile on the theoretical profile. Thus any attempt to 
model D2 in detail probably cannot Jnclude strong 
components that are warm and which would thus 
round off the edges. The asterisk in Figure 11 shows 
that we can lower the value of N in D2 by including 
one warm and two 300 K subcomponents. In all 
probability a more complex solution involving many 
very sharp slightly saturated components could be 
used to lower the derived column densities, down to 
the limit shown. Such a model is equivalent to claiming 

Ç PUP - LYMAN 8 

Fig. 12.—Q, the sum of the residuals of observed data 
points, as a function of the internal temperatures of the main 
deuterium components, for one, two, and three components. 
Solution 1 corresponds to 1 component only in the observed 
deuterium profile (Fig. 7). Solution 2 assumes two components, 
Dl and D2 (Fig. 8); the temperature of D2 is varied. Solution 
3 corresponds to solutions including Dl and D2, but D2 is 
assumed to contain two subcomponents, separated by Au (see 
text). The temperature in the two subcomponents of D2 (equal 
in the two) is varied. The line marked \/n is the locus of points 
which could represent the best possible fit at any given T due 
to statistical fluctuations in the data. Within D2, for T = 
300 K, Ai; = ókms"1 (solution 3). This set of parameters 
provides the best formal fit to the data. 

that the velocity distribution is square in shape. Such 
a distribution could be observed, for instance from a 
diverging stream of cold material crossing the line of 
sight, or by many clouds with Gaussian distribution 
slightly separated in velocity space. Higher resolution 
observations are clearly of interest for component D2. 
Profile analysis of other neutral species, such as N i, 
Ar I, and O i, would also be useful in confirming this 
rather peculiar velocity distribution. For these species 
spectral features can be found with a lower product of 
Nf, so that our components Dl and “U” would not 
complicate the analysis. 

All velocities quoted for £ Pup are in the rest 
frame of the star, which has a heliocentric velocity of 
— 24kms"1. The velocity pLSR = 18kms_1 for £ 
Pup. Whereas our y Cas value could be directly tied 
into the calibration temperature of Spitzer and Morton 
(1976), our £ Pup data were taken at a lower tempera- 
ture, so cold in fact that there is probably little sys- 
tematic error in the velocity scale. However, since this 
cannot be definitely demonstrated, our absolute 
velocities are uncertain by ilOkms-1. We find 
p©2 = +20kms"1, vQ1 = +11 kms"1, vQu = —50 
km s"1; Vq2 ~ ^lsr = +2 km s_1, v01 - pLSr = -7 
km s"1, vQu — pLSR = —68 km s"1. 

Wallerstein and Silk (1971) have noted the presence 
of high-velocity components of ionized calcium in the 
vicinity of the Puppis-Vela region. The presence of our 
component U and its probable identification with 
high-velocity H i implies that this line of sight is 
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Fig. 13.—The best fit corresponding to the lowest g-value over the deuterium LS (see Fig. 12, solution 3) within component D2: 
two cold subcomponents at T = 300 K, At; = 6 km s“1, each with N(D i) ~ 1.7 x 1016 cm-2 (see Fig. 11, solution with 2 sub- 
components in D2). 

likely very complex and that much structure is masked 
at our resolution. 

V. CONCLUSIONS 
The interstellar gas between the Sun and y Cas is 

characterized by a ratio 7VXD i) of 1.5 x 10"5, 
apparently mostly due to a component at high tem- 
perature. The gas between the Sun and £ Pup appears 
to be distributed in a more complex manner. We find 
two components, separated by lOkms-1, differing 
in total H i column density by a factor of 10, though 
the ratio N(D i)/7V(H i) may be comparable. One of 
these (component 2) is apparently complex. While we 
cannot rule out the possibility that all three com- 
ponents directly observed in spectra of y Cas and £ 
Pup have the same ratio N(D i)/7V(H i) as that found 
in Paper II (1.5 x 10"5), £ Pup may well contain 
components enriched in D i. For both lines of sight, 
observations of other neutral species at higher resolu- 
tion would add considerably to the conclusiveness of 
the results. Apart from models for the velocity 
distribution of the line of sight, the largest uncertain- 
ties are in the determinations of N(H i); further 
efforts to refine the quoted values are warranted. 

Spitzer and Morton (1976) list two components in 
£ Pup containing H2, which are separated by 10 km 

s“1. However, their detailed data show that the 
separation varies from one transition to another, 
perhaps another sign of the complexity of this Une of 
sight. Because of uncertainties in the velocity scales at 
different observing orbits, we cannot be sure if our 
components 1 and 2 coincide with theirs. It is impor- 
tant to try to resolve the present uncertainty, as the 
determination of N(D i) in individual components 
could lead directly to the ratio jV(H2)/Ar(H i) in 
each component, allowing more meaningful densities 
for each gas cloud to be derived (Jura 1975). 
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