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ABSTRACT

The spectra of four O-type subdwarfs, of the class
with strong nitrogen lines and very weak carbon and oxygen
lines, have been studied in some detail. Model atmospheres
have been constructed for the stars HZ 44, +25°4655, and
HD 127493, and the computed profiles of selected hydrogen
and helium lines have been compared with the observed
profiles. The effective temperatures of the model atmos-
pheres are T_ > 40 000 °K and the surface gravities are
g2z 5 x 105 (cgs). A mass of approximately 0.5 My and
an absolute visual magnitude of about +4 for the stars
HZ 44 and HD 127493 is found to be consistent with the
available data. The star +25°4655 is probably less
luminous.

High helium abundances have been inferred for these
stars - from Y ~ 0.4 for HZ 44 to Y= 0.9 for +25°4655.
Chemical abundances héve been derived for heavier elements
in a fine analysis. The nitrogen to carbon, and nitrogen
to oxygen ratios derived for these stars are two orders
of magnitude greater than is observed in the sun and in
other main sequence stars. The high helium abundance and
the observed CNO ratios are consistent with abundances
predicted for material which has undergone hydrogen-burning

in the CNO cycle.
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I. INTRODUCTION

In this investigation four O-type subdwarfs have
been studied in some detail. The spectra of three other
stars classified as O subdwarfs have been examined quali-
tatively. Table I-1 gives a list of these stars with some
of their properties. The magnitudes and colors are from
Greenstein and Eggen (1966) except for those of +25°4655
which are by Peterson (1968). The radial velocities for
HZ 44, +25°4655, HD 127493, and +75°325 are derived from
wavelength measurements of selected lines made by
Greenstein and Minch (1967). The proper motions for the
Humason-Zwicky stars are from Luyten (1964), and those
for the BD and HD stars are from the SAO Star Catalogue
(1966) which compares positions from star catalogues of
different epochs to derive proper motions. Except in the
cases of HZ 44 and +25°4655 the quoted proper motions are
not significantly larger than the errors.

The spectra of the O-type subdwarfs are characterized
by broad lines of hydrogen and helium, and narrow, high
excitation lines of other elements such as carbon, nitrogen,
oxygen, neon, silicon, sulphur, aluminum, and iron. The
broadening of the hydrogen and helium lines is intermediate
to that found in main sequence stars and in the white

dwarfs indicating an intermediate surface gravity. The
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narrow lines of heavier elements imply very low rotational
velocities. Plate I shows the spectra of HZ 44, +25°4655,
and +75°325. The spectrum of the sharp-lined 09.5V star
AE aur* (=HD 34078) is shown for comparison.
The first descriptions of O-type subdwarfs were
given by Greenstein and Munch (1955) and Minch (1956).
The original members of this class were HZ 1, HZ 3, HZ 44,
HD 127493, and +25°4655. The star +75°325 has been des-
cribed by Gould et al (1957) and by Elvius and Sinnerstad
(1958). Munch (1958) has discussed the formation of
hydrogen and ionized helium lines in HZ 44, and on the
basis of these lines and the NII/NIII equilibrium has de-
rived atmospheric parameters for HZ 44 of T, = 34000°K,
log g = 5.7, and Y = 0.23 (helium fraction by number).
These values of the temperature and gravity imply an
absolute visual magnitude Mv = +3.7 for a mass of 1J¢® .
Since then the spectra of a number of other hot
subdwarfs have been described in the literature. Some
of these are apparently quite similar to the original
hot subdwarfs, while others show spectroscopic differences
which may be of importance in their evolutionary impli-
cations. This investigation is primarily concerned with

the subclass of O subdwarfs whose spectra show strong

*Courtesy of Dr. M. Scholz



lines of nitrogen and very weak or no lines of carbon and
oxygen. The six O subdwarfs already mentioned fall into
this subclass. The star GD 298 (last entry in Table I-1)
does not. Since the heavy element lines are very narrow,
fairly highly dispersion is needed in order to detect them.
In some cases stars have been classified as O subdwarf
from low dispersion plates where narrow lines were un-
detectable.

Of particular interest are stars for which distances
can be determined. Wallerstein and Spinrad (1960) have ob-
served the close visual binary aDS 8734 (=HD 113001) and
have identified the composite spectrum as being due to a
main sequence F star and a late O subdwarf. An absolute
magnitude of MV ~ +3.6 was derived for the O subdwarf.
From the description given of the spectrum, it can be in-
ferred that this star belongs to the same class of O sub-
dwarfs as the four stars being analyzed in this paper.

The spectroscopic binary HD 128220 has been observed
by Wallerstein et al. (1963) and Wallerstein and Wolff
(1966). The two components, a GO giant and an 09 sub-
dwarf, are of approximately equal masses, J%G RSJWO~ BJWO'
and equal magnitudes, M, o~ 0. 1In this star the lines of
OIII are the strongest among lines due to elements heavier

than helium; thus the star is not included in the subclass



under consideration.

Searle and Rodgers (1966) have described a very hot
subdwarf occurring in the globular cluster NGC 6397. With
a distance modulus for NGC 6397 of about 12.0 magnitudes,
the subdwarf has an absolute visual magnitude of about
+1.0, At the dispersion used only lines of hydrogen and
helium could definitely be identified.

Among other hot subdwarfs which are likely to belong
to the subclass described earlier, are GS 259-8 (Munch and
Slettebak, 1959) and HD 49798 (Jaschek and Jaschek, 1963).
It seems probable that the four Feige stars, F 34, F 67,

F 80, and F 110, classified as subdwarf O from 48 A/mm
plates by Sargent and Searle (1968), do not belong to this
subclass, since at the dispersion used, the strong nitrogen
lines would have been more easily detectable than the SIII
linegsreported.

The spectrum of HZ 44 shows very strong, broad
hydrogen and neutral helium lines. The hydrogen lines can
be seen only to about H 10 and the Balmer jump is imper-

lP - nlD and 23P - n3D transitions of

ceptible. The 2
He I are strongly affected by pressure broadening, while
the 21'38 - nl'3P and 21,3p - nl'SS lines remain much

narrower. The n =3 ton =4 transition of HelI at

AM686 is also much stronger and broader than in main



sequence stars and it has a narrow core. In comparison
the HeIl lines of the Pickering series arising from the

n = 4 level are very broad, shallow features. 1In HZ 44
the Pickering line at 24542 is very difficult to measure
because of its very extended wings and many superimposed
lines of nitrogen, but it may have a total strength nearly
that of 24686 despite its much smaller central depth. The
star has a very strong nitrogen spectrum with NITI and NIII
well represented. 1In contrast the carbon and oxygen lines,
which are more prominent in main sequence stars, are weakened
to the extent of being undetectable in HZ 44. There are
strong lines of SiIII and SilIV and lines of NeIl, AlIII,
SITITI, and FeIII. The MgII line at 4481 is moderately
strong. The K line of Call, which is almost certainly
interstellar, is quite weak.

The star +25°4655 shows a level of excitation quite
similar to that of HZ 44. The HeI lines are stronger; Hy
is very much weakened and H§ is the last Balmer line
visible. The Hell line at 74686 is like that in Hz 44,
but the Pickering line at 24542 is even shallower than
in HZ 44. As in HZ 44, there are numerous narrow lines.
The same elements in the same ionization states occur in
+25°4655 as in HZ 44.

The level of excitation in HD 127493 is higher



than in HZ 44 and +25°4655. The NIII lines are stronger
than the NII lines and the SiIV lines are stronger than
the SiIII lines. The HeI lines are still strong, although
not quite so strong as in the two preceding stars. The
HeII line at 74686 is about the same, but the Pickering
lines are deeper and stronger than in HZ 44 or +25°4655,
and constitute an important contribution to the Balmer
series of hydrogen. The hydrogen lines (blended with HeII)
can be seen to H 10 or H 11. HD 127493 has only a few
lines due to heavy elements other than nitrogen and silicon.
The MgII line at 24481 persists in this star.

In +75°325 the level of ionization and excitation
is considerably higher than in the other stars. The Hel
lines are very much weaker. The ionized helium line at
A686 is only a little stronger than in the other three
stars, but the Pickering lines are considerably stronger
and deeper, the profile of A4542 being quite similar to
that of 24686 except at the very core where 24686 is
deeper. From the alternating strength of the Pickering
lines and the shift in wavelength for the even numbered
lines, it can be seen that the hydrogen lines still
persist. The Pickering lines can be seen to about n =17.
The only prominent lines besides those of hydrogen and
helium are the lines of doubly and triply ionized nitro-

gen. Among other weaker lines is 24481 of MgII.



On plates of lower dispersion HZ 1 appears somewhat
like +25°4655. The neutral helium lines are extremely
strong and the hydrogen lines are even weaker than in
+25°4655. Hy is probably the last Balmer line visible.
The spectrum of HZ 3, again on lower dispersion plates,
looks approximately like that of HD 127493. The star
GD 298 is apparently nearly as hot as +75°325 with very
strong Hell lines and weakened Hel lines. Hydrogen does
not appear to contribute significantly to the even-
numbered Pickering lines. In this star the lines of
CIII and CIV are considerably stronger than the nitrogen
lines; thus it does not belong in the same subclass as the
others.

In Part II the observational material and procedures
of measurement are described. Part III contains a list
of lines certainly present and their equivalent widths.

In Part IV a very brief description of the model atmos-
phere program is given, and considerations entering into
the choice of models are discussed. The model atmospheres
finally chosen as best describing the stars HZ 44,
+25°4655, and HD 127493 are presented in table and graph
form. 1In Part V, following a short discussion of the line
broadening theories used, i® a comparison of the observed

hydrogen and helium line profiles with the theoretical



emergent profiles computed in the model atmospheres.
Abundance determinations of heavier elements in a fine
analysis are presented. In the concluding part is a
discussion of the probable masses and luminosities of
these O-type subdwarfs and their place in the evolution-

ary scheme.
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II. OBSERVATIONAL MATERIAL

Coude spectrograms of the four O-type subdwarfs being
considered were obtained on the Mt. Wilson 100 inch tele-
scope and the Mt. Palomar 200 inch telescope by Drs.
Greenstein and Munch during the years 1953 to 1958. An
additional four spectrograms of the star +25°4655 were
obtained on the 100 inch telescope by the author in 1967.
For two of the stars, HD 127493 and +25°4655, there are
a few plates at 9 A/mm and 10 A/mm in addition to plates
of lower dispersion. For the other two stars, HZ 44 and
+75°325, there are plates of 18 A/mm dispersion. The
wavelength region covered is in the ultraviolet and blue,
that is the region of sensitivity of the IIa-O emulsion.

For the star +25°4655 the coverage extends into the red
with one J plate to 5300 A, two D plates to 6000 A, and
one F plate to 6800 A. With only one plate covering the
spectrum beyond 6000 A, it is rather difficult to ascer-
tain the reality of some of the features in that region.

The spectrograms vary in quality, differing in density
and in the width of the trailed star spectrum. In addition,
of course, the resolution and signal-to-noise characteristics
of the best 10 A/mm plates are superior to the best 20 A/mm
plates. Only the best plates have been chosen for inten-
sive analysis, since it was found that introducing addi-

tional plates of poorer quality into the averages increased
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the scatter of the data. Table II - 1 summarizes the
material used.

Intensity tracings of the spectrograms were made
on the C.I.T. microphotometer. For each star spectrogram
is a corresponding calibration plate cut from the same
emursion and developed at the same time. The calibration
plates were exposed in an auxiliary wedge spectrograph.
The conversion from density (actually transmission) to
intensity is accomplished in the microphotometer by setting
the values of a series of variable resistors in such a way
that a tracing of the wedge plate produces a straight
line.

Each plate was traced at two magnifications -- X17
and X136 for the 20 A/mm plates, and X9 and X136 for the
10 A/mm plates. Unevenness in the background fog level
of as much as 5% of the continuum intensity occurs on some
plates and causes a proportional uncertainty in the measured
equivalent widths and in the measured line depths (Depth =
1 - Residual Intensity).

In general the resolution at the plate is about
20y or about 0.2 A at 10 A/mm, 0.4 A at 20 A/mm, and 0.6 A
at 30 A/mm. The microphotometer slit for tracing the
spectrograms was about 15u at the plate; slits narrower
than that produced no apparent improvement in resolution
on the tracings. It can be seen that the profiles of the

strong hydrogen and helium lines with full widths at half
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maximum of 3 A to 8 A are not degraded appreciably by
limited resolution. The situation for the weak, narrow
lines of other elements, however, is quite different. The
widths expected from Doppler broadening alone are between
0.1 A and 0.2 A. The observed widths of the narrowest
lines are 0.35 A on the 10 A/mm plates and about 0.6 A

on the 20 A/mm plates. For these lines one can infer very
little from the shape beyond placing an upper limit on
projected rotational velocity of the star. Only a few of
the strongest lines of nitrogen and silicon have observed
widths greater than twice the resolution limit.

The position of the continuum was determined first
on the small scale tracings and then transferred to the
expanded scale tracings in order that the broad wings of
the hydrogen and helium lines be more easily taken into
account. Only in a few places are the weak lines seriously
blended and in general the most difficult decisions came
in consideration of the far wings of the strong lines. 1In
regions of isolated narrow lines the continuum was chosen,
in principle, so that the noise fluctuations averaged to
zero. The difficulty of distinguishing between very
weak lines and plate grain introduces some uncertainty.
The error, if any, is probably in the direction of over-
estimating the number of very weak lines. On the other
hand, in spite of the poorer signal-to-noise characteristics

of the lower dispersion plates, there seem to be no systematic
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differences between the equivalent widths of the weakest
lines measured on the 10 A/mm plates and on the 20 A/mm
plates. This indicates that the continuum level was
properly chosen. In most regions of the spectrum the
continuum level is unlikely to be wrong by more than 2%.
In comparing observed profiles with computed profiles a
vertical shift of 1% has been allowed and has been indi-
cated where applied.

Using the small scale tracings as "finding charts",
the most prominent lines were identified on the expanded
tracings and then the other lines were filled in. The
wavelength identifications were tied to the narrow lines
of known wavelength and to each other in a self-consistent
manner using the known magnification and dispersion which
is constant to better than 3 parts in 1000 on the Palomar
plates. The process should be capable of predicting the
wavelengths of unidentified lines to a few tenths of an
Angstrom. This prediction was born out in the case of
four fairly prominent (about 50 mA) lines, unidentified
in the Moore multiplet tables, which turned out to be NII
lines with measured positions only 0.1 A different from
the guoted wavelengths. The situation would not be quite
so favorable for weaker lines whose measured positions

would be more seriously affected by noise fluctuations.
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Profiles of selected hydrogen and helium lines
were found by measuring the relative intensity before
smoothing at every 0.25 A in the line. Each point was
averaged over several plates, which were coherent to
approximately the spacing of the points. These points
were then averaged to every 0.5 A. In addition, for the
ionized helium lines, which were expected to be symmetric,
the two wings were averaged together. 1In the case of
the asymmetric lines of neutral helium and neutral hydrogen
blended with ionized helium where the profiles have been
plotted from AN = -20 A to +20 A, weak lines superimposed
on the profiles can be seen. The positions of identified
lines have been indicated. This still leaves some fluctua-
tions, part of which are due simply to small‘flaws and
plate grain which have not averaged out. Some, however,
such as those appearing on the short wavelength wing of
HeI 74472 in all four of the stars investigated, are
almost certainly caused by weak unidentified lines. 1In
the case of the HeIl profiles an effort has been made to
exclude superimposed lines from the average profile.

Equivalent widths measured from different plates
were compared for systematic differences. Comparisons
were made among the spectrograms for +25°4655, since
these inciude plates from Mt. Wilson and Mt. Palomar and

plates at both 10 A/mm and 20 A/mm. The measured equivalent
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widths of isolated lines were compared for Pc 3372 and
Cec 9998 to investigate possible systematic differences
between Mt. Palomar and Mt. Wilson plates. Table II - 2
summarizes the results for each range of equivalent width
and each range of wavelength investigated. It was con-
cluded that there were no important systematic differences
as a function of equivalent width or as a function of wave-
length. Next the average of two 20 A/mm plates was com-
pared with the average of the two 10 A/mm plates mentioned
above. Here there is some evidence of systematic differences
as a function of measured equivalent width and for wave-
lengths less than 4100 A. Table II - 3 summarizes these
results. No systematic corrections were applied to the
data, although the higher dispersion plates were weighted
more heavily whenever they were available.

Noise fluctuations due to plate grain differ from
plate to plate and at different wavelengths depending
on the width of the spectrum and on the density. The
accuracy to which a weak line can be measured depends on
the size of these fluctuations. Lines weaker than about
twice the noise level become very difficult to identify
and measure. The appropriate cutoff in equivalent width
corresponding to this criterion occurred approximately at
20 mA for 10 A/mm plates, 30 mA for 20 A/mm, and 40 mA for

30 A/mm. Differences in quality from plate to plate were

approximately taken into account by weighting the averages.
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ITI. LINE IDENTIFICATIONS AND EQUIVALENT WIDTHS

Line identifications and equivalent width measure-
ments have been made from microphotometer tracings as
described in Part II. The Moore Multiplet Table has been
used extensively for identifying lines. Since the Multiplet
Table is a reprinting of the 1945 edition, it does not
include spectrum analyses made since that year. Where
they are available, more recent analyses have also been
consulted. 1In Table III-1 are listed in abbreviated form
the sources used in identifying lines. The complete refer-
ences can be found at the end of the paper.

A composite line list comprised of lines in the wave-
length region 3700 - 4900 A certainly present in any of
the four stars is given in Table III-2. The list should
be reasonably complete for lines stronger than about 40 mA
(30 mA for +25°4655) in the region from 3850 - 4750 A.

The equivalent widths of these lines are estimated to be
accurate to about 20% unless followed by a colon (:),
indicating less accuracy due generally to blending with
other lines or, in some cases, greater than normal disper-
sion among measurements from different plates.

Equivalent widths have been given down to about 30 mA
in HZ 44, HD 127493, and +75°325, and to about 20 mA in

+25°4655. Equivalent widths less than 40 mA should be
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TABLE III - 1 Sources

General
CiI

CIII

CIV
NII
NIV
NV
NeII
MgII
ALIII

SiIII

SiIv

AlT
CalIll

FeIll

for Line Identifications

Moore (1959)
Glad (1954)
Bockasten (1955)
Bockasten (1956)
Eriksson (1958)
Hallin (1966a)

Hallin (1966Db)

Persson and Minnhagen (1968)

Risberg (1955)
Isberg (1968)

Toresson (1960-61)

Moore (1965) Same analysis

Toresson (1960)

Moore (1965) Same analysis

Minnhagen (1963-64)
Borgstram (1968)

Glad (1956)
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considered less accurate than for the stronger lines.
Again, a colon following the equivalent width denotes even
less certainty. In some cases where the equivalent width
is not given, the presence of a weak or very shallow line
is indicated by a subjective classification of A or B
based on the appearance of the line on several plates,
with A implying almost certainly present and B probably
present.

Column 1 gives the element identification, state of
ionization, and the multiplet number if the line is listed
in Moore. Column 2 gives the laboratory wavelength as
given in Moore or in the more recent analyses listed in
Table III-1. In columns 3, 4, 5, and 6 are the measured
equivalent widths in mA of the line in HZ 44, +25°4655,

HD 127493, and +75°325 respectively if the line is identi-
fied in the star. A number in column 7 indicates a comment
following the table. Important unresolved blends are
indicated by brackets in the equivalent width columns;

less important contributions are mentioned in the comments.
Lines which are partially blended usually have separately
listed equivalent widths followed by colons to indicate

the uncertainty in the values.

Tables III-3 and III-4 list lines occurring in the
wavelength regions 4900 - 5050 A and 3700 - 3350 A res-

pectively. The arrangement of the tables is the same as
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for Table III-2. The ultraviolet list in particular is
not complete due to low plate densities. The equivalent
widths are given primarily as an intensity indication and
in general decrease in accuracy with decreasing wavelength.
The most prominent unidentified lines are listed
in Table III-5 with their equivalent widths. A broad
unidentified feature which appears on the blue wing of
HeI A4472 in all four of the stars studied has been listed
as three separate lines in the table, however the individual
wavelengths and equivalent widths are probably not very
accurate due to blending and the presence of the helium
line. It may be noted that besides the hydrogen and helium
lines, all the lines identified in +75°325 are due to NIII,
NIV, and SiIV, plus the MgII line at A448l. All four stars
have in common NIII and SiIV and the MgII line. The un-
identified lines common to the four stars may be very high
excitation lines of NIII, while the lines peculiar to

+75°325 may be very high excitation lines of NIV.
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11
12
13
14
15
16
17
18

19

-390~

Notes for Table III ~ 2

blend OII

very shallow

shallow; blend HeI; blend HeIl in HD 127493
blend SIII

blend HelIl in HD 127493
interstellar K; blend NIII
blend interstellar K
interstellar H

blend HO

blend Hel

blend NII, OII

blend NII

blend HeII in +75°325
blend Hy

blend HelX

asymmetric

forbidden component

blend Hel

blend Hell



TABLE III - 3

Ion
AlIII

HeI (49)
HeT (48)

NII (24)
NII (64)

NITI (19)
NII(19)

NII (19,
64)

NII (24)
NII (4)
NII (64)
NII (64)
HeI (4)
NITI (64)
NITI (19)
NITI (19)
NII(4)

HeI (47)

-4.0-

Identifications and Equivalent Widths

of lines in the wavelength region 4900-5050 A

A
4904.

4920.
4921.

4987
4994,

5001.
5001.

5005.

5007.
5010.
5011.
5012.
5015.
5023.
5025.
5040.
5045.

5047

1 forbidden

2 blend NII

o HZ 44
10

39 [1900:
367

363 90+
pr |117:
149 105
325

620

30 [ 120:
029

675 485
048

662

72 A
100 A
.736 163:

+25°4655

49
| 2350:
46:
93
|173:

113
72
[186:

873
67:
46:
A
A

420

Notes for Table III

component

HD 127493

54:

Ll720:

Notes



Ion
NeII (1)
NeITI (1)
NeII (5)

HeI (28)
HeTI (28)

SITI(1)

HeI (6)
ALTITITI (1)
NeII(26)

NII(26)
NII(26)

HeI (31)
HeI (31)

Ion
NIV (1)
NIV (1)
NIV(1)
NIV(7)
NIV(7)
NIII(5)
NIII(5)
NIII(5)
NIII(5)
NIII(5)

-41-

TABLE III-4

of Lines in the

Identifications and Eguivalent Widths

Wavelength Region 3700-3350A

A
o
3694.22
3664.09
3643.929

3634.373
3634.235

3632.022

3613.641
3612.352
3612.326

3609.097
3593.597

3587.396
3587.252

7\o
3484 .96
3482.99
3478.71
3463.37
3461.36
3374.06
3367.36
3361.90
3358.72

3353.78

HZ 44

54
40

+75°325
74
200
190

U o w ww >

+25°4655

98
55

HD 127493
44
40

B

200
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TABLE III - 5 Unidentified Lines

A HZ 44  +25°4655
3936.9 43 35
4077.0
4080.7
4185.6 27
4302.7 40
4381.5 47
4455.1 31:

4456 .1 44 27
4457.7 34:

4474.5

4504 .2 46: 33
4592.1 50 64
4610.4 66 51

Notes for Table III - 5

1 N1Vv?

2 NIV?; OIII 4081.107

3 Dblended; NIII?; NeIl?
4 NIV?; OIII 4474.95?

5 NIII?

HD 127493

30:

34

61

38

+75° 325

37

31

43:
31

50

52

Notes
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IV. MODEL ATMOSPHERE CALCULATIONS

A series of model atmospheres has been computed on
an IBM 7094 computer using a program, the fundamental
design of which has been described by Strom and Avrett
(1964, 1965). The program (ATLAS) used here includes
refinements in the basic data and computational techniques
developed by R. Kurucz of the Harvard-Smithsonian group.
The basic assumptions are that the stellar atmosphere can
be described by a plane-parallel, semi-infinite model in
radiative and hydrostatic equilibrium. Local thermodynamic
equilibrium is assumed throughout in the models constructed
for this investigation. The opacity sources include bound-
free and free-free absorption by neutral hydrogen, neutral
helium, and ionized helium, and electron scattering. Radia-
tion pressure is taken into account, in the sense that it
is considered as a perturbation on the gas pressure. The
Avrett-Krook temperature correction is used in an iterative
scheme to attain a constant flux model.

The optical depth scale 1is defined at a standard
wavelength chosen to correspond with the frequencies at
which the atmosphere is most transparent. At the tempera-
tures prevailing in these model atmospheres, most of the

flux emerges in the far ultraviolet; the standard wavelength
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has been chosen at 912%aA in order that the models converge
in a reasonable number of iterations. In fact, conver-
gence of the high helium models is not entirely satis-
factory. The Hel absorption, which constitutes an important
source of opacity in these models, goes through a fairly
sharp maximum as a function of depth as the neutral helium
fraction first increases with increasing pressure and then
decreases with the increasing temperature. In Figure IV-l
the absorption coefficient per gram at 912+A is plotted as

a function of optical depth for the model (43 000, 6.7,
0.9)*%. The situation at very short wavelengths, in parti-
cular shortward of the HeI discontinuity at 504 A is worse.
Here, since neutral helium is the dominant source of
opacity at nearly all depths, the total absorption coef-
ficient goes through a maximum. Figure IV-2 shows the
absorption coefficient at 504 A. Large increases in
temperature are accompanied by only small increases in the
monochromatic depth, causing a discontinuity in J,, at the

depth where n, goes through a maximum. This in turn causes

a large flux derivative which is given by

©

i = [ av o () (3,00 = 5,(n]

*(Ié{OK], log g [cgs], ¥ [helium fraction by number])
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log g2

FIG. IV-1 The absorption coefficient per gram at 912% A

for model (43 000, 6.7, 0.9)
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log 504
0 1416 17 .75

log 792
FIG. IV-2 The absorption coefficient per gram at 504~ A
' for model (43 000, 6.7, 0.9)
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Since the difference between J, and S, is weighted by
", the wavelengths shortward of 504 A are guite important
in the flux derivative.

The problem is largely an artificial one, since other
sources of opacity begin to be important at the tempera-
tures and wavelengths under consideration. The importance
of bound-free absorptions by carbon, nitrogen, oxygen, and
neon from the ground and low excited levels of the first
four ionization states has been investigated by D. M.
Peterson (1969). A program to compute these opacities has
kindly been supplied by him. The inclusion of C, N, O,
and Ne opacities into the model atmosphere program appears
to eliminate the discontinuity in the temperature distri-
bution. The model (43 000, 6.7, 0.9), for which the added
opacity was expected to be most important, has been cal-
culated with and without the opacity from C, N, O, and Ne.
The effect of the increased ultraviolet opacity is twofold.
At the very deepest layers of the atmosphere, the tempera-
tures are lower than in the modeli without the metal opaci-
ties; this has little effect on lines in the visible part
of the spectrum, since at those wavelengths the optical
depth is very large for the layers in question. Continued
iterations on the model reduce the flux derivative at all
levels and in the process the surface temperature of the

model drops.



-48~-

The model atmospheres have as parameters the
effective temperature, the surface gravity, and the
chemical composition, in particular the helium abundance.
The final choice of models was made by considering several
criteria. The primary consideration was comparison of
the computed profiles for Hy + HelI, HeI A4472, and
HeIIl 14686 with the observed profiles. The profile of the
HeII Pickering line at M542 was also considered. (A
discussion of the broadening theories used is included in
the following chapter.) The helium abundance computed
from the narrow neutral helium lines was compared with
the helium abundance assumed for the atmosphere. As a
check on the temperature and gravity the abundances de-
rived for an element from lines in different stages of
ionization were expected to agree.

The determination of atmospheric parameters for these
stars is rather difficult since in general it is not pos-
sible to consider the effects of temperature, gravity,
and helium abundance separately. The ionization equilibria
of nitrogen and silicon are essentially independent of
the helium abundance, although a large change in the
helium abundance may change the structure of the atmosphere
and thus the depth at which the lines are formed. The
hydrogen lines are most sensitive to the effective gravity,

but they also depend on the temperature in a complicated
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way which includes the decreasing strength of the hydrogen
lines and the increasing strength of the HeIl blend. While
for low helium models the hydrogen lines are not very
sensitive to the helium abundance, this is no longer
necessarily the case for the models considered here. 1In
fact, in the case of +25°4655 where the Balmer lines are
very weak compared to the helium lines, the helium abundance,
or more properly the hydrogen abundance, was determined
principally by the Hy profile; the strong neutral helium
line at A4472 was quite insensitive to the helium abundance
assumed in the model.

In general, however, the profile of A4472 is
sensitive to all three of the atmospheric parameters
varied. Since helium is almost entirely singly ionized
at all levels of interest for line formation, the number
of neutral atoms depends strongly on the temperature and
pressure. (However, in an atmosphere where neutral helium
is the dominant source of opacity, as for +25°4655,
increases in the line absorption will be accompanied by
increases in the continuous absorption, and the relative
line strength becomes nearly independent of the abun-
dance.)

In contrast the ionized helium line at MN686 was
found to be much less sensitive to any of the parameters

for a broad range of values. The strength of MNM686 goes
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through a broad maximum for models with effective tempera-
tures between 42 000 and 45 000 °K. Below 40 000 °K

the line becomes narrower and decreases in strength quite
rapidly. Figure IV-3 shows this behavior. The sensi-
tivity of 2\4686 to temperature for atmospheres of effec-
tive temperature less than 40 000 °K can be understood in
terms of the high excitation potential of the n = 3 level
(48.16 ev) from which 24686 arises and the decreasing
excitation of the model atmospheres.

In the Introduction it was noted that one of the
characteristics of the class of hot subdwarfs being con-
sidered is the presence of N\4686 at nearly constant
strength in stars with a wide range of excitation condi-
tions implied by the rest of the spectrum. Thus it is
possible to put a lower limit of 40 000 °K to the effective
temperatures of models describing this class of subdwarfs.

Sargent and Searle (1968) suggest that the Pickering
lines of ionized helium may be a good gravity indicator
among O-type stars. As can be seen in Figure IV-4, the
Pickering lines, arising from the n = 4 level, present a
very different appearance from 2N4686 for these high
gravity model atmospheres. Figures IV-5 and IV-6 compare
the emergent profiles from two model atmospheres with
different surface gravity for 24686 and AN542. Un-

fortunately the lack of an adequate line broadening theory
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for the Pickering lines makes it difficult to use them
quantitatively. The A4542 profiles computed here assume
quasi-static broadening by ions and electrons. (The
problem of which approximate line broadening theory to use
is discussed in more detail in Part V.) 1In this approxi-
mation the electron contribution is small, and since
Sargent and Searle based their suggestion on a calculation
assuming broadening by quasi-static ions, it is not sur-
prising that the results here show the gravity sensitivity
predicted by them. Note, however, the similarity of the
profiles from the atmosphere (40 000, 5.7, 0.4) and (43 000,
6.7, 0.4).

A general problem with the line profiles is that
the computed cores of the strong lines are not as deep as
the observed cores. This is most probably due to the
temperature structure of the outer layers of the model
atmospheres. The effect is most prominent in the core of
the Hel line at 24472, in general the deepest line
observed in these hot subdwarf spectra. For such a strong

line the central depth is given by the expression

p = 1 . F(line center) _ 1 - B (To) (IV-1)

o) F (cont) F% ’

where TO is the boundary temperature and F% is the flux

in the continuum. Table IV-1 compares the observed
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central depth with the depths computed from the model
atmospheres. Also given is the value of To required in
Equation IV-1 to give the observed central depth. The
problem of explaining the deep cores of strong lines in
hot stars is not new and has been discussed, though not
solved, elsewhere; see e.g. Underhill (1968; 10 Lac) and
Hardorp and Scholz (1969; 1 Sco and A Lep). The procedure
here has been to ignore the cores and to fit the wings
instead. In the far wings, however, the observed line
depth is influenced by the placement of the continuum.
Therefore, the strongest weight for fitting line profiles
has been placed on the middle wing region. The compromise
appears to work guite satisfactorily in general except
for AN4472 in the star +25°4655. Here a problem, which
may systematically affect the choice of models, becomes
acute. That is, the computed Hel lines are generally a
little weak compared with the observed profiles. A lower
temperature model helps the HeI line, but then Hy becomes
stronger and the nitrogen and silicon ionization equilibria
for +25°4655, which already imply a slightly higher
temperature, become less well satisfied.

Several considerations provide approximate para-
meters for constructing a series of models. The study of
the hydrogen and helium lines in HZ 44 by Munch (1958)

gives an important starting point. It should be noted that
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TABLE IV - 1 Observed and Computed Central Depths
for Hel AN\4472

Dg To D T

o o

Star Observed Model Model (IvV-1)
HZ 44 0.34 29100 0.26 27200
+25°4655 0.38 28500 0.30 26400

HD 127493 0.34 32100 0.23 29100
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his approximate model with parameters (34000, 5.7, 0.23)
is based on a consideration of the temperature structure
as a function of optical depth in the visible region of
the spectrum. Depending on the meaning of % in that
model, the effective temperature of a model atmosphere
with a similar temperature structure computed with ATLAS
would be nearer 38 000 or 40 000 °K.

Approximate curve-of-growth treatment of the
ionization equilibria of nitrogen and silicon also
yields information on the range of models to be con-
sidered. The particular curve of growth used is not
critical for this purpose since all that is required is
the relative numbers of atoms in the two ionization
states. The more serious assumption is that one tem-
perature and pressure can describe the conditions under
which lines with a wide spread of excitation potentials
and in two different ionization states arise. Another
problem is that one does not know exactly how this
temperature and pressure are related to the effective
temperature and gravity of a model atmosphere.

Wrubel's (1949) exact curves of growth for pure
scattering in the Milne-Eddington atmosphere were used.
Figure IV-7 shows the silicon curve of growth for HZ 44
plotted with 8 = 0.14. The solid lines are the theo-

retical curves for B(O)/B(l) = 10/3 with the damping



~57 -

parameter log a = -1 for the upper curve and log a = -3
for the lower one. The smaller symbols have lower weight
because of poorer equivalent widths or f-values. The
gquantity A is the horizontal shift required to fit the
plot of log W/ZBKD against the quantity (log gfA -6 X -
log uA/K4OOO) to the theoretical curve of growth. Figure
IV-8 shows a similar plot of the nitrogen curve of growth
for HZ 44. The silicon and nitrogen curves of growth of
+25°4655 are plotted in Figures IV-9 and IV-10 respectively.
Figures IV-11l and IV-12 give the nitrogen curves of growth
for HD 127493 and +75°325 respectively.

From the Saha equation and the definition of the

abscissa of the theoretical curve of growth

A= b 1= log P, + ) I, -2.51log T ,
where r refers to the lower state of ionization. Allowed
pairs of 9 and log Pe have been determined for each star,
and their loci in the log Pe - 8 plane are plotted in
Figure IV-13. The results from nitrogen and silicon are
very similar and have been averaged together for HZ 44

and +25°4655. The values plotted refer to the depth at
which the lines are formed. Note the very much higher
excitation implied by the nitrogen equilibrium in +75°325.

The direct application of the Inglis-Teller relation
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to these stars with high helium abundance may not be
warranted. In the case of +25°4655 it is certainly not
the overlapping of the wings that causes H® to be the
last Balmer line visible. On the other hand, if the
atmosphere is primarily composed of helium, it may be
possible to apply the relation to the ionized helium
lines or even to the neutral helium lines which become
hydrogenic for high guantum numbers. It is interesting
in any case to use the formula for approximate infor-
mation about the electron pressure, remembering that

it is likely to overestimate the pressure if the
abundance is important in determining the line strength.
With the dependence on ionic charge =z included, the

Inglis-Teller criterion is given by
log Ne = 23.26 - 7.5 log no + 4.5 log z
or
log (Pee) = 11.10 - 7.5 log n.+ 4.5 log z

where n_ is the upper guantum number of the last visible
line.

The quantum number of the last visible line was
determined for the Balmer lines of hydrogen, the

3 . . .
2°P - n3D lines of neutral helium, and the Pickering
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lines of ionized helium. The central depth of each line
was measured on a low dispersion tracing. The line depth
approaches zero for high quantum numbers in approximately

a straight line when plotted as a function of the logarithm
of the upper quantum number. Table IV-2 gives the value

of the last quantum number and also the value of log (Pee )
implied by it.

Unfortunately, the depths to which the ionization
equilibria and the Inglis-Teller results refer are unknown.
Even when reasonable estimates can be made for the optical
depths of line formation, there is still the problem of
relating the physical variables at different depths and
then the depth scales at different wavelengths. This is
a non-trivial problem and essentially requires a detailed
model atmosphere calculation for each case, sinée with the
helium abundance an important variable, the sources of
opacity change, thus changing the structure of the atmos-
phere. What can be done is to compare the temperatures
and pressures from the finished models, which are chosen
primarily on the basis of line profiles, with the results
implied by the approximate treatment.

1t was possible to find models which reasonably
satisfied the criteria described earlier to represent
three of the four stars studied. The models used to com-

pute line profiles and abundances for HZ 44, +25°4655, and
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TABLE IV-2

Application of Inglis-Teller Criterion

Star
HZ 44
+25°4655
HD 127493

+75°325

N
m
11

6-7

H

log(Pee)
3.30

(5.00)

Hel
N
m
10-11
10-11

10

log(Pee)
3.45
3.45

3.60

N
m

11:

14:

15-16

3.85:

3.53
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HD 127493 are given in tabular form in the Appendix, along
with graphs showing the flux errors and flux derivatives
as a function of optical depth. In Table IV-3 are given
the model designation and model atmosphere parameters for
each star. Figure IV-14 shows the temperature-pressure
relation for each model. The small temperature inversion
at very small optical depths is not physical and gradually
diminishes with further iterations. The irregularity in

the temperature distribution at log -1.3

T912 ¥
(log T4OOO ~ 0.) occurs when neutral helium is the
dominant source of opacity. The irregularity is most
strongly present in model (43 000, 6.7, 0.9) and not
present in model (43 000, 5.7, 0.6) where the Hel opacity
no longer dominates. Note that the introduction of
additional sources of opacity shortward of 504 A in model
(43 000, 6.7, 0.9, M) greatly reduces the temperature
discontinuity.

In Figure IV-15 the pressure-temperature relations
implied by the nitrogen and silicon equilibrium and the
pressure-temperature relations implied by the Inglis-
Teller criterion are plotted in the log P, - 6 for HZ 44.

Also plotted are the pressure and temperature at .1

T =
4000

and = 2/3 from the model atmosphere for HZ 44. As

"4000

can be seen from the figure the results are guite consistent.
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Figure IV-16 is a similar diagram for +25°4655. As was
suspected, the use of the Inglis-Teller criterion on this
star is of very doubtful value. The neutral helium series
implies an electron pressure much lower than that given by
the model, and the ionized helium lines imply an electron
pressure much higher. In the case of HD 127493 in Figure
IV-17, the Inglis-Teller relation applied both to the
hydrogen lines and to the ionized helium lines implies
somewhat higher pressures than given by the model for that
star. The principal inference to be made here is that one
must exercise care in the use of the Inglis-~Teller formula
for stars not primarily composed of hydrogen.

In order to test the implicit assumption made in the
curve of growth treatment - that all the nitrogen lines

are formed at one depth =~ 0.1 - contribution functions

T
4000
for weak lines of NII and NIII have been calculated for the
model atmosphere (40 000, 5.7, 0.4). The method using
weighting functions is described by Aller (1960). The cal-
culation indicates that unsaturated lines of nitrogen are

formed at depths > .1 and that the NIII lines are

T
4000
formed deeper than the NII lines. 1In examples given by
Aller for carbon and silicon in hot stars, the lines from
higher ionization states are formed in deeper layers, and

the corresponding theoretical curves of growth are flatter.

A flatter theoretical curve of growth would fit the NIII
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Nitrogen and silicon equilibria and Inglis-Teller
relation for hydrogen; point marked o gives log Pe and 8
for Tg4ppo=.1: x marks values at T40Q0 =2/3
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lines better. 1In addition, the ionization equilibrium
relation (Figure 1IV-15) would be shifted to higher tempera-
tures. The point plotted for T = 0.1 in Figure IV-15 from
the model atmosphere would then be plotted instead for a
deeper and therefore hotter layer. Thus the total effect
on the comparison between the results from the curve of
growth and the model atmosphere would be reduced. It must
be realized that the calculation for weak lines is an ex-
treme case. As can be seen from Figure IV-8 very few of
the lines are actually unsaturated. The inclusion of a
saturation function in the calculation shifts the maximum
of the contribution function back to smaller optical depths.
It was not possible to find a model atmosphere which
satisfactorily fits the observed characteristics of
+75°325. The ionization equilibrium between NIII and NIV
implies a much higher temperature than the helium line
profiles. While the nitrogen equilibrium is satisfied by
a model with parameters (55 000, 5.3, 0.6), the helium
lines are better described by a model with parameters
(45 000, 5.3, 0.6). Even ignoring the implications of
the nitrogen equilibrium it is difficult to find a model
to simultaneously describe Hel X4472, HeII 74686, and
HY + HeIl. The computed profiles for 74472 tend to be

too strong while the profiles predicted for the Hell
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lines are too weak. The line profile theories assume ion
broadening by protons; in these very hot atmospheres
most of the helium is doubly ionized; the microfield dis-
tribution will be different if there are large numbers
of doubly ionized particles. 1In addition, the hydrogen
and neutral helium profiles are not tabulated for the
very high temperatures reached in the hottest models, and
asymptotic forms are used in the calculation of the theo-
retical profiles. The only sources of opacity still con-
tributing in models with T, ~ 50 000° are electron
scattering and singly ionized helium, and the latter is
already dropping off due to increasing double ionization.
Additional sources of opacity, not included here, could
change the structure of the mddels. It should be men-
tioned however, that including opacity from C, N, O, and
Ne in the far ultraviolet does not make a significant
difference for a model with parameters (50 000, 5.7, 0.4).
Figure IV-18 shows the nitrogen ionization relation and
also points at T 4000 ~ -1 and T 4000 ~ 2/3 for models
(55 000, 5.3, 0.6) and (45 000, 5.3, 0.6).

The emergent flux from the model atmospheres can
be compared with photoelectric scans made by Oke (1969).
Scans for HZ 44 and +25°4655 are compared with the flux

from models (40 000, 5.7, 0.4) and (43 000, 6.7, 0.9)
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respectively in Figures IV-19 and IV-20. Both the model
fluxes and photoelectric observations have arbitrary

zero points. Some of the scatter, especially in the blue,
is due to the presence of strong helium lines. The
scatter at low frequencies is probably noise due to low
flux levels.

The theoretical UBV colors and the bolometric
correction may be derived by folding the filter responses
of the UBV system with the emergent flux distribution of
the model atmospheres. A program to accomplish this has
been developed by D. M. Peterson. Table IV-4 gives the
B.C. and shows a comparison between the observed and
computed colors.

As can be seen from both the scans and the colors,
either the models are too hot, or there is a fairly
large amount of reddening, or the calibrations are in
error. It may be noted that HZ 44 has a galactic
latitude of about 80° and an interstellar K line with
equivalent width W ~ 90 mA, and +25° 4655 has a galac-
tic latitude of about -20° with an interstellar K line
of equivalent width W =~ 35 mA. The points from the photo-
electric scans are based on Oke's 1964 calibration of
@ Lyr. Preliminary results from a more recent calibration

(Oke 1969) indicate a steeper Paschen continuum, by about
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.1 magnitudes between 4000 and 8000A. This reduces the
discrepancy between the model and the photoelectric scans
considerably. The difference between the observed and
computed colors must also be considered with caution. A
possibility mentioned by D. M. Peterson is that since

the original UBV system has been very difficult to
duplicate exactly, the sensitivity curves for the filters
may not be exactly the same as those used to define the
system. The computed colors are normalized to agree with
the UBV system for A0 stars and a discrepancy for very
hot stars is possible. The effect of blanketing by the

strong helium lines has not been included in the com-

puted colors.
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TABLE 1V-4

Colors and Bolometric Corrections

Star B-V U-B B.C.
Observed -0.29 -1.19

HZ 44 Model ~0.38 ~1.34  -3.85
Observed -0.27 -1.20

o]

+2574655 Model -0.36 ~1.37 -4.14
Cbserved -0.28

HD 127493

Model -0.38 -1.34 -4.05



-78~

V. LINE PROFILES AND ABUNDANCES

Analyses of the spectra have been carried out with
the aid of computer programs which calculate theoretical
profiles and equivalent widths for given model atmos-
pheres and abundances. The original ALGOL program is
described by Baschek et al. (1966). A translation of the
program into FORTRAN is described by Pegtremann et al,
(1967). The version used in this investigation has been
modified and extended by Scholz (1968) who has kindly
made it available. The basic assumptions made in the
original program are a homogeneous, plane-parallel
atmosphere, LTE, true absorption, no rotation or macro-
turbulence, Voigt profile for the line absorption coef-
ficient, and modified asymptotic wing formula from
Griem (1962) for hydrogen. The modified version of the
program also allows computation of hydrogen and helium
line profiles according to several different theories.

For this investigation there were available several
detailed line profile theories. These include the Kepple,
Griem (1968; hereafter referred to as KG) and the
Edmonds, Schluter, Wells (1967, hereafter referred to
as ESW) theories for the Balmer lines of hydrogen, the
Griem (1968) theory for HelI 24472, and the Griem (1964;

tabulated central profiles, asymptotic wings) theory
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for HelIl 2N4686. An entirely guasi-static treatment for
hydrogenic lines is possible using Pfennig's (1966)
theory for hydrogen, and for Hel A4472 using the theory
by Pfennig and Trefftz (1966; hereafter referred to as
PT; see also Messerschmidt et al. 1967). The application
of Pfennig's quasi-static theory for hydrogen to lines
of ionized helium has been suggested by Hardorp and
Scholz (1969). 1In addition hydrogenic line profiles
may be calculated using a slightly modified version of
the asymptotic formulae given by Griem (1962; see Baschek
et al. 1966 for modification).

For computing Balmer line profiles, there is a
choice between the KG and ESW theories. In general,
the ESW theory gives somewhat narrower profiles than
does the KG theory. This in turn requires a higher
gravity model in order to fit the same observed profile.
The KG theory has been developed in the framework of
fairly high densities (N, ~ lOl4 to 1018 cm_3) and
agrees quite well with laboratory measurements under
these conditions. (See KG 1968 for a detailed des-
cription of the theory.) The ESW semi-empirical theory,
on the other hand, has been developed in order to pro-
vide a more adequate description of hydrogen lines under
low density conditions (ESW 1967 for details). Since

the atmospheres of the hot subdwarfs being investigated
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appear to have densities in the range considered by the
KG theory, it has been used to describe the hydrogen
lines of these stars.

The Griem (1968) and Pfennig-Trefftz (1966)
theories for HeI A472 give fairly similar profiles in
the cases where both theories have been used with a given
model atmosphere. There is no particular basis in this
study for distinguishing between the two theories. The
profiles finally used are calculated from the Griem theory.

Griem's (1964) theory has been applied for Hell
»4686. Comparison with computed profiles using Griem's
theory with profiles using Pfennig's quasi-static (QS)
hydrogen theory applied to ionized helium, show that the
two theories give almost identical emergent profiles for
AM686. The Griem asymptotic theory as approximated by
Baschek et al. (GA-BHT) gives a narrower profile.

An adegquate theoretical description of the
Pickering lines of ionized helium is not yet available.
Such a theory would be useful in the analysis of very
hot stars. Since the Pickering lines with their high

upper gquantum numbers (n = 4 —> n! > n) are more sen-

sitive to Stark broadening than is 24686 (n = 3 —> n' = 4),
a comparison of the profiles of 24686 and 24542, for ex-

ample, may provide a luminosity criterion for very hot

stars (Sargent and Searle 1968). 1In addition the Balmer
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lines of hydrogen will be affected by blends with the
even—-numbered Pickering lines. For this study there
were available a completely quasi-static description
(Qs) and the asymptotic formulation due to Griem
(GA-BHT). It will be shown that the GA-BHT formulation
cannot be expected to provide a valid description of
the Pickering lines for the model atmospheres under
consideration, and that there is some evidence that the
QS theory provides a qualitatively valid description.

While ion broadening is well~described by the
guasi-static approximation for nearly all cases of
astrophysical interest, electron broadening presents
a‘more complicated problem. Under certain circumstances
the electron contribution to Stark broadening may be
described by the quasi-static approximation, in others
by the opposite extreme of the impact approximation;
in intermediate conditions neither approximation is
strictly valid for all the electrons.

Since the HY profile may be computed not only
with the KG theory, but also with the QS or GA-BHT
theories, the behavior of the two approximate theories
may be compared with the detailed theory, in conjunction
with consideration of the validity criteria for the two
approximate theories. In the KG theory a Maxwellian

distribution of electron velocities is assumed, and the
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velocity dependence of the limits of integration over
impact parameter is considered before averaging over
velocity. 1In the Griem asymptotic theory for hydro-
genic lines average values of the electron velocity are
used in defining the boundaries of applicability for
the asymptotic forms.

The frequency shift due to a singly charged per-

turber at distance r is given by

h b2
AW = (v-1)
2Tmr" z

(see eg. Griem 1964) where b is the upper quantum
number, h is Planck's constant, m is the mass of the
electron, and z is the ionic charge. The quasi-static
approximation is valid provided that the perturber does
not move significantly during the time characteristic

of the frequency, i.e. that

1

v(iAw) T << ¢ (V-2)

where v is the velocity of the perturber. Following
Griem and Shen (1961), if r in Eg. (V-1) is chosen such

that

2
AW = Aw =5(§'—h—)N2/3 (V-3)
Tmz

corresponding to the (half) half-width of the Holtsmark

profile, then condition (V-2) for the validity of the
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quasi-static approximation can be translated into a con-
dition on the density by substituting (V-3) into (V-2).

Thus for
3

N >> (2.1@.13) = N (V-4)
5h b

the quasi-static approximation is an appropriate des-
cription of the line broadening. Alternatively one may
consider at what value of A X (AN = Aw %2/2nc)
condition (V-2) will be satisfied. With r now given by
Eq. (V-1) the quasi-static approximation should be valid
for

2 2
A s> AYSIE oy (V-5)

The impact approximation at the opposite extreme

is applicable when

(aw)y sy . (V-6)

that is, when the time characteristic of the frequency
shift is long compared with the characteristic time of

the interaction. With r equal to the Debye radius

1/2
) ’ (v—7)

_(kT
D 47Ne?
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condition (V-6) is equivalent to

1/2

2 2
A Ne
<< L Ne |
A A C v (WkT )

]
g

A . (V-83)

For AX > A%p the total electron contribution to the
broadening cannot be described simply by the impact
approximation. In the Griem asymptotic theory (1962) an
intermediate formula smoothly connects the region of
impact approximation with the region of quasistatic
approximation.

In developing the asymptotic theory Griem makes
another assumption which becomes important at high
densities. The nearest neighbor approximation is used

for the distribution of perturber distances,

2

W(r) ~ 47x (v-9)
. ) . -1/3 . .
which is wvalid for r<< N . This in turn reqguires,
when considered with (V~-1) that
2..2
An >> —AhbT (2/3 = (V-10)
477 cmz

for the asymptotic formulae to be valid. On the basis
of comparison with earlier computed profiles, Griem
estimates that errors from the use of the asymptotic

formulae will be less than 20 percent for A A = ZQXRm,
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Table V-1 gives the temperature and electron
pressure at T4440 ~ .6 for two model atmospheres.
Table V-2 gives values for some of the parameters in
the Griem asymptotic theory. Here the velocity v is
chosen so that v? = kT/M, where M is the mass of the
perturbing particle, in agreement with Griem's choice
for a representative velocity.

As expected, the ion contribution can be quite
adequately described by the quasi-static approximation.
The values of NS and AAw for electrons imply that the
guasi-static approximation for electrons is not really
appropriate for these models. If the asymptotic theory
is expected to be valid for AA 2 20 A Am, then it too
must be discarded. On the basis of comparison with HY
profiles computed by the detailed Kepple-Griem theory,
however, the quasi-static approximation appears to give
a better representation of the line than the Griem
asymptotic theory. Figures V-1 and V-2 compare emergent
HY profiles computed using the GA-BHT formulation and
the QS approximation for both ions and electrons with
the HY profile calculated from the KG theory. For
model (40 000, 5.7, 0.4) it can be seén in Figure V-1
that the two approximate theories differ from the KG
theory by about the same amount although in opposite

directions, and there is no clear preference. 1In Figure
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TABLE V-1
Temperature and Electron Pressure at T 4440 .6 for
Models (40 000,5.7,0.4) and (43 000,6.7,0.9)
Model (40 000,517,0.4) (43 000,6.7,0.9)
T444O 0.6 0.6
T(T444O) 35700 36310
15 16
Ne(74440) 4.0x10 1.5x10
TABLE V-2
Parameters for the Griem Asymptotic Theory
Model (40 000,5.7,0.4) (43 000,6.7,0.9)
HY N4542 HY AN 542
protons
N, 1.7x10%2  4.0x10%t 1.7x10%2  4.1x10%t
AN (A) 0.10 0.07 0.10 0.07
electrons
N 1.3x1077  3.1x10'® 1.3x1017  3.2x10'®
AN (A) 190 130 190 130
AAm(A) 0.7 1.3 1.7 3.1

Arp (A) 3.5 3.9 6.9 7.5
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V-2 for model (43 000, 6.7, 0.9), however, while there
is good agreement in the far wings (A A .C 8Aa) among all
three theories, the GA-BHT profile differs from the KG
profile for smaller separations from the center, by much
more than the QS approximation does.

Since the QS approximation improves with increasing
upper quantum number, it should provide a better des-
cription of the Pickering lines of ionized helium than of
HY . Figures V-3 and V-4 compare emergent profiles of
A4542, the n = 4 to n = 9 transition of HeII, using the
two approximate theories, for models (40 000, 5.7, 0.4)
and (43 000, 6.7, 0.9) respectively. Note in Figures
V-2, V-3, and V-4 that the GA-BHT profiles diverge from
the KG and QS profiles for AXA X 5 AMm, that is, in a
region for which the asymptotic theory is not expected
to give good results. Griem (1967), in a more recently
developed asymptotic theory, finds that the quasi-static
approximation for electrons should provide an upper limit
for the electron contribution. Finally, at least quali-
tatively, the observed profiles are better described by
profiles computed with the QS approximation.

In Figures V-5 through V-17 the computed profiles
of selected hydrogen and helium lines are compared with
the average obse;ved profiles in HZ 44, +25°4655, and

HD 127493. Figure V-5 shows the average observed profile
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at HY for HZ 44. Superimposed lines of SIII and SilIV
are indicated. The solid line is the computed emergent
profile of the blend Hy (KG theory) plus HeII (QS theory)
for the model atmosphere (40 000,5.7,0.4). Figure V-6
gives the observed profile of HeI A4472 and the computed
profile for model (40 000,5.7,0.4) using Griem's theory.
The position of the continuum in the average observed
profile has been lowered by 1 percent. The plot is cen-
tered on the forbidden component, which is included in
the profile calculation. The position of the MgII line
at 4481.2 A is indicated. A blend of unidentified lines
can be seen on the blue wing between 10 and 15 A from
the center. Figures V-7 and V-8 show the Hell lines of
HZ 44 at 74686 and 24542 respectively. The two wings
are averaged together; small dots indicate points with a
contribution from one wing only. The line at A4542 has
many superimposed lines of nitrogen which are difficult
to subtract out and thus cause a lot of scatter in the
profile points. The solid lines are theoretical emer-
gent profiles for the model (40 000, 5.7, 0.4) using
Griem's theory for 24686 and the QS theory for A4542.

Figures V-9 through V-12 compare the average
observed profiles in +25°4655 with the profiles computed
with the model 43 000, 6.7, 0.9) for the lines HY ,

N4472, 24686, and 24542 respectively. Figure V-13 shows
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Hiy for +25°4655. Figures V-14 through V-17 give the
profiles for HD 127493 and model (43 000, 5.7, 0.6),
Figures V-18 through V-21 show the observed profiles for
+75°325.

Abundances for several elements have been determined
with the aid of the spectrum analysis program described
at the beginning of the chapter. The equivalent width
of a spectral line can be calculated for a given model
atmosphere when the oscillator strength, quadratic Stark
effect constant C4, and the radiation damping parameter
are known. Oscillator strengths have been taken from the
tables by Wiese, Smith, and Glennon (1966) for hydrogen
through neon when possible. Other values are taken from
the tables by Griem (1964). For other sources, see
Hardorp and Scholz (1969).

The Stark effect constants C and the radiation

4’
damping parameters have bean calculated using computer
programs by Scholz. The constants C4 are calculated
from the Stark broadening parameters for neutral and
singly ionized lines given by Griem (1964). 1In general
the quadratic Stark effect constants for lines from
higher ionization states are not available, in which
case equivalent widths have been computed without

broadening from the Stark effect. The radiation damping

parameters have been computed quantum-mechanically in
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most cases; otherwise they have been set equal to ten
times the classicai value.

An abundance is derived from each line by an
iterative procedure which compares the computed equivalent
width with the measured equivalent width. Large micro-
turbulent velocities have been inferred from the dependence
of the derived abundance on the measured line strength.
Underhill (1968) finds it necessary to introduce a micro-
turbulent velocity on the order of 10 to 15 km/sec to
explain the observed lines in the spectrum of 10 Lac. On
the other hand, it has been pointed out by Hardorp and
Scholz (1969) that "microturbulence" should probably be
considered a fitting parameter, since its presence in
O and B type stars is not really understood. They also
suggest that if the outer layers of the models are too
hot, the computed lines may have cores that are too
shallow; saturation effects will become important sooner,
and in order for the computed equivalent widths to match
the measured equivalent widths, greater abundances must
be assumed for the stronger lines. In the high gravity
model atmospheres used for the hot subdwarfs, it is
expected that broadening by the Stark effect will be
important. If so, then it will be more important for
the stronger lines and the dependence of the derived

abundance on line strength for doubly and triply ionized
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atoms may occur because Stark broadening has not been
included in the calculation of the equivalent widths.

The helium abundance has been iteratively derived
from several of the "narrow” helium lines as a check on
the model atmospheres. Unfortunately most of the lines
are quite strong and use of the Voigt profile is not
strictly justified. 1In an analysis of T Sco, Scholz
(1967) finds that the helium abundances derived from
lines stronger than about 200 mA are systematically
greater than the abundances derived from the weakest
lines. Table V-3 lists the helium lines, the measured
equivalent widths, and the derived abundances for each
star.

The helium line at 24438 is probably the best
single line to use in a determination of the He
abundance in that it is a comparatively w=ak line yet
is well measured. However, its appearance in the stars
HZ 44 and +25°4655 is somewhat asymmetrical and apparently
shifted toward longer wavelengths by about 0.2 or 0.3 A.
No identified lines are likely to make a significant
contribution to the helium line. The shift is in the
same direction as is predicted from the Stark effect.
The line of 24168 should also have provided a good

determination of the helium abundance. However, it is
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TABLE V-3 Helium Lines

Transition HZ 44 +25°4655 HD 127493

n A W (mA) logNHe/NH W(mA) logNHe/NH W(ma) logNHe/NH
2lS—an

3 5015.673 485 -0.05 873 1.08 288: (0.08)

4 3964.727 285 ~-0.68 774 0.80 260: (-0.17)

5 3613.641 250 ~0.38 275 170: (-0.05)
21P~nls

4 5047.736 163: (-0.25) 420 1.20

5 4437.549 126 ~-0.25 208 1.01 59 -0.04

6 4168.971 34: (-0.54) 50: (0.62)
23P—n38

4 4713.2 366 ~-0.20 660 1.00 353 0.25

5 4120.9 413 -0.10 650 0.95 267 0.16

6 3867.5 265 -0.25 500 0.99 180 0.14

7 3732.9 110 (-0.20) 240: (0.50) 68: (-0.19)
238—33P

3888.646 260 -0.85 785 0.75 285 -0.27
Average -0.20 +1.04 +0.13
Model Abundance -0.18 +0.95 +0.18
Abundance -0.25 +1.01 -0.04
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blended with lines of NII and OII and the equivalent
width is very uncertain. It is possible that the im-
portance of the blends has been overestimated because
of an intrinsic asymmetry of the helium line. The
helium lines at A3965 and A3888 are strongly blended
with hydrogen Balmer lines and thus should not be used
at all for an abundance determination. Note that in
+25°4655 where the Balmer lines are very weak, the
abundances derived from these two lines is not as dis-
crepant as in the other stars. The logarithmic average
abundance for each star, excluding A3965, A3888, and
lines with uncertain equivalent widths, is given at the
end of Table V-3. Also given is the abundance derived
from A4438 alone.

The abundances derived from the "narrow" helium
lines are reasonably consistent with ths assumed model
abundances. On the basis of the profile calculations
and the abundance determinations above, final estimates

for the helium fraction by number Y are

HZ 44 Y = 0.38%0.05
+25°4655 Y = 0.91%0.05
HD 127493 Y = 0.50%0.10

The nitrogen spectrum is well represented in these
hot subdwarfs. An abundance has been derived from each

line for which atomic data are available. The NIII lines
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have been analyzed without including damping due to the
Stark effect; the NII lines have been analyzed with
quadratic Stark parameters calculated from tables by Griem.
In Figures V-22, V-23, and V-24 the abundance
derived from each nitrogen line has been plotted as a
function of the measured equivalent width for HZ 44,
+25°4655, and HD 127493 respectively. Small symbols are
used for lines with uncertain equivalent widths or f-
values. The systematic dependence of the derived abun-
dance on the measured line strength is strongest for
the NIII lines, although the NII lines in HZ 44 also show
a systematic effect. The introduction of a microturbulent
velocity of 10 to 15 km/sec removes most of the effect.
(The Doppler velocities are on the order of 6 km/sec.)
This procedure is a rather artificial one and, as can be
seen from the figures, the final abundance determination
is quite sensitive to whether or not a microturbulent
velocity has been introduced into the line calculations.
The difference between the abundance determined with
v, =10 km/sec and v, =15 km/sec is not very great,
however. Whether the curve of growth effect is due to
microturbulence, or to underestimated damping parameters,
or to theoretical profiles that are too shallow, the effect
will be smallest on the weakest lines. 1In principle then,

the weakest lines give the best abundance determination,
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but in practice the scatter in the measured line strengths
is too great, and instead a "microturbulent" velocity

is usad as a parameter to cause the strong lines to give
the same abundance as the weak lines. The final abundance

determinations for nitrogen are

HZ 44 log(NN/Z Ni) = -2.9%.2
+25°4655 log (N /L N;) = -2.35%.2
HD 127493 log(N /% N;) = -3.1%.2

where the quoted errors refer to the scatter among indi-
vidual measurements and do not include systematic effects.
The lines of SiIII and SiIV have been analyzed

in the same manner as the nitrogen lines. The abundance
determined from each silicon line is plotted as a function
of the measured equivalent width for HZ 44 and +25°4655 in
Figures V-25 and V-26 respectively, with Vi = 0 and with
Vo equal to the value determined from the nitrogen lines.
Quadratic Stark effect broadening has been included for

some of the SiIII lines*. The abundances determined for

silicon are

N —_ +
Hz 44 log(l\si/Z Ni) = -4.3%T.3
) —_ +
+25%°4655 log(Nsi/ZINi) = =-3.6%¥.3
HD 127493 log(Nsi/EINi) = -4,.6+.3

*Hardorp and Scholz (1969)
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The carbon and oxygen spectrum is very sparse.
At solar abundances the CII doublet at 24267 should be
quite strong in HZ 44 and +25°4655 and there should be
several moderately strong lines of CIII in HZ 44, +25°4655,
and HD 127493. Similarly, there are normally many lines
of OITI and OIII found in the spectra of main sequence O
stars. No measurable lines of carbon or oxygen have
been found in HD 127493. Two weak lines of CIII (multiplet
1) have been measured in HZ 44 and in +25°4655. Table V-4
summarizes the carbon abundance information. Two very
weak lines of oxygen have been measured in HZ 44 and
several weak lines have been measured in +25°4655. Table
V-5 summarizes the oxygen abundance data.

The abundances adopted for carbon and oxygen are

HZ 44 log(N,/Z N,) = -1.9
log(Ng/Z N;) = -4.2

+25°4655 log (No/Z N,) = -4.1
log(l\b/Z Ni) = -3.5

HD 127493 log(N./Z N;) < -4.8
log(Np/Z Ni) < -4.5 .

The neon abundance has been determined from the lines
in the first multiplet of NeII. The logarithmic average

abundances from these lines are



HZ 44

CIII(1)

 $25°4655

CIII(1)

HD 127493

HZ

CIII(1)

44

OII(1)
OIII(2)

+25°4655

HD

OII(1)
OIX(2)

0OII(3)
OII(5)
011 (6)
OII(10)

OII(15)
OII(25)
OII(2)
127493
OIII(2)

TABLE V~4 Carbon Abundance

A(A)

4647.42
4650.25

4647 .42
4650.25

4647.42
4650.25

TABLE V-5

A (A)

4649.14
3759.87

4649.14
4349.43
4345.56
3749.49
4414 .91
3973.26
4075.87
4072.16
4069.90
4590.97
4505.35
3759.87

3759.87
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W({ma)

38
58:

48

w W
oo

A A

Oxygen Abundance

W(mA)

23
25

42
26
24
37
33
27
31
33
38
27
26
33

<30

2.
loq(NC/ N;)

VTSO

i
log (Ny/¥ N;)

VT=O

-3.2
-3.4
-3.1
-3.2
-3.3
-3.4

-3.3
-3.2
-3.2
-3.3
-3.4

<-4.3

Vip

15
15

12
12

15
15

Ve

15
15

12
12
12
12
12
12
12
12
12
12
12
12

15

log(NCﬁﬂNi)

-4.9
(-4.4)

-3.5

-3.5
-3.5
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T
pX =
HZ 44 1og(NNe/ Ni)
- 3.7 5 vy =15
- 2.7 ; VT =0
(o]
pX =
+25°4655 log(NNe/ Ni)
- 3.1 5 vy =12 .

Lines of ionized neon from multiplets 5, 52, 56, and 57
are also observed. The two lines measured from multiplet
5 appear to give abundances consistent with the abundance
determined from multiplet 1. However, the lines from
multiplets 52 and 56 give very discrepant abundances,
more than a factor of 10 larger. All the f-values are
from the compilation by Wiese et al (1966) and all are
classified in class "D", that is, with errors up to

50 percent. Stark broadening parameters are available for
the first seven multiplets only, so the lines from higher
multiplets have been computed without damping due to the
Stark effect. However, the arbitrary introduction of a

Stark effect constant C, equal in value to the constant

4
for multiplet 1, makes very little difference and the
large discrepancy remains. It may be noted that Hardrop

and Scholz (1969) also derive systematically high abun-

dances from multiplets 52 and 56.
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The magnesium abundance is derived from the only
magnesium linz identified in the hot subdwarf spectra -
the MgII doublet at A4481, which is blended with the red
wing of the strong HeI line at A4472. The results from
this line are

log(NMg/Z Ni)

W(ma) vT=O Vo log(NMg/Z Ni)
HZ 44 103 -3.6 15 -4.0
+25°4655 95 -3.7 12 -3.8
HD 127493 47 15 -4.3 .

Several lines of AlIII have been identified and
measured in HZ 44 and +25°4655. The abundance has been

determined from 2 lines in multiplet 3.

-4.8 ; v,,=0

T
HZ 44 log(NAl/Z Ni) =
-5.1 ; VT = 15
~-4.2 ; Vg = 0
+25°4655 log (N, /L N,) =
-4.5 ; Vp = 12

The sulfur abundance has been determined from

several fairly weak lines.
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-4.,1 ; VT = 0
HZ 44 10g(NS/2 Ni) =

-4.5 ; VT = 15

=3.9 ; V=0
+25°4655 1og(NS/Z N;) =

-4.5 ; V=12

Several high excitation lines of FeIII have been
identified in these hot subdwarfs. The abundance deter-
mined from those lines for which f-values are available
are

HZ 44 1og(NFe/Z N.) = -3.6

il
|
w

L]
Ul

o
5
+25°4655  log(Np_/T N,)

In Table V-6 is a summary of the abundance deter-
minations for HZ 44, +25°4655, and HD 127493. For com-
parison the solar abundances as determined by Lambert and
Warnher (1969) are given also. The abundances, originally
given in the form log €, = 12.00 + log(Ni/NH) .
have been translated into mass fractions for more meaningful
comparison. The helium abundance given for the sun is
log € = 10.80, and for all the stars the assumption

He

is made that ZluiNi = M _N_+ M

T HeNHe = 1 , where “i

is the atomic weight of the element 1i.

Systematic errors in the abundance determinations
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are difficult to assess. The abundances are systematically
higher in +25°4655 than in HZ 44 and in the sun even when
expressed as mass fractions, suggesting the possibility

of an error in normalization. As noted in the Introduction,
and as is qualitatively evident by simply looking at the
spectra, the nitrogen abundance is high and the oxygen

and carbon abundances are low as compared with solar values.
The abundances of these elements should be accurate to
about a factor of 2, with the exception of the carbon and
oxygen in HD 127493 which were not observed at all. 1In

HZ 44 the abundances of elements heavier than oxygen are
consistent with the solar values to within a factor of 2,
with the exception of iron which is extremely high. 1In
their analysis of T Sco and A Lep, Hardorp and Scholz
(1969) find that the iron abundance derived from FeIIl
lines is an order of magnitude larger than the solar
abundance. They note that in an analysis of ¢ Her the
abundance derived from the FeIII lines is also an order

of magnitude larger than the abundance determined from

FeIl lines, and suggest that the discrepancy may be

caused by the oscillator strengths. Recent measurements

of f£-values for neutral iron lines by Garz and Kock

(1969) indicate that earlier values were too large by

about .7 in the logarithm, in which case at least part

of the iron abundance discrepancy can be traced to the
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solar valu=.

The abundances derived for +25°4655 are, on the
average, a factor of two larger than the abundances of
HZ 44. The abundances derived for HD 127493 tend to be

a factor of two smaller than for HZ 44,
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Vi. CONCLUSIONS

It was anticipated that analysis of the spectra of
hot subdwarfs would provide information about the com-
position, temperature, and luminosity of these stars, and
that reasonable conjectures could be made about their
relationship with other types of stars in the HR diagram.

The four stars whose spectra have been measured
in some detail were originally chosen for the quality of
plate material available. The appearance of the carbon,
nitrogen, and oxygen spectra was later included as one
of the characteristics defining the subgroup with which
this investigation is particularly concerned. Among
three other stars for which there is also some obser-
vational material available, two (HZ 1 and HZ 3) appear
to fall into the defined subgroup and one (GD 298) does
not by virtue of its very strong carbon lines. It is
difficult to estimate how many of the stars described
in the literature as hot subdwarfs belong to the sub-
group with strong nitrogen lines and weak carbon and
oxygen lines, since studies carried out at dispersions
less than about 50 A/mm will be able to distinguish only
the strong hydrogen and helium lines. Among hot sub-

dwarfs studied at high enough dispersions to detect the
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narrow lines of heavier elements are HD 49798 (Jaschek
and Jaschek 1963) and HD 113001 (Wallerstein and Spinrad
1960) which appear to belong to the subgroup being con-
sidered, and HD 128220 (Wallerstein et al, 1963) which
does not belong by virtue of having strong lines of OIII.

There is no direct evidence for the masses or
distances of the four stars investigated in this paper.
The indirect evidence, most of which is subject to large
statistical uncertainties, falls into several categories -
properties of other hot subdwarfs, mass to luminosity
ratio from the model atmospheres, proper motions and
radial velocities, and interstellar absorption.

As mentioned in the Introduction, only a small
number of objects classified as hot subdwarfs in the
literature occur in known binary systems or in clusters.
Of these only one or two belong to the subgroup con-
sidered here. The visual binary ADS 8734 (= HD 113001)
described by Wallerstein and Spinrad (1960) and Sturch
and Wallerstein (1962) appears to consist of a main
sequence F star and an 09 subdwarf with lines of NIII,
NeII, and SiIV, but no oxygen or carbon lines. From
the estimated difference in magnitude of the two com-
ponents and a spectroscopic parallax from the FV star, .
an absolute magnitude of +3.6 is determined for the O

star. Sturch and Wallerstein estimate less than luq@



-123-

(0.36 *.36My) for the mass of the hot subdwarf, but place
an upper limit of 3.4cM .

The spectroscopic binary HD 128220 described by
Wallerstein, Sturch, and Klemola (1963) and Wallerstein
and Wolff (1966) has a subdwarf O star with absoclute
magnitude about zero and a mass of 2 or 3 My, but this
star does not belong to the same subgroup.

The star GS 259-8 is described by Munch and Slettebak
(1959). 1If it belongs to the expanding Lacerta association
it has an absolute magnitude of +3.5 to +4.0. At 87A/mm
a few lines of NIII and SiIV are observed in addition to
the strong helium lines and weak hydrogen lines.

A star classified as an O subdwarf with an absolute
magnitude of about +1.2 has been found in the globular
cluster NGC 6397 by Searle and Rodgers (1966). At the
dispersion of 85 A/mm only hydrogen and helium lines can
be definitely identified.

From the surface gravity and effective temperature
of the model atmosphere a mass to luminosity ratio can
be determined for each star. Letting [X) = log(X*/Y@)

be the logarithm of the guantity X expressed in solar

units, then

ar] = [¢] -4l ] .
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The mass to luminosity ratio determined from the model
atmospheres is given for HZ 44, +25°4655, and HD 127493
in Table VI-1l. The solar values are taken from Allen
(1963). Also given in Table VI-1 are the absolute visual
magnitudes and distances for several assumed masses. The
distances are derived from the distance modulus m - MV
assuming no absorption.

The strength of the interstellar absorption lines
is related to the distance of the star in a statistical
manner. Munch (1968) shows the relation between the equi-
valent width of the interstellar K line and distance deter-
mined by spectroscopic parallaxes; a theoretical curve of
growth based on a statistical cloud model is fitted to the
observations. The relation for small distances (r £ 400 pc)
is approximately rK(pc) ~ 2.8§k (mA), with, however, a
mean error of nearly 100 percent at 200 pc. The small
observed equivalent widths for the interstellar absorption
lines in HZ 44, +25°4655, and HD 127493 suggest that the
stars are quite close. Table VI-2 summarizes the information
from the interstellar lines for these stars. It must, of
course, be remembered that the equivalent widths are
accurate to less than 20 percent, and that the relation
between distance and the strength of the K line is statis-

tical with very large scatter at small equivalent widths.
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TABLE VI-1

Mass to Luminosity Ratio from Models

HZ 44 +25°4655 HD 127493
WA -2.1 -1.2 -2.2
M M, r (pc) M, r (pc) M, r (pc)
0.5 4.1 330 6.6 42 4.0 130
1.0 3.3 470 5.8 59 3.2 180
2.0 2.6 660 5.1 83 2.5 260
10.0 0.8 1480 3.3 190 0.7 580
TABLE VI-2 1Interstellar Absorption
Wy (ma) rK(pC)
HZ 44 87 240
+25°4655 33 90
HD 127493 29 80
+75°325 <30 <90
10 Lac 180 500
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The star 10 Lac with a distance of 460 pc is also included
in the table. The equivalent width is a photoelectric
measurement by Mihalas (1964) with an estimated error of
20 mA. 1Its galactic latitude is about -16° and its
position in the sky is about 15° from +25°4655. A linear
relation between WK and distance would imply that the
distance of +25°4655 is on the order of 80 pc. However,
if the interstellar absorption lines are formed in clouds
which statistically occur with a frequency of 8 kpc—l,

it is not really possible to assume a linear relation for
distances much less than about 500 pc. It may be noted
that the star +75°325 (b'l ~ 30°), for which no model

was computed, also has a very small interstellar absorp-
tion. The interstellar calcium line in HZ 44 (b 1=~ 78°)
is weaker than the interstellar lines in horizontal branch
stars at high latitudes (Greenstein 1968) suggesting that
HZ 44 lies within the absorbing layer of the galaxy despite
its high latitude.

The number of objects is too small for a meaningful
analysis of the kinematic properties of these stars.
However, the radial velocity and proper motion data
available will be included for completeness.\

In Table VI-3 the radial velocities are resolved into

the 1 , ®, and 2 components. The radial velocity of
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+75°325 was derived from 1 plate. The transverse velocities,
computed from the proper motions for several assumed dis-
tances, are resolved into the Il , ® , and 2Z components
in Table Vi-4. Only the proper motions of HZ 44 and
+25°4655 can be considered statistically significant. The
velocities in Tables VI-3 and VI-4 are with respect to the
sun. Table VI-5 gives the total ll , ® , and 2 velocities
with respect to the local standard of rest for HZ 44 and
+25°4655 assuming the same distances as in Table VI-4.
A solar peculiar motion of g = -9 km/sec, ;= +12 km/sec,
and Zp = +7 km/sec (Delhaye 1965) has been assumed.

From consideration of the radial velocities alone,
these objects appear to belong to the Older Population I.
In any case there is little to suggest Extreme Population
IT. The interstellar absorption and mass-luminosity ratio
put a stronger limit on the distance of +25°4655 than does
the proper motion data. In HZ 44 the I component of the
peculiar velocity becomes surprisingly large for the
larger distances.

Consideration of the preceding points suggests that
a mass of about O.SJ%@ and an absolute visual magnitude
of about +4.0 is not unreasonable for the stars HZ 44 and
HD 127493. Since the mass to luminosity ratio is propor-

tional to the surface gravity, the ten times higher gravity



Hz 44
+25°4655
HD 127493

+75°325
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TABLE VI-3 Radial Velocities
Vrad rad ® rad
(km/sec) (km/sec) (km/sec)
-12 0 -2
-~30 4 -28
~-16 12 6
(-44) (-29) (-24)
TABLE VI-4

Proper Motions and Transverse Velocities

HZ 44

+25°4655

M = 07069
total £.015

100 pc

250 pc

500 pc

(a1
I nn

= 0044
+.015

Lltotal

100 pc
250 pc
500 pc

[
o

‘trans
(km/sec)

32
8l
162

-15
-36
-72

8
trans
(km/sec)

-15
-31

-15
=30

VA
rad
(km/sec)

-11
12
-9

(-23)

Ztrans

(km/sec)

Ny

-20
-40



HZ 44

+25°4655

TABLE VI-5

a1

hni

[

100
250
500

100
250
500

PC
pC
jole

pc
pc
pc
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Total Peculiar Velocity

it

(km/sec)

23
72
153

-20
-41
=77

®
(km/sec)

=21

=22
-31
-46

Z
(km/sec)

11

-21
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in the model for +25°4655 makes a difference of 2.5 mag-
nitudes in the absolute magnitude. This would make

+25°4655 nearly as faint as the brightest white dwarfs

for an assumed mass of O.SUWC). While this is not out of
the question, there is also the possibility that the surface
gravity of the star has been overestimated, or that the
mass of +25°4655 is greater than that of HZ 44 and

HD 127493. 1If +75°325 has the same mass as the other

three stars, it is likely to be more luminous because of

its higher temperature.

The most striking abundance characteristics of these
hot subdwarfs are the high helium and nitrogen abundances
and low carbon and oxygen abundances. This strongly
suggests that the material now in the outer layers of
these stars has been processed in the CNO cycle. Since
such abundances are not normally observed in the atmos-
pheres of main sequence stars, it is likely that the hot
subdwarfs represent an advanced stage of evolution of a
star with a prior history of hydrogen burning by the CNO
cycle and subsequent mixing or loss of the hydrogen-rich
envelope. Nuclear processing in the star has been
suggested before by Minch (1956) and by Wallerstein and
Wolff (1966) as an explanation for the abundance anomalies
in hot subdwarfs.

As a consequence of the relative reaction rates of
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the various nuclear species involved in the CNO cycle, a
strong enhancement of the nitrogen abundance at the ex-
pense of depleting carbon and oxygen, is predicted at
equilibrium (Caughlin and Fowler 1962). Since the relative
reaction rates are temperature dependent, the equilibrium
abundances depend on the temperature at which the hydrogen
burning takes place. Table VI-6 gives the equilibrium
abundance ratios (by number) predicted for several tem-
peratures. At temperatures less than 16 x lO6 °K, oxygen
is not burned and its abundance should be unaffected. At
temperatures greater than 26 x 106 °K the equilibrium
abundances for carbon become greater than for oxygen.

Table VI-7 gives the observed carbon, nitrogen, and
oxygen ratios for the sun, HZ 44, +25°4655, and HD 127493.
The excellent agreement of the observed C, N, and O ratios
in HZ 44 with the ratios predicted for Tg = 17, must be
considered somewhat fortuitous, since a single temperature
does not describe the burning of hydrogen in an actual
star, and in any case the abundance determinations are not
that accurate. 1In addition, the process responsible for
causing the nitrogen-enriched material to appear at the
surface of the star is likely to affect the relative
abundances.

If these stars have indeed burned hydrogen in the

CNO cycle, then they must have belonged initially to the
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TABLE VI-6

Nitrogen, and Oxygen

Abundance Ratios for Equilibrium in the CNO Cycle -

Data Comes from Table 5,

log (C/N)
log (0/N)

log(Cc/0)

Observed Carbon,

log (C/N)
log (O/N)

log(Cc/0)

Caughlin and Fowler (1962)

T6=l6 T6=l7 T6=18 T6=l9 Tg=20
-2.15 -2.11 -2.06 -2.02 -1.97
-1.15 -1.31 -1.42 -1.51 -1.57
-1.00 -0.80 -0.63 -0.51 -0.41
TABLE VI-7
Nitrogen, and Oxygen Ratios
© HZ 44  +25°4655 HD 127493
+0.62 -2.0 -1.8 <-1.7
+0.84 -1.3 -1.1 <-1.4
-0.22 -0.7 -0.7
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upper main sequence with initial masses 1.9:/‘7(3 or greater,
since for stars of approximately solar composition the
dominant mode of hydrogen burning in that mass range is

by the CNO cycle (Iben 1967). (Note that if the subdwarf
in the binary system HD 113001 has as a companion an F
star still on the main sequence, then the evolved subdwarf
must have had an initial mass greater than that of the F
star.) It is not possible to make detailed comparisons
with the theoretical evolutionary models. Iben's models
begin with hydrogen burning on the main sequence, continue
through the red giant stage and stop at the end of core
helium burning. No mass loss is considered in the
evolutionary models. Cox and Giuli (1961) construct a
series of static helium models making up a helium main
sequence, and Cox and Salpeter (1961) consider helium
models with hydrogen-rich envelopes. 1In the latter paper
a 0.5M; model is fitted to HZ 44, but of course the static
helium models shed no light on the prior history of such a
star.

In Iben's evolutionary models for 3 M, , 5Mg ,
and 9 M, stars (Iben 1965, 1966a, 1966b) hydrogen is ex-
hausted for a mass fraction M/, < 0.2 at the point
where the models terminate. The helium-exhausted core

is somewhat smaller. At an earlier stage on the red giant
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branch when the luminosity source is a hydrogen burning
shell, the hydrogen-exhausted core encompasses a smaller
fraction of the mass, and helium burning has not yet
started. Between this point and a hot subdwarf which dis-
plays surface abundances expected from a helium core,
there is a large theoretical gap, which at this time can
only be filled by conjecture.

Both mixing and mass loss are possible mechanisms
for bringing the processed material to the surface. Iben's
models indicate that during the giant phase a deep con-
vection zone develops in the extended envelope. This
region can extend as far as the hydrogen burning shell and
thus bring nitrogen-enriched material to the surface. How-
ever, because of the very much larger mass of the envelope,
the nitrogen to carbon ratio is enhanced by only a factor
of about three as compared with the enhancement by more
than a factor of a hundred in the hot subdwarfs. A large
amount of mass loss is thus a necessary sequel to Iben's
models if they are to represent the early history of the
hot subdwarfs. Of course, it has been realized for some
time that mass loss must be important at some phase in
the evolution of most stars of mass greater than lMy .
However, if the mass loss does not occur in the red giant
phase or soon after, it is possible that helium burning in

a shell source would eventually deplete the helium core.
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The very low rotational velocities (vsini & 20 km/sec)
tend to favor mass loss. It is likely that the rotational
velocities on the main sequence were fairly high. With the
surface gravity up by a factor of fifty, the radius must
be smaller by at least a factor of seven. If each mass
shell were to conserve angular momentum, then an increase
by a factor of seven in the rotational velocity would be
implied. A large angular momentum loss is probably required
in order to explain the observed low velocities.

The helium abundances derived for HZ 44, +25°4655,
and HD 127493 are Y~ 0.4, Y~ 0.9, and Y ~ 0.5 respectively.
There are several possible explanations for the inter-
mediate values of the helium abundance. Mixing with varying
amounts of hydrogen-rich envelope material may have occurred.
The star may have begun on the main sequence with a mass in
the range l.1eM o <M, < 1.9M, in which case hydrogen is
burned both in the p-p chain and in the CNO cycle. Alter-
natively hydrogen burning in the CNO cycle may have been
interrupted before going to completion. Calculations by
Caughlin (1965) describe the approach to equilibrium of the
CNO cycle and detailed tables are presented for T6 = 20.

A helium to CNO abundance of log (He/CNO) =~ 2.5 as has been
determined for HZ 44 occurs at a point where the CNO
elements are already essentially in equilibrium. For
initial CNO ratios of approximately solar composition, the

predicted ratios are such that the C/N ratio equals the
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equilibrium value, the O/N ratio is somewhat greater than
the equilibrium value, and the C/O ratio is somewhat less.
The chemical compositions observed in the hot sub-
dwarfs investigated in this paper can thus be well ex-
plained by theoretical calculations based on hydrogen
burning in the CNO cycle. From the main sequence masses
involved, from the total heavy element abundance, and more
weakly from the radial velocities, it seems likely that
these stars are older Population I objects. It is clear
that the preceding discussion cannot apply to such objects
as the hot subdwarf in the globular cluster NGC 6397 des-
cribed by Searle and Rodgers (1966). There may be
Population II analogues of the stars described. If so,
the nuclear history will have been quite different and it
is likely that at high enough dispersion the spectra would

be distinguishable.
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Appendix MODEIL, ATMOSPHERE DATA

The models used in line profile and abundance cal-
culations are presented here. Tables A-1, A-2, and A-3
give the model data as a function of optical depth for
the stars HZ 44, +25°4655, and HD 127493 respectively.

The first column gives the optical depth at the standard
wavelength 912 A, the second column gives the temperature,
the third column the total gas pressure, the fourth column
the electron pressure, and the fifth column the optical
depth at 4000 A. Table A-4 gives the same data for the
model (43 000, 6.7, 0.9, M), which is the same as the model
givén in Table A-2 except that opacity due to carbon,
nitrogen, oxygen, and neon has been included. Figures A-1,
A-2, A-3, and A-4 show the flux errors as a function of
the standard depth for the four models. Figures A-5, A-6,
A-7, and A-8 show the flux derivatives for the four

models.
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TABLE A-1 Model (40 000,

.000
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.000
.833
.667
. 500
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.833
.000
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5.7, 0.4) for HZ 44

912

40 000 log g 5.7 Y = 0.4

T log P log Pgo log T4000
29890 1.32 1.08 -4.98
29340 1.57 1.31 -4.81
30010 1.70 1.44 -4.63
29390 1.84 1.57 -4.45
29310 2.02 1.74 -4.27
29210 2.20 1.92 -4.09
29130 2.37 2.08 -3.89
29090 2.55 2.25 -3.69
29080 2.72 2.42 -3.47
29120 2.89 2.59 -3.25
29200 3.06 2.77 -3.01
29340 3.22 2.92 -2.76
29570 3.38 3.08 -2.51
29880 3.53 3.23 -2.25
30270 3.67 3.37 -2.00
30740 3.81 3.52 -1.74
31290 3.95 3.66 -1.50
31920 4.09 3.78 -1.26
32670 4,21 3.91 -1.03
33560 4.34 4.04 -0.80
34570 4.46 4.16 -0.58
35570 4.57 4.28 -0.37
36420 4.68 4.39 -0.16
39600 4.79 4.51 +0.03
41520 4.88 4.61 0.22
43260 4.96 4.71 0.41
45000 5.05 4.7S 0.59
46920 5.14 4.89 0.77
49160 5.23 4.99 0.96
51850 5.33 5.09 1.15
55070 5.43 5.19 1.33
58820 5.54 5.31 1.52
63080 5.66 5.43 1.72
67800 5.78 5.55 1.91
72940 5.91 5.67 2.10
78420 6.03 5.79 2.29
84210 6.16 5.93 2.49
90580 6.29 6.05 2.68
98160 6.41 6.17 2.87



TABLE A-2 Model (43 000, 6.7, 0.9)

log T912
~5.000
~4.833
_4.667
~4.500
~4.333
_4.167
~4.000
~3.833
~3.667
~3.500
~3.333
~3.167
~3.000
~2.833
~2.667
~2.500
~2.333
~2.167
~2.000
~1.833
~1.667
~1.500
~1.333
~1.167
~1.000
~0.833
~0.667
~0.500
~0.333
~0.167
. 000
167
.333
.500
667
.833
. 000
167
.333
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for +25°4655

= 43 000 log g = 6.7 Y 0.9
T log P log Pe log T4OOO
30310 2.56 2.29 -4.72
28440 2.81 2.51 -4.,52
28540 2.95 2.64 -4.31
28500 3.09 2.79 -4.08
28500 3.25 2.95 -3.83
28580 3.41 3.11 -3.58
28740 3.56 3.26 -3.32
28980 3.71 3.41 -3.06
29300 3.85 3.55 -2.81
39700 3.98 3.68 -2.57
30170 4.11 3.81 -2.33
30690 4.24 3.94 -2.10
31240 4.36 4.05 -1.88
31810 4.47 4.17 -1.66
32380 4,59 4.29 -1.45
32970 4.70 4.40 -1.24
33580 4.81 4.50 -1.04
34242 4.91 4.61 -0.84
34980 5.02 4.72 -0.65
35820 5.12 4.82 -0.46
36710 5.22 4.92 -0.27
37490 5.32 5.02 -0.08
37010 5.42 5.13 +0.10
39660 5.52 5.23 0.28
43080 5.60 5.33 0.45
45150 5.67 5.41 0.61
47050 5.73 5.49 0.76
49160 5.80 5.58 0.92
51780 5.87 5.65 1.09
54820 5.94 5.74 1.26
58300 6.02 5.83 1.43
62170 6.11 5.92 l1.61
66420 6.21 6.02 1.80
71010 6.32 6.13 1.99
76180 6.43 6.25 2.18
82010 6.55 6.36 2.37
88510 6.67 6.49 2.56
95620 6.80 6.61 2.75
103360 6.92 6.73 2.94
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TABLE A-3 Model (43 000, 5.7, 0.6) for HD 127493

912

.000
.833
.667

500

.333
.167
.000
.833
.667
. 500

333

.167
.000
.833
.667
.500
.333
.167
. 000
.833
.667
.500
.333
.167
. 000
.833
.667
.500
.333
.167
.000
.167
.333
.500
.667
.833
.000
.167
.333

Te = 43 000 log g = 6.7 Y= 0.6
T log P log Pe log 74000
33100 1.34 1.13 -4.97
32680 1.58 1.36 -4.80
33360 1.71 1.49 -4.63
33140 1.84 1.63 -4.45
32900 2.01 1.79 -4.26
32910 2.18 1.96 -4.07
32700 2.35 2.12 -3.87
32530 2.53 2.28 -3.66
32300 2.71 2.45 -3.44
32110 2.89 2.62 -3.21
32020 3.06 2.80 -2.98
32030 3.24 2.96 -2.73
32170 3.41 3.13 -2.48
32450 3.57 3.28 ~2.22
32870 3.72 3.44 -1.97
33390 3.87 3.58 -1.71
34000 4.00 3.72 -1.47
34690 4.14 3.85 -1.23
35470 4.26 3.98 -1.00
36360 4.38 4.09 ~0.78
37400 4.49 4,21 -0.56
38600 4.59 4,32 -0.36
40070 4.68 4.42 ~0.16
41790 4.77 4,52 +0.03
43580 4.86 4.62 0.22
45280 4.94 4.71 0.41
47130 5.03 4.80 0.60
49220 5.12 4.90 0.78
51640 5.22 5.00 0.97
54460 5.32 5.11 1.16
57780 5.43 5.21 1.35
61560 5.54 5.33 1.55
65770 5.66 5.45 1.74
70270 5.78 5.58 1.93
75140 5.91 5.70 2.13
80630 6.03 5.82 2.32
86890 6.16 5.95 2.51
94150 6.28 6.07 2.71
102660 6.41 6.20 2.90
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TABLE A-4 Model (43 000, 6.7, 0.9, M) for +25°4655
including Opacity due to C, N, O, Ne

Te = 43 000 log g = 6.7 Y = 0.9
log '@12 T log P log Pe
-5.000 27850 2.63 2.33
-4.833 27890 2.87 2.57
-4.667 27920 2.99 2.69
-4.500 27940 3.12 2.82
-4.333 28030 3.27 2.97
-4.167 28160 3.42 3.12
-4.000 28370 3.57 3.27
-3.833 28650 3.71 3.41
-3.667 29000 3.85 3.55
-3.500 29420 3.98 3.68
-3.333 29900 4.11 3.81
-3.167 30410 4.23 3.93
~3.000 30960 4.35 4.05
-2.833 31510 4.47 4.17
-2.6067 32070 4.58 4,29
-2.500 32650 4.69 4,39
-2.333 33250 4.80 4.50
~2.167 33890 4.91 4.61
~2.000 34620 5.02 4.72
-1.833 35440 5.12 4.82
-1.667 36310 5.22 4.93
~-1.500 37210 5.32 5.03
-1.333 37690 5.42 5.13
-1.167 39990 5.51 5.23
-1.000 42273 5.60 5.33
-0.833 44510 5.67 5.42
~0.667 47220 5.74 5.50
~-0.500 50020 5.80 5.59
-0.333 52663 5.87 5.66
-0.167 55190 5.94 5.74
0.000 57700 6.02 5.82
0.1l67 60280 6.11 5.92
0.333 62960 6.20 6.01
0.500 65800 6.30 6.12
0.667 68800 6.40 6.22
0.833 72010 6.51 6.32
1.000 75450 6.62 6.43
1.167 79120 6.73 6.54
1.333 83100 6.83 6.65
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