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ABSTRACT

This study was designed to investigate the apparent 
deficiency, compared to theoretical predictions, of cool 
degenerate stars. Two approaches to the problem were 
employed: a spectroscopic survey designed to identify red
degenerates, and a model atmospheres study of the spectro
scopic and photometric differences between red dwarfs and 
red degenerate stars,

Our observational survey was based on the hypothesis 
that previous surveys were unsuccessful because they in
cluded mostly rather bright candidates. As cool degenerates 
are 3 to 4 magnitudes fainter in than blue degenerates, 
extending spectroscopic surveys to fainter apparent magni
tudes should produce a considerable increase in the number 
of red degenerate stars.

Our spectroscopic study resulted in the discovery of 
two dozen red degenerates, and therefore approximately 
doubled the number of known degenerates redder than B-y =
0.4, About 27% of our candidates are identified as white 
dwarfs, a considerable improvement over the results fop 
previous brighter samples.

Several of the apparent nondegenerates in our sample 
pose a further problem. For luminosities near the main 
sequence, their proper motions and apparent magnitudes imply
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unreasonably large space motions. As this problem had 
previously been noted for other faint proper motion stars 
with apparently non-degenerate spectra, we suspected 
that red degenerates were being incorrectly classified 
as subdwarfs.

We therefore computed atmospheric models for white 
dwarfs at the temperatures under investigation. Line pro
files obtained from these models indicate that degenerate 
stars with Te ^ 6000°K and depleted surface metals would be 
extremely difficult to identify spectroscopically. Their 
hydrogen and calcium line profiles would strongly resemble 
those of classical subdwarfs. Three apparently degenerate 
stars whose spectral features match our predictions have 
been identified. ,

These results indicate that the existence of the 
previously postulated deficiency of red degenerate stars is 
uncertain.



CHAPTER 1

INTRODUCTION

As the last detectable phase of evolution for a 
majority of stars, white dwarfs are of considerable impor
tance to astrophysics. The extreme state of matter repre
sented by their interiors provides an excellent laboratory 
for the study of basic principles of physics, while studies 
of their frequency in space, galactic orbits, and gross 
physical parameters provide important clues to the evolution 
of our galaxy and the stars it contains.

White dwarfs were first identified as a distinct 
state of stellar evolution when it was demonstrated that the 
perplexing subluminosity of Sirius B could be indicative of 
a low mass star with an electron degenerate interior. Other- 
white dwarfs were identified spectroscopically; their heavily 
pressure broadened lines show the effects of the extremely 
high surface gravities characteristic of these stars. An 
attempt was made to assign spectral types vaguely in keeping 
with main sequence classification systems. However, it was 
soon evident that, surprisingly, any particular white dwarf 
usually possesses spectral lines of only one element, and 
generally in only one ionization state. Therefore, spectral 
types are now generally assigned on the basis of the element
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whose lines are present. The major spectral types are DA 
(hydrogen), DB (helium), DF (ionized calcium), and DC (no 
lines). Parallaxes and photometry yield absolute visual. 
magnitudes of approximately 10 to 16 for the hottest and 
coolest white dwarfs, respectively. These results, as well 
as theoretical analyses of the degenerate interior structure 
of white dwarfs, indicate that they derive their emitted 
energy from cooling of their interiors, rather than from 
nuclear reactions. White dwarfs are therefore believed to 
represent the last stage of stellar evolution, the period 
during which stars which have exhausted their nuclear fuels 
gradually cool to invisibility.

One of the most comprehensive theoretical studies of 
white dwarf evolutionary (i.e., cooling) theory to date is 
that of Mestel and Rudermann (1967), who considered the 
theory of thermal energy loss by ions set in a lattice 
structure. Their calculations predict a decrease in the 
cooling rate with decreasing temperature until the star's 
internal temperature reaches the Debye temperature, at which 
point the white dwarf would fade rapidly.

While various proper motion surveys, especially those 
of Luyten, have long been available for the identification 
Of white dwarf candidates, systematic spectroscopic and 
photometric observations of such candidates have only been 
available since 1965, with publication of the first in a 
long series of studies by Eggen and Greenstein of the



spectral types and colorimetric peculiarities of such stars 
(Eggen and Greenstein, 1965, and subsequent references). 
While numerous bright, hot degenerate stars were identified 
with relative ease, discoveries of red degenerates were less 
frequent and within four years Greenstein (1969a) was al
ready suggesting that red degenerates are not as prevalent 
as the Mestel-Rudermann cooling theory predicts.

According to that theory, substantial numbers of 
cool degenerate stars (B - V > 0.4) should be observable in 
the solar neighborhood, Weidemann (1967) was able to show 
that, among stars with known parallax, the observations are 
consistent with the theory. However, it appears that among 
the far larger sample of stars selected as potential cool 
degenerates on the basis of proper motion, magnitude, and 
ultraviolet excess by Eggen (1968), virtually all are sub
dwarfs (Greenstein, 1971). .

Several theoretical attempts were therefore made to 
reduce the observable lifetimes of red degenerate stars, 
generally by raising the Debye temperature (e.g., Ostriker 
and Axel, 1969). Also, inclusion of envelope convection in 
studies of van Maanen 2 (Bohm, 1968) resulted in the re
duction of its estimated internal temperature by a factor of 
four. This lower internal temperature implies, of course, a 
shorter remaining luminous lifetime. However, Weidemann's 
(1967) comparison of available white dwarf space density 
data and the Mestel-Rudermann cooling predictions showed



excellent agreement for the sample of stars with known dis
tances .

Recently, Lamb and van Horn [in press, 1975) have, 
made detailed calculations of the cooling characteristics of 
a 1M carbon-core white dwarf. Their results for white 
dwarf luminosity functions closely match previous predic
tions, except at very high and low luminosities. Their
calculations indicate that such a white dwarf will begin to

-4fade rapidly at L/L@ = 1 0  , corresponding to 1 s dimmer
than 14, The authors note that the Debye cooling will begin 
at fainter magnitudes for less massive stars (Appendix A ) . 
They conclude that "Agreement [with]. . . .  the observational 
functions derived by Weidemann is generally good and it 
seems ... . that . . . [using] a stellar mass closer to the 
average for white dwarfs (M m 0.8M@ ; Greenstein and Trimble, 
1967; Wehrse, 1975), would improve the agreement even more" 
(Lamb and van Horn, in press, 1975, n.p.), Noting that the 
average mass estimate quoted (0.8M@ ) is larger than that 
used by other authors (Weidemann, 1971; Tapia, 1975) who 
derived values of 0.6 to 0.7M@ , it seems likely that further 
theoretical calculations will strengthen support of 
Weidemann1s (1967) luminosity function. This suggests that 
the apparent deficiency of red degenerates might be the 
result of observational selection.

We have, therefore, explored two possible causes of 
such selection. The first involves the magnitude limit of



the stars sampled. Since degenerate stars become several 
magnitudes dimmer as their temperatures decrease by a factor 
of ten, the known sample of hot degenerates of about 
thirteenth apparent visual magnitude should, as they cool to 
effective temperatures of 4000 to 5000°K, become as faint as 
seventeenth apparent magnitude. We therefore undertook a 
spectroscopic survey of cool degenerate star candidates 
between approximately fifteenth and seventeenth apparent 
visual magnitudes. A discussion of this survey and its 
results forms the first portion of this dissertation.

Chapter 2 contains a discussion of the selection of 
the red degenerate star candidates. The Lowell Proper 
Motion Survey (Giclas, Burnham, and Thomas, 1971) was used 
as the basic source of candidates, as it provides a highly 
uniform and fairly complete sample of proper motion stars 
down to approximately the magnitude limit desired, Giclas 
et al. (1971) also give color estimates for their candi
dates. Such estimates were essential to our study, even 
though they are not highly accurate.

The resulting observations are discussed in Chapter
3. Spectra of candidates were obtained with the Cassegrain 
Spectrograph and two-stage RCA image tube camera, mounted on 
the 90" telescope. The spectroscopic classification criteria 
4re discussed and spectral types are given for each star 
observed. Photometric observations of many of these candi
dates were also obtained, although the sample is not the



saine as the spectroscopic sample. Broad-band colors were 
obtained using the computer-controlled pulse-counting photo
meter on the 9011 telescope. The discussion of the photo
metric results is principally concerned with the general 
characteristics of the sample.

Several of the degenerate stars in the sample 
studied are of considerable individual interest. Two proved 
to be polarized and are discussed by Angel et al. (1974) and 
Angel, Hintzen, and Landstreet (1975). Another of the red 
degenerates discovered, G165-7, displays an absorption line 
spectrum much stronger and more complex than thgt of any 
other known degenerate star. Chapter 4 is therefore devoted 
to a detailed description of this, star's spectral features.

Our second study of potential observational selec
tion effects involved predicting spectral liner character
istics of hydrogen-rich cool degenerates. The difficulties 
involved in identifying cool degenerates by either spectro
scopic or photometric means are well known. With decreasing 
temperatures hydrogen lines become sharp and metallic lines 
appear, even at the pressures prevalent in degenerate star 
atmospheres. We therefore calculated atmospheric models for 
the cool, hydrogen-rich white dwarfs in order to determine 
the probable appearance of low dispersion spectra of such 
stars. A discussion of these calculations forms the second 
portion of this dissertation.



The atmospheric models are discussed in Chapter 5, 
The program used was Atlas 5, written by R. Kurucz. The 
opacity sources included are noted and pther opacity sources 
which might be important are briefly reviewed„ Convective 
energy transportation was included in the models, so the 
effect of convection on line profiles is discussed- The 
variation of atmospheric temperature stratification and line 
profiles with changes in effective temperature, gravity, and 
composition are also described.

The line profiles calculated from these models are 
discussed in Chapter 6, A comparison of these profiles with 
those for main sequence stars is provided, so that an 
evaluation of spectroscopic identification criteria for 
white dwarfs may be made.

Finally, a summary of the results of these investi
gations is given in Chapter 7, The reliability of these 
results and promising areas for further investigation are 
discussed.



CHAPTER 2

SELECTION OF RED DEGENERATE STAR CANDIDATES

Previous attempts to spectroscopically identify red 
degenerate stars generally relied on photometric isolation 
of candidates. Most of the photometric data hag been ob
tained by Eggen (19 68, 1969), who used his photometry to 
identify probable white dwarfs and was quite successful in 
classifying the blue candidates. However, he found that 
very weak-lined subdwarfs befouled his red samples, and he 
therefore was unable to make reliable red degenerate star 
identifications from his photometry.

Many of the possible candidate red degenerates for ■ 
which Eggen obtained photometry were observed spectro
scopically by Greenstein (1971), He found very few red de
generates among these stars, even though many of them, from 
Eggen1s (196 8) colors, would have tangential velocities 
above 500 km/sec if on the main sequence. Instead, he found 
that many of these stars hacl spectral characteristics of 
extremely weak-lined subdwarfs. The unlikely resultant 
tangential velocities of these stars led Eggen (1969) and 
Greenstein (19 71) to discpss the possibility of subluminous 
("Eggenite") subdwarfs several magnitudes below the main 
sequence. This suggestion was designed to reduce the



tangential velocities of the stars observed while still 
allowing low surface gravities and, therefore, sharp-lined 
spectra. However, there is no obvious evolutionary state 
which would result in stars occupying the proposed region of 
the H-R diagram, and results from parallax programs have not 
yet provided solid evidence of such stars (Strand,
Harrington, and Dahn, 1974), At any rate, the absence of 
substantial numbers of obviously degenerate stars in this 
sample was cited by Greenstein (1971) as evidence of the 
suggested deficiency of red degenerates. However, the 
average magnitude of the stars in the samples is ~ 15, 
which is considerably brighter than most of the observable 
cool degenerates are expected to be.

In order to establish the reality of the apparent 
deficiency of red degenerate stars, we require observations 
of a sample of red proper motion candidates resembling the 
stars which should evolve from the presently observed blue 
white dwarfs. Hot degenerates become plentiful at about 
13th apparent magnitude, and therefore, both observational 
(Strand et al., 1974) and theoretical (Mestell and Rudermann, 
1967) studies indicate that the maximum observed frequency 
of cool degenerates with 0.4 < B - V < 1.0 should occur at 
apparent visual magnitudes larger than 16th. Since color 
estimates and uniform coverage of the northern hemisphere 
would increase the reliability of analyses, the Lowell 
Observatory Proper Motion Survey was used as the basis for



10
candidate selection (Giclas et al•> 1971). This surveyf for 
which complete results are now available for the northern 
hemisphere, includes data for all stars detected with 
y 2 0.27"/yr. Finding charts and excellent 1950 coordinates 
for the proper motion stars are included in the catalog. 
Candidates were considered between 8th magnitude and the 
plate limiting magnitude, which, unfortunately, was somewhat 
variable, but was usually between 16.5 and 17.0 photographic 
magnitudes, A one magnitude limit difference between the 
center and edge of the plates (Giclas, 1958) further compli
cates the assessment of average limiting magnitudes.

Color estimates based on a comparison of red and 
blue plates are given for each proper motion star in the 
catalog. The mean (B - V) and (U - B) colors for samples of 
stars of the various color classes were published by Giclas 
et al. (1971) and are reproduced in Table 1.

Table 1. Color characteristics of Lowell color classes. 

Color Class B - V U - B
-1 + 0,11 -0.74
0 + 0.26 -0,57

+1 + 0,8 0 + 0.33
+ 2 +1,30 +1,09
+3 + 1.61 +1,18
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Giclas et al. (1971) note, however, that colors of 

stars redder than class 0 may easily deviate from the 
estimated color by half a magnitude, Perusal of the table 
indicates that, for the color range in which we are inter
ested, color class +1 should provide the best candidates. 
However, color class 0 should also contain an appreciable 
number of candidates red enough to be of interest in this 
context. While color class +2 may contain some of the stars 
for which we are searching, attempts to identify them would 
be extremely time consuming, since a majority of the class 
members are main sequence stars. Further information on 
these color classes is provided by Eggen (1968) . His data 
show that color class +1 has a rather well-defined blue 
limit at B - V = 0,4, but includes many stars far redder 
than the average B - V of the color class„

Studies by the participants in the survey indicate 
that, after the first few plates measured, less than one 
proper motion star per plate was overlooked by the measurers, 
and thus the survey should include all but about 3% of the 
proper motion stars above the plate limits.

It should be noted here that systematic differences 
between plates appear in the color classification scheme.
This is especially evident in the data for the first plates 
measured, which frequently contain an unusually large per
centage of +1 color classifications. The data of Eggen and 
Greenstein indicate that virtually all of the color class -1



12
proper motion stars are white dwarfs, while about 60% of the 
color class 0 motion stars are degenerate.

Selecting Candidates
The deficiency of cool degenerate stars noted by 

Greenstein (1971) was apparent for stars of B - V 2 0.4, 
though a few degenerate stars much redder than that limit 
are known. The Lowell Color Class +1 candidates are there
fore ideal subjects for study in our red degenerate star 
survey. Because of the sharp blue cutoff of these stars, 
almost all degenerates discovered among them should be 
redder than Greenstein's deficiency limit. On the other 
hand, the lack of a sharp redward cutoff in the B - V 
distribution for stars of this color class results in the 
inclusion of spurious degenerate star candidates. Color 
class +1 motion stars with main sequence luminosities could 
be considered degenerate star candidates if they were sub
stantially redder than average for the class.

We therefore chose as our primary set of candidates 
color class +1 proper motion candidates with large values of 
H, the reduced proper motion, where H = m ^  +5 log y. In 
order to obtain a reasonably uniform sample of candidates, 
all stars of color class +1 with m ^  2 14 were plotted in a 
y vs. nipg diagram (Figure 1) . An interesting feature of 
this diagram is the apparent gap occurring along a line of 
H = 14,5 in an otherwise ..rather smooth distribution (Figure 2)
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Assuming that this gap represents the envelope of the re
duced proper motion distribution for some sample of non
degenerate stars included in color class +1, we can calcu
late a minimum absolute magnitude for that group by assuming 
all members are bound to the galaxy. Assuming stellar tan
gential velocities must be below 600 km/sec to keep them 
bound to the galaxy, and assuming m ^  = B, we find that 
Hpg. = 14.5 forms an upper envelope in reduced proper motion 
for stars with = 7.3, which on the main sequence corre
sponds to (B - v) = 1.2 and a spectral type of K 5 . This 
limit, obviously, is indicative only, but agrees well with 
the photometric results of Giclas et al. (1971) and Eggen 
(.1968) .

The stars on the large H side of the gap include, 
presumably, degenerate stars and a distribution of high- 
proper motion nondegenerate stars redder than the main body 
of color class +1 stars. Candidates were therefore chosen 
primarily from among those above the gap. A few candidates 
chosen from the sample at lower H were also observed so that 
some comparison of degenerate star frequencies could be made.



CHAPTER 3

A SPECTROSCOPIC SEARCH FOR COOL 
WHITE DWARFS

As previously noted, the observations of Greenstein 
indicate an apparent deficiency of white dwarfs with B - V 
A 0.40 (e.g.. Greenstein, .1969a, 1969b, 1971, 1974). Pub
lishing a list of the 15 such stars then knov/n, Greens tein' 
(1969b, p. 67) remarked: "We should not pretend that this . 
list exhausts the nearby red degenerates, since the method 
of selection was arbitrary,. We can conclude only that a 
plausible case exists for a deficiency of faint, red de
generates." In publishing the results of studies involving 
7 6 red degenerate star candidates (Greenstein, 1971, p. 57), 
he notes "the statistical results are that the percentage 
of classical red degenerate stars is nearly zero." However, 
Weidemann (1969, p. 312) has pointed out that the luminosity 
function derived from "well-observed white dwarfs of known 
distance only (Eggen and Greenstein, 1965)," or alternately, 
from white dwarfs within IQ pc, shows no deficiency of red 
degenerate stars when compared with predictions of the 
Mestel and Rudermann (1967) cooling theory. We therefore 
attempted to improve on previous discovery rates by ob
serving candidates with a larger average reduced proper 
motion than that for Greenstein1s (19 71) sample.

16



■ Observations
Spectra of the program stars discussed in Chapter 2 

were obtained using the two-stage RCA 33063 image tube and 
Cassegrain spectrograph at the Steward Observatory 90-inch 
(229 cm) telescope . The dispersion used was 95A mm , and 
most spectra were widened 0.3 mm on Ilao plates.

Tables 2 and 3 contain the Lowell numbers, coordi
nates, spectral types, and color classes (and B - V color 
when available) for the stars observed. Information related 
to space motions (proper motions, apparent magnitudes, and 
reduced proper motions) is also provided. Photoelectric 
photometry has been taken from Eggen (1968, 1969), unless 
otherwise noted.

Stars were classified as white dwarfs if they met 
any of the following criteria:

1. Balmer series the only lines present (DA). There is 
some possibility of confusion with extreme subdwarfs 
in this case if the lines are comparatively weak or 
sharp. These may, however, usually be distinguished 
by the greater number of Balmer lines present in the 
subdwarfs.

2„ Spectral lines absent or extremely (< 10% of con
tinuum) weak (DC or DA vwk, etc.).

3. Ca II H and K are the only lines present (DF). In 
this case, H and K are generally diffuse.



Table 2. Degenerate stars identified.

Name a (1950) • 6 (1950) Sp Color y m pg H
G217-37 • 00h 0 9m 3 9S + 5 0 ° 0 9 J 0 DC 0 0.75 14.3 13.7
G69-31 00 52 05 +22 40.0 DA 0 0.56 15. 5 14.2
G4 —34 02 39 26 +10 59.9 DC 0 0,36 16.1 13.9
G174-14 02 45 03 +54 11,1 DFvwk +1 0.67 16.0 15.1
G76-48 02 57 17 +0 8,00,0 DAwk 0 0.54 16.0 14.7
G77-50 03 22 3 9 -01 59.2 DG -hi 0.88 16.1 15.8
G221-10 03 24 35 +73 51.7 DC 0 0.43 16.3 14.5
G175-46 04 40 05 +51 00.8 DA 0 0.54 16,0 14.7
G83-43 04 52 09 +10 23,3 DAs 0 0.36 16.6 14.4
G105-4 05 59 37 +15 53,3 DAwk hi 0.31 16.4 13.9
G105-30 06 18 05 +06 46.7 DC +i 0 . 58 15.9 14.7
G107-9 06 32 59 +40 57.1 DA 0 0.29 16.1 13,4
G108-26 06 44 47 +02 34,4 DAs 0 0.49 16,3 14,8
G90-28 07 52 09 +36 30,1 DAs 0 0,49 16.0 14.5
G161-68 0 9 41 18 -06 4 9.9 DAvwk + 0,54(0) 0.51 16.4 14,9
G48-57 09 55 39 +09 01.3 DC 0 0.34 17.3 15.0
G235-67 10 19 3 8 +63 42.7 DAss 0 0.3 8 14.9 12.8
G43-54 10 26 39 +11 42,9 DC +0.72(0) 0. 62. 17.1 16.1
G163-28 10 55 14 -03 55.4 DF-DG +0.40(0) 0.36 16.0 13.8
G45-45 11 14 06 +06 43.5 DAvwk +0.46(0) 0.28 16.9 14.1
G147-65 11 33 05 +35 50.9 DCpec + 1 0.51 16.1 14. 6
G237-28 11 43 03 +63 22,8 DFwk 0 0.42 16.3 14.4
G197-47 12 08 58 +57 41,1 DAfFvwk 0 0.63 15.9 14.9
G256t7 13 09 59 +58 18,6 DG? 0 0,32 16.3 13.8
G165-7- 13 28 42 +3 0 45.3 DK 0 0.58 . 16.0 14.8
G165-18 13 34 18 +36 39.1 DA,F? +0.40(0) 0 . 27 15.9 13.1
G63-54 13 44 59 +10 36.6 DA,F + 0.41(0) 0. 87 15.7 15.4
G150-43 13 47 28 +28 19,3 DAwk +0.33 (0) 0.3 0 16.3 13.7
G200-42 14 26 38 +44 17.2 DF 0 0.34 16.5 14.2
G202-49 16 24 48 +47 45.2 DA 0 0,30 16.0 13 . 4
G180-63 16 33 25 . +43 23,8 DA,Fwk? + 1 0.42 15.4 13.5



Table 2.— Continued Degenerate stars identified.

Name .a(1950) 6(1950) Sp Color y m pg H .
<3257-38 16 41 16 + 73 16.0 DFwk 0 0.32 16.3 13.8
G139-13 17 05 37 + 03 01.6 DF-DG +0.45(0) 0.43 15.2 13.4
G227-5 17 28 02 + 56 00.5 DC 0 0.27 16,1 13.3
G140-2 17 36 14 + 05 17.9 DA +0.21(0) 0.2 8 15.5 12.7
G240-72 17 48 53 . + 70 52.7 DCpol. +1 1. 67 14.5 15.6
G183-35 18 14 06 + 24 53.7 DC 0 0,28 16.4 13.6
G141-2 18 18 13 + 12 37.4 DC +0.54(0) 0.28 15.7 12.9
G227-35 18 29 21 + 54 45. 2 DCpol. +1 0.36 16.1 13.9
G184-12 18 31 49 • +19 43,7 DC 0 0.46 16,3 14.6
G205 52 18 58. 36 +39 18.4 DA 0 0.28 15.7 12.9
G125-3 19 17 15 +38 38,0 DC +0.45(0) 0.28 15.0 12.2
G187-8 20 48 13 +26 19.6 DC + 1 0.63 ■ 16.3 15.3
G144-51 20 59 46 +19 91.2 DA rFwk + 0.37 CO) 0.31 15,8 13.3
G187-16 20 59 59 + 24 45.7 DC 0 0.39 16.3 14.3
G187-32 ' . 21 11 34 + 2 6 09,3 DAs 0 0.49 15,5 14.0
G126-25 21 39 43 +13 15.0 DAwk 0 0.3 5 16,3 14.0
G188-27 21 47 39 + 28 03.0 DC 0 0.28 15.1 12.3
G232-38 21 48 14 + 53 54.5 D A f F 0 0.51 16.2 14.7
G157-35 23 12 43 -02 26,3 DF +1 0.61 16,4 15.3
G128-62 23 23 2 8 + 25 36 . 0 D A , F? + 0 0.29 16.6 13.9
G130-15 23 47 23 + 29 17.7 DA,F? + 1 0.57 15.7 14.5
G171-27 23 52 24 +40 11,1 DC 0 0.. 60 15.1 14.0



Table 3. Nondegenerate stars observed.

Name a 6 Sp Color y m.. pa. _ H
G245-48 0 2 46 43 +73 29.3 sd + 1 ■ 0.27 16.7 13.9
G76-53 03 01. 47 +14 27.7 dF + 1 0.27 16.9 14.1
G39-40 04 4 9 55 +30 43. 0 dK +1. 3 6 (+1) 0.81 14.6 14.1
G102-33 05 47 29 +17 18. 8 ? +1 0.61 16.2 15.1
G102-34 05 48 07 +10 56,4 d? + 1 0.70 15.2 14.4
G99-45 05 52 47 + 00 41,7 dK + 1,18 (+1) 0.81 15.6 15.1
G109-27 06 44 33 +17 43.3 dK? + 1 0.27 16.0 13.1
G109-47 07 06 49 +18 10.5 sd or dG +1 0.28 14.9 12.1
G107-56 07 09 40 + 41 25, 0 d or sd +1 0.58 16.0 14.8
Glll-64 08 10 33 + 48 54. 8 sd? 0 0.28 15.3 12.5
G9-25 ..08 ,4 8' 15 + 22 28.2 dK +1 0.55 16.4 15.1
G252-27 09 00 25 + 83 27.0 DA,F + 1 0.60 17.2 16.1
G116-5 09 05 33 +36 37,2 sd +1 0.29 16,0 13,3
G46-37 09 20 22 +01 16,2 DA,F + 0.54 CO)' 0.3 7 16,9 14.7
G236-45 10 52 32 +70 34,6 . sdK +1 0.40 16.8 14. 8
G12 0-49 ' 11 23 37 + 22 15,6 sdK ' + 1 0.58 16,2 ■ 15.0
G120-51 11 .24 47 +23 06.1 d or sdK +1. 2 0 C+1) 0.68 15.6 14.8
G122-42 11 41 08 + 41 01.1 dK +1 0.73 15.9 15.2
G237-42 12- 02 09 + 67 14.8 ■ sd? +1 0.41 16.8 14.9
G198-36 12 12 22 +3 9 02.3 sd? + 1 0.51 16.9 15.4
G197-55 12 17 3 6 + 54 28.7 dK +1 0.4 8 16.0 14.4
G62-27 13 13 43 + 00 40,4 sdK? +1 0.47 16.6 15.0
G149-75 13 15 33 +16 30,9 d? +1 0,57 16.2 . 15.0
G195-71 ,13 25 49 +58 10.4 sdF? 0 0.49 16,1 14.6
G167r-25 15 07 33 + 24 01,3 d +1 0,51 16.2 14,7
6226-48 17 08 01 + 57 01.0 sdK +1 0.48 16.6 15.0
6226-53 ' 17 17 42 + 53 39,2 sdK +1 0,39 17.0 15.0
619-23 17 21 47 -01 10,4 sdK +1.36 C+l) 0.51 16.0 14.5
G139-46 . 17 31 42 + 10 43.8 sd +1 0.27 15.1 12.3
G154-19 17 43 49 -12 57 . 0 dK +1.26 ( + 1) 0.67 15.9 15.0



Table 3.— Continued Nondegenerate stars observed.

Name a 6 Sp Color y mpg H
G154-23 17 45 48 — 16 21.4 sdF +0.40(0) 0.29 16.4 13.7
G2 04-4 8 18 08 31 + 40 23.4 dK + 1 0.84 15.3 14.9
G184-15 18 37 45 +16 22.9 dG? + 1 0.53 16.3 14.9
G22-0 5 18 49 56 + 03 52,4 dK +1,14(1) 0.60 14.1 13.0
G185-24 19 25 00 + 22 31,3 sdG +1 0.27 15.7 12.9
G262-21 20 34 41 + 64 43.4 sdG? 0 0.27 14,1 11,2
G262-22 20 34 45 + 64 43.1 d or sdF +1 0.27 15,5 12.7
G263-7 21 42 26 + 70 55. 0 sdK? + 1 0.34 17.0 14.6
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4. The lines present appear to show pressure broadening.

This is the criterion used to distinguish, for 
example, DAF white dwarfs from subdwarfs.■

5. Ca II H and K and pressure-broadened' ultraviolet
FE I the only lines present (DG).

6. Ca II H and K and Ca I X 4227 present and pressure
broadened (DK).

Stars not meeting the above criteria were generally 
classified as dwarfs or subdwarfs, although in many cases 
their spectra are almost as unusual as those of the degener
ate stars. We have tried as far as possible to follow 
Greenstein 1s- (Eggen and Greenstein, 1967) classification 
scheme for later spectral types. We note, however, that 
great difficulties exist in classifying such stars and in 
many cases trigonometric parallaxes will be needed to 
determine whether the star is truly a white dwarf. A number 
of degenerate stars were probably overlooked, since, for 
example, stars combining the characteristics of both com
paratively sharp-lined DA stars and fairly sharp-lined DF 
stars would not be recognized by us as degenerate. Two 
stars which do not satisfy the above degeneracy critefia are 
nevertheless classified DA,F. The photometry available for
those stars, G46-37 and G252-27, indicates that they must be

< ■
far below the main sequence to be bound to the galaxy.
While their spectral features are rather weak, they are not
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particularly broad. However, on the basis of the results 
reported in Chapter 6, we believe that the observed spectra 
are compatible with the quoted classifications,

Spectral classes for program stars not certainly 
degenerate were assigned to copform closely to the MKK 
system (Morgan, Keenan, and Kellman, 194 3) although in many 
cases the stars are extremely weak-lined, rendering classi
fication difficult. For these subdwarfs, classification 
was accomplished by matching the Balmer line strengths with 
those of main sequence classification stars. For stars of. 
later spectral types, the relative line strengths of neutral 
and ionized calcium were used to assign a spectral type.
Our spectral types should therefore be fairly composition- 
independent, although coarse.

Discussion
It is of great importance in the present context to 

ensure that the stars classified as white dwarfs truly have 
low surface temperatures-— that is, to determine whether the 
Lowell color classification scheme is sufficiently accurate, 
Broad-band photometry is available for 14 of the 53 new de
generate stars in Table 2. Eleven of these stars have B - V 
values of 0.4 or greater.. All of these were assigned to 
color classes 0 by Giclas et al . (1971).

Eleven others are assigned to color class +1 by 
Giclas et al. Photometry of color class +1 objects in



certain Lowell survey regions (Eggen, 1969) indicates that 
their average B - V is 0.8 mag, and further, that almost all 
such stars are redder than B - V = 0.40. For some of the 
very early Lowell survey regions the color estimates are 
much less reliable, as is evident from the large number of 
objects assigned to color class +1 on these plates, However, 
the earliest plate on which any of our 11 color class +1 
white dwarfs appears i s 'number 77, and all 11 of these stars 
are therefore probably redder than B - V = 0.4, Thus, Table 
2 contains at least 21 stars which are redder than B - V ?= .
0.4. Eighteen of these, from their spectra, appear cer
tainly degenerate, while the other three probably are. Some 
of the other stars in Table 2 may. also prove to be red. For 
instance, Luyten assigns color classes of g-k and f-g to 
G256-7 (LP 8-4 6) and G257-38 (LP 43-146), respectively. The 
new white dwarfs listed in Table 2 will, therefore, approxi
mately double the number of known white dwarfs with B - V 
2 0.40.

It may also be significant that this investigation 
has produced a higher percentage of red degenerates among 
the candidate stars than previous investigations, suggesting 
that the selection effects discussed previously may indeed 
be operative. Results published by Greenstein (1971) indi
cate that in his various investigations about 11 per cent or 
less of his red candidates have proved to be degenerate 
stars. In the sample of the 4 6 Lowell Survey proper-motion
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stars of color class +1 for which we obtained spectra, at 
least 11 and possibly 13, or 24-28 per cent, were found to 
be degenerate.^ In this context it is of interest to com
pare the reduced proper motions, H, for the two samples.
For the stars in Greenstein's fainter (by 1 mag or more) 
sample (Table 4 of Greenstein, 1971), m ^  = 15.6 and H = 
14.4. The corresponding values for the present sample of 
color class +1 candidates are m ^  = 15.6 and H = 14.4. (The 
average values of m^^ and H for the nine certainly degener
ate stars in our sample are 16.0 and 14.9, respectively, 
only slightly higher than the averages ..for the whole sample.) 
Thus, our sample averaged one photographic magnitude dimmer 
and two magnitudes larger in H than Greenstein's faintest 
collection of candidates. We therefore suggest that our 
finding rate for red degenerate stars is greater because the 
reduced proper motion of stars in our sample are consider
ably larger than those in previous investigations.

Weidemann's (1967) analysis of white dwarfs with 
well-determined parallaxes indicate no deficit of cool white 
dwarfs as compared with the Mestel and Rudermann (1967) 
cooling theory. In order to compare our results directly 
with the cooling theory, we require a complete sample of 
stars to specified limits of apparent magnitude and proper

1. About 70 per cent of our candidates in color 
class 0 proved to be white dwarfs, some of them with (B - V) 
2 0.4. However, this sample was highly selective and there
fore does not provide reliable statistics.



motion, together with photometry (and bolometric correc
tions) for all candidates. This is the ultimate goal of our 
survey. The present data, however, indicate that the de
ficiency of cool white dwarfs found by Greensfein (1971) may 
be due at least in part to selection effects associated with 
the magnitude limit of earlier surveys. Given the various 
additional selection effects which operate against finding 
cool white dwarfs (e.g., the convergence of the white dwarf 
sequence and the main sequence at lower temperatures, the 
difficulty of classifying certain white dwarf spectra, and 
the decreasing completeness and accuracy of the proper- 
motion survey material near the faint limit), cool white 
dwarfs may even turn out to be present in numbers consistent 
with the cooling theory.



CHAPTER 4

A COOL DEGENERATE DWARF WITH 
A METAL RICH ATMOSPHERE

Among the new white dwarfs discussed in Chapter 3 is 
a cool degenerate dwarf possessing a rich variety of strong 
atomic and molecular adsorption features. While the spectra 
of most white dwarfs contain lines of only one element in a 
single stage of ionization, the spectrum of G165-7 is 
dominated by strong features of Ca I, Ca II, Fe I, Mg I, and 
probably CH. Due to this'line.blanketing, G165-7 has highly 
unusual broadband colors.

G165-7 was identified as a high proper motion star 
in the Lowell proper motion survey (Giclas, Burnham, and 
Thomas, 1964). Giclas et al. published the following param
eters for this star: y = 0.58"/yr, mpg = 16, color class 
= 0 .  On the basis of our first spectrum, which was under
exposed at shorter wavelengths, G165-7 was classified by 
Hintzen and Strittmatter.(1974) as a DK white dwarf (pressure 
broadened lines of Ca I and Ca II present). Photometry and 
two well-exposed spectra were then obtained for this star. 
These data confirm its identification as a degenerate dwarf 
and reveal numerous additional absorption features.

27



The Observations 
Photometric observations of G165-7 were obtained 

using the computer controlled photometer at the Steward 
Observatory 90-inch telescope. The data yielded V = 16.04, 
(B - V) = 0.84, (U - B) = 0.74, with probable errors smaller 
than 0.04 magnitudes. The (B - V) color corresponds to a 
main sequence spectral type of K0, However, while most 
white dwarfs are found close to the black body line in the 
color-color diagram, G165-7 shows a deficiency of 0.7 magni
tudes in the (U - B) index. The unusually weak ultraviolet 
continuum is apparently due to the extensive line blanketing 
described below, while the continuum in the visual and near 
infrared (Greenstein, 1975) gives a temperature near 6000°K 
when fit to He rich model atmospheres of solar metal 
abundances (Shipman, 1972).

Identification of G165-7 as a degenerate star was 
originally made on the basis of the broadening of its 
spectral features, and this identification is confirmed by 
the photometry. With its large proper motion, G165-7 would 
have to be fainter than = 9.5 in order to have a trans
verse velocity smaller than 600 km/sec. As this luminosity

,is three and one-half magnitudes fainter than the main 
sequence value for (B — V) - 0.84, the identification of 
G165-7 as a degenerate dwarf seems sound.

The spectra were taken at the Steward Observatory 
90-inch telescope with the Cassegrain spectrograph and the
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RCA 33063 two-stage image tube system. The two spectra wore 
taken at a dispersion 90A/mm and were widened 0.4 mm. ;Both 
spectra were traced on the PDS microphotometer at the Kitt 
Peak National Observatory, The PDS data were then reduced 
using the KPNO CDC 6400 computer, A composite trace is 
given in Figures 3 and 4 with the prominent spectral features 
labeled. The strong blanketing below 4000& and extensive 
absorption systems above 4200& produce a spectrum unique 
among known degenerate stars and give rise to its unusual 
(B - V) color.

The most obviously identifiable features in the 
spectrum are the 42 26A line of Ca I and H and K of Ca II.
The former is much stronger and sharper in the spectrum of 
G165-7 than in that of van.Maanen 2 (Bohm et al., 1972), or 
indeed, any other known white dwarf, Wegner (1972) has 
suggested that the weakness of Ca I in van Maanen 2 is a 
consequence of its extremely low metal abundance, As G165-7 
is both much redder than van Maanen 2, for which (B - V) = 
0.56 (Eggen and Greenstein, 1965), and obviously much richer 
in surface.metals, the strength of Ca I is not surprising.

In the ultraviolet, the spectrum of G16 5-7 generally 
resembles that of van Maanen 2 (Greenstein, 195 6), with 
particularly marked apparent blends around 37 2QA and 3820il. 
This suggests a strong absorption contribution from Fe I.
In order to evaluate this possibility, the strongest Fe I 
lines arising from.low level transitions were chosen from
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the Multiplet Table of Astrophysical Interest (Moore, 1945) 
The multiplet numbers, wavelengths, and relative strengths 
of these lines, all taken from Moore, are listed in Table
4. When strong lines from the same multiplet are separated 
by less than the instrumental resolution (about 4A), their 
weighted mean wavelength, and total relative strength are 
listed. The positions of these lines have been marked in 
Figures 3 and 4. The features expected at 3860&, 3820ll, 
3720A, 3581a , and 344lA are all present. , Of the six 
strongest lines listed, only X 37 35& appears weaker than 
expected. However, in van Maanen 2 this line is also con
siderably weaker than X372.0il. Therefore, the identification 
of Fe I in the atmosphere of G165.-7 seems reasonably secure. 
It is therefore noteworthy that the strong absorption 
features at 4390A and 4060A coincide with Fe I lines which 
are strong in normal main sequence stars. We therefore 
suggest that these features are the result of pressure 
broadened Fe I lines„ If this is true, the well-known Mn I 
lines at 4031-4$. probably contribute to the short wavelength 
end of the 4060$ feature. Pressure broadened Fe I lines may 
also contribute to the features at 4140A and 4266A. In this 
context we note that Greenstein (1971), in discussing the 
DM candidates for which he has spectra, described a broad 
absorption feature above Ca I which he tentatively attrib
uted to quasi-molecular Ca or blended metallic lines.
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Table 4, Fel lines predicted.

Multiplet A (A) Intensity Multiplet AC&) Intensity
4 3860 3 50 23 3581 250
5 3 7 20 300 24 3570 100

3737 150 3565 60
6 3441 275 .41 4384 45

4405 30
2 0 3820 250 4415 20

3826 200
43 4046 60

21 3735 300 4064 45
3749 200 4072 40
3758 150
3765 180

The G band is probably the main constituent of the 
absorption feature at 4 300il and, of course, may be blended 
with various metallic lines. No pronounced evidence of C2 
absorption is, however, seen in the vicinity of 4 670A.

The Mg I blend at 3832& is much stronger with 
respect to Fe I 3320A than it is in van Maanen 2. Similarly, 
the blended Mg I triplet at 5170A is very strong in the 
spectrum of G165-7, while it is barely detectable in van 
Maanen 2 (Bohm et al., 1972).

Discussion and Summary 
The spectra of most known white dwarfs contain lines 

of one or occasionally two elements, with each element
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detectable in.only one ionization state. The spectrum of 
G165-7, however, contains strong features due to Ca I, Ca II, 
Fe I, Mg I, and possibly OH and Mn I. The rich variety of 
surface metals in G165-7 therefore provides a sharp contrast 
to the metal deficient atmospheres of normal white dwarfs.I
If gravitational settling causes the surface metal defi
ciencies observed in most white dwarfs, the onset of con
vection at lower temperatures could bring metals to the 
surface as the star cools, giving rise to a metal-rich 
spectrum like that of G165-7. However, the sample of known 
degenerate dwarfs with (B - V) > 0 . 6  includes no metal-rich 
stars except G165-7. We therefore consider it more probable 
that peculiarities in the prewhite dwarf evolution of G165-7 
have caused its anomalous surface abundances. In either 
case, accurate abundance analyses of G165-7 are certainly 
needed.



CHAPTER 5

THE MODELS

Numerous investigators, including Terashita and 
Matsushima (19 69) , Wickramashinge (1972) , and Shipman. (1972) , 
have computed extensive grids of model atmospheres for DA 
white dwarfs. They were primarily concerned with matching 
spectral features of the known DA's and therefore with 
models with T^ 1 10Z000°K, Recent calculations of cool, 
hydrogen-rich white dwarf atmospheres have been made be 
Shipman (1971) and Wehrse (1972), Wehrse's models were 
computed for effective temperatures of 570Q°K and 5100°K, 
at a gravity of log g = 8, and with solar compositions. He 
included blanketing effects, but made only approximate 
corrections for the effects of convection. He concludes 
that metal abundances in known degenerates must be sub
stantially reduced with respect to the sun. Calculations by 
Shipman (1971) included hydrogen-rich models at Te = 10,000, 
8,000, and 6,000°K with solar composition. Convection was 
not considered in these calculations but Balmer line pro
files were calculated and published along with emergent 
fluxes for the models. Shipman's results indicate that 
hydrogen line equivalent widths are virtually independent of 
gravity for the low temperature models.

35
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At lower temperatures convection should become in

creasingly important in DA white dwarfs, and the radiative 
models calculated by these investigators are of questionable 
applicability. Therefore, a grid of cool DA atmospheric 
models was computed for this project. Models were computed 
at gravities of 10^, 10^, and 10  ̂ so that "main sequence" 
atmospheric traits could be compared with those of our de
generate star models. The effective temperatures considered 
were 10,000, 8,000, and 6,000°K. Solar abundances were used
for one set of models and a second set with metals depleted

2by a factor of 10 with respect to solar abundances was 
calculated for the 6000°K models.

The Calculations
The models were calculated using the Atlas 5 model 

atmospheres program written by R, L. Kurucz. This program 
is extremely well documented by Kurucz (1970) , and, there
fore, only aspects of the program of particular interest to 
the calculation of white dwarf atmospheres will be discussed 
here.

The normal assumptions of plane-parallel atmospheres, 
LTE, and uniform composition were make in the calculations. 
The first should, of course, pose no problem for the small
scale heights of the atmosphere considered. Also, because
of the high densities of these atmospheres, LTE should be a 
good assumption for nearly all phases of these calculations,
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2except possibly in the cores of extremely strong lines. 

However, as our primary interest lies in predicting spectral 
characteristics observable at classification dispersions, 
this non-LTE effect should be unimportant for our results.

The third assumption, that of uniform composition 
throughout each atmosphere, seems the least reliable. 
Gravitational settling of heavy elements is generally con
sidered the most reasonable method of producing the one- 
element spectra generally observed in the hot white dwarfs 
(Strittmatter and Wickramasinghef 1971? Shipman, 1971) .
Since it is virtually certain that the progenitors of many 
white dwarfs possessed approximately solar metal abundances, 
some method of masking these abundances is needed. This 
settling and its effects might be disrupted by several 
processes, such as meridional mixing or accretion of 
material from the interstellar medium (Strittmatter and 
Wickramas inghe, 1971). However, if freed from these effects, 
the process would apparently work and it thus provides a 
natural explanation for the appearance of white dwarf 
spectra. Therefore, its effect on model atmosphere calcula
tions should be seriously considered. Unfortunately, there 
are presently no accurate methods available to calculate the 
effects of the various processes involved in augmenting and

2. Greenstein and Peterson (1973) reported evidence 
of non-LTE effects in the cores of hydroden lines in hot ■
DA white' dwarfs.
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retarding selective settling. Therefore, we only note that 
this effect may be important and that it has not been con
sidered in our models.

All opacity sources available in Atlas 5 and rele
vant at the temperatures considered were included in our 
calculations. There were H , H I , hydrogen line blanketing, 
HeI, He™, H2+, H2 , DI, Mgl, All, Sil, NI, 01, Mgll, Sill, 
Call, and Rayleigh scattering. Omitted was H2 , which con
tributes some continuum opacity in the ultraviolet (Wehrse, 
1972) .

Convection is important in all of the degenerate 
star models calculated and it was included in the calcula
tions using the standard mixing length theory. However, 
since the opacities in a typical degenerate star atmosphere 
are much larger than in main sequence stars of similar 
temperature, one pressure scale height extends over a sub
stantial portion of the upper atmospheres of white dwarfs. 
Therefore, in order to prevent convective overshoot in our 
calculated models, a mixing length of 0.5 times the pressure 
scale height was used in ell of the models calculated. The 
only main sequence model for which convection is important 
is that for which T^ = 6000°K. The mixing length used is 
smaller than generally considered appropriate for the main 
sequence, but for comparison with models of degenerate stars 
of similar temperature, it seems advisable to keep model 
parameters as uniform as possible.
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Evaluation of the Models

In order to evaluate the accuracy of the present 
calculations, those for log g = 4 have been compared with 
the Smithsonian grid models (Carbon and Gingerich, 1969). 
Both sets of models include the opacities listed in the 
previous section. However, the Smithsonian models include 
approximate corrections for metallic line blanketing' in . 
models with < 8500°K. We therefore expect the Smith
sonian models to be somewhat hotter than ours at 8000 and 
6000°K. Further, these cooler models are convective, and 
the convective mixing length for the Smithsonian grid was 
set equal to 1,5 or 2 times the pressure scale height. As 
we used mixing lengths of 0.5 times the pressure scale 
height, our treatments of convection may cause the two sets 
of models to differ. Finally, slightly different methods of 
correcting for Balmer line blanketing were used in the two 
sets of models. Triangular line profiles were used by 
Carbon and Gingerich to correct for line blanketing by the 
first six Balmer lines. Due to the large variation in 
Balmer line equivalent widths for our models, a more de
tailed approach to line blanketing was necessary. Up to 
nine frequency points were used to delineate each of the 
first seven Balmer lines.

The best temperature at which to compare our models 
is therefore 10,000°K, as at this temperature, convection is 
unimportant and the Smithsonian grid is not metal line



40
blanketed. The T - t relations for both models are plotted 
in Figure 5, and they agree extremely well. Monochromatic 
fluxes for 3000A to 5500A are plotted for these models in 
Figure 7 (p. 45). Again, agreement is good; the fluxes 
differ by less than 1%,

Comparison of Balmer line equivalent widths computed 
from the two sets of models gives agreement to within about 
3%.

Probably the greatest source of uncertainty in the 
degenerate star models is our ignorance of possible impor- . 
tant molecular opacities at low temperatures and high 
pressure. The omission of the opacity from our calcula
tions is, of course, a source of, non-negligible error.. How
ever, H^- is significant only for the cool models, and its 
absorption occurs well shortward of the peak emission wave
lengths for these models. Therefore, its inclusion should 
cause no great change in the derived line profiles and 
emergent fluxes.

The treatment of convection also involves a large 
degree of uncertainty. Our arbitrary assignment of mixing 
lengths allows no assumption of extreme precision in the 
resulting T - x relation. However, as our primary concern 
is with qualitative and approximate quantitative uses for 
the emergent fluxes and line profiles derived from the 
models, our treatment of convection should cause no serious 
errors.
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Figure 5, Hot model temperature-optical depth relations -- 
(a) T-t (5000), Te = 10,000°K, log g = 4; (b)
T-t (Ross), Te = 10,000°K, log g = 4; (c) T-
t (Ross), Te = 10,000°K, log g = 8; (d) T-
T (5000) , T = 8, 000°K, log g = 4; (e) T-t CRo s s ) ,
Te = 8 ,000°K, log g = 4; (f) T-t(Ross), Te =
8,000°K, log g = 8. The relations for the 
Smithsonian main sequence models are denoted 
by H's,
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The applicability of such models to interpretation 

of observed degenerate stars should also be considered. 
Previous analyses (Strittmatter and Wickramasinghe, 1971) 
have indicated that the classical D A 1s must be metal defi
cient with respect to solar abundances in order to explain 
the absence of detectable metallic lines in their spectra, 
Thus, our solar abundance models may well be richer in 
metals than existing DA white dwarfs at the temperatures 
considered. For the 10,000°K and,800 0°K white dwarfs this 
should cause little error in the observed visual fluxes, as. 
the dominant opacities are hydrogen-bound-free and H , with 
hydrogen providing a majority of the electrons. However, in 
the cooler models metals provide most of the electrons for 
the H opacity, and changes in the metal abundances substan
tially change the fluxes in the observable range. For these
temperatures models are also calculated with metal abundances 

-2at 10 times solar. However, if the cool degenerate stars 
which exist at these temperatures are even more metal de
ficient, our conclusions based on our atmospheric calcula
tions may be invalid.

Results
In order to identify major features of the models 

calculated, T vs, x relations and emergent monochromatic 
fluxes are graphed in this section. The information
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presented is used to identify the effects of variations in 
gravity, line blanketing, compositions, and convection.

In Figures 5 and 6 are graphed the T - t relations 
for the various models. The effects of convection, which 
becomes more important as gravity is increased, are imme
diately evident. The main sequence models are cooler at 
small t's and hotter at t 1s > 1 than their degenerate star 
counterparts, since convection in the latter stars reduces 
the temperature gradient in the convection zone. The outer 
layers of the convective atmosphere are hotter, in order to 
preserve the total flux. This change in the character of 
the T - t relation with gravity is evident at each tempera
ture, although at 60 00°K the main sequence models are con
vective as well, and therefore show the same effects as the 
degenerate models, although not as strongly.

In Figures 5 through 10 the temperature vs. rhox
x

(-/ pdx) relations are presented for the models at each 
temperature. The great effect of gravity on opacity is 
evident; the main sequence models require a much deeper mass 
layer than the degenerate models to reach a given tempera
ture. Since H is the dominant source of continuum opacity

2for the degenerate star models, and nH-ap , this opacity • 
effect is extremely dramatic in the present models.

The effect of the H dependence on gravity is also 
seen in the emergent fluxes (Figures 7-9). At any of the 
temperatures considered, as gravity increases,
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increases, and the Balmer jump becomes shallower. At higher 
or lower temperatures this phenomenon should disappear, as 
one or the other opacity source becomes unimportant.



CHAPTER 6

ON THE EXISTENCE OF COOL DEGENERATE 
SUBDWARFS

In Chapter 3 we showed that the detection rate of
cool degenerate stars could be enhanced by restricting the
sample to high proper motion stars which were fainter than
those studied previously. Nonetheless the success rate
(24-28 per cent) was disappointingly low. Furthermore, the
failures classified mainly as subdwarfs, lead to a second
problem in that they must have exceedingly high space
motions. We are therefore led to suspect that something is

3amiss with the spectral classification scheme.
This possibility is supported by the observation 

that virtually all cool white dwarf spectra appear peculiar 
and probably hydrogen deficient. Most are classified DC 
with some DF, DG, and DK. If, as suggested by Weidemann 
(1960), the DF star's are the cool counterparts of the most 
populous DA class of hydrogen-rich degenerates, they should 
form a larger percentage of the known cool degenerates than 
is observed. We therefore present a model atmosphere study 
to determine the predicted spectral characteristics of cool

3. That, the difficulty might be in the classifica
tion scheme was first suggested to us by Eggen (1971).
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degenerates and compare them with stars of lower gravity.
Our results suggest that cool hydrogen-rich white dwarfs may 
be indistinguishable from subdwarfs using current spectro
scopic techniques.

The Calculations 
The model atmospheres used are those discussed in 

Chapter 5, which were computed using the Atlas 5 program of 
Kurucz (1970). Opacities included were H , HI, hydrogen 
line blanketing, Hel, He , H^+z H ^ , Cl, Mgl, All, Sil, N I ,. 
01, MglI, Sill, Call, and Rayleigh scattering. The atmos
pheres were composed of 90% hydrogen, 10% helium by number.

-2Two sets of metallic abundances were used; solar and 10 
times solar. Convective transport of energy was included 
in the calculations, with the mixing length equal to 0.5 
times the pressure scale height. The models are flux 
constant to an accuracy of better than 1% in radiative 
regions and better than 3% in convective regions.

The figures show the principal results as far as the 
present discussion is concerned. In Figure 11 (a-c), Hy 
profiles are plotted for main sequence (log g = 4) and de
generate models (log g = 8). Figures 11(d) and 11(e) 
contain line profiles for the Call K and Ca I 4227 lines, 
respectively, for the Te£f = 6000°K models. Finally, in 
Table 5, we list values of a Balmer jump index (log F^(4200)/ 
F ^ (3647)) for the main sequence and degenerate models.



Figure 11. Line profiles —  (a)-(c) The dependence of the line profile on gravity 
for Hy is shown for models with Te = 10,000, 8,000, and 6,000°K, 
respectively; (d) the dependence of the Call K line profile on gravity
and composition is shown at Te = 6,000°K; (e) similar information is
shown for Cal A4226. For each profile, the legends give the effective 
temperature (10^ °K), log g, and metal abundance relative to solar.
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Table 5. Log (F̂  (.42 00) /F^ C3 647) )

Teff'(103 °K), Metal abundance
log g 10, 1.0 8, 1.0 6, 1.0 6, 0.01

4 0.37 0.39 0.11 0.10
8 0. 07 — 0.01 0,00 0,04

Discussion
The normal method of distinguishing hydrogen^rich 

white dwarfs from non-degenerate stars is by means of the 
strong wings in the hydrogen lines. From the Hy profiles in 
Figure ll(a-c) , it is clear that white dwarfs with T ^ ^  i 
10,000°K may readily be distinguished from non-degenerate 
stars by the broadening of the Balmer lines alone„ At 
80 00°K, h o w e v e r H  opacity becomes dominant for the log 
g = 8  models and the resulting increase in the continuum 
opacity produces weaker lines for the degenerate star 
models. Identification of the white dwarfs at this tempera
ture, therefore, becomes somewhat less sure. The white 
dwarfs may still be distinguishable by the smaller number of 
visible Balmer lines (Eggqn and Greenstein, 1965); this is 
in part due to the increase in H opacity which reduces the 
overall line strength and partly to the pressure ionization 
of the upper atomic levels. For effective temperatures near



6000°K/ however, the line profiles are virtually independent 
of gravity except for a small decrease in central depth at 
higher gravity due to the increase in H opacity. At this 
temperature, the Balmer series is too weak (due to the 
reduced population of the n = 2 level) for the higher series 
members to act as useful gravity indicators. The differ
ence in behavior of the H lines with gravity as the tempera
ture is reduced has long been understood in terms of the 
change in continuum opacity from neutral hydrogen to H 
opacity. Briefly, the line opacity £^(AA) at wavelength AA 
from the line center is given by (Unsold, 1955) :

(AA) a n Hne F(T) (1)

where F i s a  function of T. For higher temperatures the 
continuum opacity is due to neutral hydrogen so that Kan^, 
while at lower values of T, H opacity is dominant so that 
Kcxn^n^. The line profile at fixed T is determined by the 
ratio

&,(AA) an (higher temperatures)
R = —   (2)

(AA) a const, (lower temperatures)

Thus at lower temperatures, there is no density or 
gravity dependence of the line profile. The hydrogen lines

4. The remaining weak g dependence in the core of 
the observable lines is due entirely to H~ changes and can 
be reproduced equally well by small variations in tempera
ture .
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are then virtually useless as a gravity indicator and, hence, 
as a white dwarf discriminant.

Other lines may, however, be more useful in detect
ing cool degenerates and we have considered the Ca II K line 
as an alternative. At T ^ 6000°K, the wings of this line are 
due to van der Waals broadening by neutral hydrogen. We have 
adopted a broadening coefficient log = -32.3 (Allen, 1973) 
to derive the collisional damping constant r^Q^l a nH* The 
computed profiles (Figure 11) show that at log (g) = 8, the line 
is substantially broader than for main sequence stars if the 
Ca abundance is solar. The variation in depth of the wing 
of the line at fixed AX may again be understood by consider
ing the ratio R which in the case of Ca II is given by

(AX) nCaIircoll nCaII H nCaII
« -  ^ r e r r  “ “ " X ”  131

Since at this temperature and composition, the electrons
come mainly from metals, the ratio of n_, TT/n should varyCall e
only slowly with gravity. It is the difference in ioniza
tion potential between Call and more abundant neutral 
metals (C, N , O , etc.) that accounts for the increase in R 
with increasing gravity. It does, however, appear that Call 
could provide a gravity index if (1) sufficiently accurate
profiles are obtained and (2) the abundances are solar. On

- 2the other hand, a reduction in metal abundance to 10 of 
the solar value gives a Call profile which is actually 
sharper than that of a main sequence star of solar



composition (Figure 11 [d]). It appears that such a star
would be classified as a subdwarf on the basis of its
spectrum. In terms of equation (3), this may be understood
as an increase in the relative contribution of electrons
from hydrogen as the metal abundance is decreased. Previous
investigations of abundances in white dwarf atmospheres
(cf. Strittmatter and Wickramasinghe, 1971) indicate that
among DA's the metals are deficient by at least a factor of
10 (no metal lines are detected). If this paucity is
maintained as the stars cool, the Call lines would likewise.
be useless as gravity indicators.

Before leaving the question of line profiles, we
should comment on line strengths of neutral atoms such as
Cal and Nal. The results for Cal 14226 (log = 31.8)
plotted in Figure 11(e) show that at fixed metal abundances
the line is quite sensitive to gravity. If metals are

2depleted by a factor of 10 in the white dwarf, the profile 
is indistinguishable from that of a solar composition main 
sequence star and the line is probably not detectable at low 
dispersions. It thus appears that extreme caution must be 
exercised in using currenj- spectral classification tech^ 
niques for cool white dwarfs. It seems to us very probable 
that many metal deficient white dwarfs may have been 
erroneously classified as subdwarfs on the basis of their 
comparatively sharp lines.
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So far we have only been able to find one clear-cut 

gravity indicator, the strength of the Balmer jump (.see 
TAble 5). This, of course, works only in the transition 
region where neutral hydrogen gives way to H as the prin
cipal source of opacity. Once H is dominant, there is no 
longer a strong gravity dependence„ The sensitivity of the 
Balmer jump to gravity thus declines at temperatures lower
than 8000°K but is probably still measurable at 6000°K,

\
Within the transition zone, the effect of the H opacity is 
to produce an ultraviolet excess which is indeed a property 
of the stars in Eggen's (1968) list of potential cool de
generates. While this ultraviolet excess could also be due 
to metal deficiency (Or to both), we feel that the spectro
scopic classification of these stars as subdwarfs 
(Greenstein, 1971) must be considered tentative, especially 
in view of their high proper motion.

The most reliable method of distinguishing cool 
degenerate stars is from parallax measures. The sample 
available is, however, rather small at present and a pro
gram to determine distances to faint high proper motion 
stars with "subdwarf" type spectra is urgently required.

Finally, some comment on the possible metal defi
ciency of cool hydrogen-rich degenerates is required. These 
stars, which would have "gubdwarf" spectra, could be viewed 
as the cool counterparts of the DA white dwarfs in which a 
substantial degree of metal deficiency has been established.
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The most likely explanation of this deficiency is in terms 
of gravitational settling. (Strittmatter and Wickramasinghe, 
1971; Shipman, 1972), As the stars cool, however, a con
vection zone is established in the non-degenerate outer 
envelope and should eventually extend either till a composi
tion discontinuity or the degenerate zone is reached. Some 
fraction of the elements which have settled out of the 
atmosphere should therefore be brought back to the surface, 
The proportion clearly depends, inter alia, on the thickness 
of the hydrogen-rich layer, the depth of the convection zone, 
and the depth to which material could settle in a cooling 
time. The metal deficiency of hydrogen-rich, cool white 
dwarfs may thus provide important.information on the 
structure of the outer.layers of these stars.

Summary
It appears from our calculations that cool, metal 

deficient degenerate stars may readily be confused spectro
scopically with classical subdwarfs. In particular, it is 
not possible to conclude, simply from the presence of "sharp" 
metal lines that a star is non-degenerate (Greenstein, 1975). 
The present calculations indeed suggest that there may well . 
be a significant number of metal deficient cool degenerates 
among the large number of "subdwarfs" found among faint, 
cool, high proper motion stars (Greenstein, 1971; Hintzen
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and Strittmatter, 197 4). If so, these must be taken into 
account in any study of white dwarf cooling times«



CHAPTER 7

SUMMARY

This investigation was designed to evaluate the 
apparent deficiency (compared to theoretical predictions) of 
cool degenerate stars, which has been frequently discussed 
by Greenstein (1971). Two approaches to the problem were 
employed: a spectroscopic survey designed to identify red
degenerates among likely candidates, and a model atmospheres 
study of the spectroscopic and photometric differences 
between red dwarfs and red degenerate stars.

Our observational survey was based on the hypothesis 
that the surveys reported by Greenstein (1969b) were un
successful because they include mostly rather bright (M < 16) 
candidates. As cool degenerates are 3 to 4 magnitudes 
fainter in M^ than blue degenerate stars, it seemed prob
able that extending the spectroscopic surveys to fainter 
apparent magnitudes might produce a considerable increase in 
the number of red degenerates identified.

Candidate stars were therefore chosen on the basis 
of the Giclas Proper Motion Survey, Proper motion stars in 
color class +1 were considered if their reduced proper 
motions were sufficiently large. Color class 0 members were
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also considered, but preference was given to those identi
fied as "cool" from published colors.

Our spectroscopic study of a sample of these candi
dates resulted in the discovery of two dozen red degenerate 
stars, and therefore approximately doubled the number of 
known degenerate stars with B - V _> 0.4. About 27% of our 
candidates are identified as degenerates, a considerable 
improvement over the previously quoted results for brighter 
samples.

Yet several of the apparent nondegenerates in our 
sample pose a further problem. For luminosities near the 
main sequence, their proper motions and apparent magnitudes 
imply unreasonably large space motions. .As this problem 
had previously been noted by both Eggen and Greenstein for 
other faint proper motion stars with apparently non
degenerate spectra, we suspected that red degenerates were 
being incorrectly classified as subdwarfs. This suspicion 
was lent credence by the fact that hydrogen lines are found 
to be less gravity dependent as stellar effective tempera
tures are decreased.

We therefore computed atmospheric models for white 
dwarfs at the temperatures under investigation. Line
profiles obtained from these models indicate that red

/

degenerates with Tg ^ 6000°K and depleted surface metals 
would be extremely difficult to identify spectroscopically. 
Their hydrogen and calcium line profiles would strongly
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resemble those of classical subdwarfs. Three apparently 
degenerate stars whose spectral features match our predic
tions have been tentatively identified.

The above results indicate that the existence or at 
least the extent of the red degenerate star deficiency 
postulated by Greenstein is uncertain. More spectroscopic 
and photometric observations of candidate cool degenerates 
are certainly needed. Also, in light of the results of our 
atmospheric calculations, parallax observations of peculiar 
"subdwarfs" would certainly be extremely valuable. Un
fortunately, such observations are so time consuming that 
it is unlikely that observatories would add such an uncer
tain program to their parallax studies.

While a satisfactory solution to the red degenerate 
star cooling problem has yet to be achieved, the present 
study may represent a considerable advance in our under
standing of degenerate star evolution.



APPENDIX A

THE DEPENDENCE OF DEBYE TEMPERATURE ON MASS

From Mestel and Rudermann (19 67) , the Debye 
temperature depends only on the density.

6D * /p (1)

For a star in equilibrium, the gravitational force 
and pressure force (in this case, the degenerate electron 
pressure) must balance. These forces are given, 
respectively, by Swartzschild (1958)

p ^ - 4
r R

and
,5/3dP M'

dr ^6

Setting them equal we have

(3)

2 5/3I  oc .M-
R 5 R1

or

M 1/3 “ I
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we have from (4)

M 1/3 ' P1/3
M 1/3

and, therefore

p « M 2 (5)

then, from (1), we find that the Debye temperature is pro
portional to the mass.

6D M (6)

From Swartzschild (19 58), the luminosity of a degenerate 
star is related to the interior temperature by

L oc t 3 * 5 (7)

In order to find the luminosity at which, say a 0.7 
degenerate star begins Debye cooling, we use the luminosity 
at which the 1M q model of Lamb and Van Horn (197 5, in press)
begins cooling quickly, about = 14. Then, using
Equations (6) and (7)

L - 3 '5

Using the above-quoted values we find that for a 
star of mass 0.7 , Debye cooling will begin when the star
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reaches - 15.3, a stage much fainter than the presently-
accepted observational cutoff.
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