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ABSTRACT 

In the third of a series of papers on the A- and early F-type stars, we refine the MK spectral classification 
system for the late A-type stars (A3-A8) and consider the effect of rotation on both spectral classification and 
uvbyß photometry for these stars. 

We critically examine in some detail the spectral classification criteria for the late A-type stars. We have 
found, in particular, that the XÀ4417/4481 ratio (commonly used for luminosity classification in the A-type 
stars) gives results in the A3 stars that are inconsistent with the Stark broadening of the hydrogen lines. This 
observation, combined with a similar result for the early F-type stars, suggests that this ratio is not a useful 
luminosity criterion at any spectral type. By carefully considering the effect of rotation on the classification 
criteria, we have extended the work of Morgan by the establishment of self-consistent sequences of narrow- and 
broad-lined standards. 

We have confronted our classifications with Strömgren photometry. We have examined in some detail the 
relationship between the index and the luminosity classifications. We have discovered a significant 
population of low-y sin i late A-type stars that have anomalously high 8^ indices for their luminosity types. 
After the consideration of a number of explanations, including the possibility of faulty classifications and the 
photometric effect of convection, we conclude that these stars are rapid rotators seen nearly pole-on (/ < 30°). 
This discussion also suggests that Strömgren photometry may not be rehable for estimating the ages and 
luminosities of low- v sin i A-type stars and that there are comphcations in using the ômj index to isolate 
metal-weak A-type stars (such as the À Bootis stars) from the field. 
Subject headings: photometry—stars: early-type — stars: rotation — stars: spectral classification 

I. INTRODUCTION 

This paper is the third in a series on the refinement of the 
MK spectral classification system for the B8-F2 stars. We 
have confronted this refined system of classification with 
Strömgren photometry and have investigated empirically the 
effect of rapid rotation on spectral classification, Strömgren 
photometry, and the relationships between these autonomous 
systems. This paper is concerned with the late A-type stars 
(A3-A8). The first paper in this series (Gray and Garrison 
1987, hereinafter Paper I) dealt with the early A-type stars 
and defined our methods and observational samples. The 
second paper (Gray and Garrison 1989, hereinafter Paper II) 
dealt with the early F-type stars (A9-F2). 

The late A-type stars are among the most difficult stars to 
classify. There are a number of reasons for this. The most 
fundamental is a problem that is encountered in both the A- 
and the B-type stars: the existence of a wide range of pro- 
jected rotational velocities, which greatly complicates the 
comparison of a program star with the classification stan- 
dards. This problem was recognized early on by Morgan 
(Morgan, Keenan, and Kellman 1943; Morgan and Keenan 
1973; Morgan, Abt, and Tapscott 1978; Morgan 1984), who 
suggested that it could be ameliorated {a) by the use of 
low-dispersion ( -150 A mm-1 spectrograms), which would 
minimize differences in appearance between broad- and nar- 
row-lined stars, and (h) by the establishment of a frame of 

reference consisting entirely of very broad lined stars. Morgan 
took the first steps along these lines by establishing a number 
of broad-lined standard stars, such as y UMa. In this paper, 
and in Papers I and II, we have extended Morgan’s work by 
providing more complete sets of standards for narrow- and 
broad-lined stars. Papers I and II also include a detailed 
discussion of the effects of rotation on classification spectra. 

A second problem that is peculiar to the late A-type stars is 
the insensitivity of the classification criteria to luminosity. For 
example, in the early A-type stars, the luminosity classifica- 
tion is based on the sensitivity of the Stark wings of hydrogen 
to pressure, whereas in the early F-type stars it is based on 
the sensitivity to pressure of the lines of ionized iron and 
titanium. With decreasing temperature, the Stark wings of 
hydrogen lose their sensitivity to log g, becoming essentially 
insensitive to luminosity by spectral type A5. However, in the 
A5 and earlier stars the lines of ionized iron and titanium 
show only a fraction of the sensitivity to luminosity that they 
show at F0 and are most probably quite strongly influenced 
by at least one factor other than pressure. This means that the 
luminosity classification of the late A-type stars is based on 
rather subtle effects in the spectrum. For rehable results, the 
spectral classifier must work with the highest quality material 
available and be fully aware of the behavior of the various 
spectroscopic criteria, as well as the effects of rotational 
broadening. 
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II. THE CLASSIFICATION OF THE LATE A-TYPE STARS 

a) The Temperature Classification of the Late A-Type Stars 

The temperature classification of the late A-type stars as 
described by Morgan, Keenan, and Kellman (1943) and elab- 
orated by Morgan, Abt, and Tapscott (1978) is guided by the 
behavior of three spectral criteria which, in the normal stars, 
vary consistently together. These three criteria are (1) the 
Ca il K line, (2) the metallic lines and blends, and (3) the 
hydrogen lines. 

The Ca n K line strengthens significantly toward later types 
in the late A-type stars. In the early A-type stars the absolute 
strength of the Ca n K line may be estimated easily by eye 
(by reference to the standard stars), but in A5 and later stars, 
it is best to estimate the strength of the K line in ratio with 
another strong line. In the late A-type stars, the hydrogen 
lines decrease considerably in strength toward later types. 
Thus the ratio of the Ca n K line to hydrogen (as indicated by 
the Ca il K/HS ratio and the Ca n K/(He + Ca n H) ratio) is 
a sensitive indicator of the temperature type. The use of the 
Ca II K/hydrogen ratio is subject to three problems, however. 
First, chemically peculiar stars (Ap, Am, and proto-Am stars) 
often have K lines of unusual weakness or profile. While the 
chemically pecuhar nature of many of these stars is obvious 
enough for this not to pose a problem, the K line can be 
affected in even marginal Ap and Am stars. A check on the 
consistency of the temperature types derived from the K line 
and from the general metallic-line spectrum (see below) can 
reveal many stars with marginal Am tendencies. The spectral 
classifier must be open to this possibility. 

Second, at A3, the hydrogen lines are still quite sensitive to 
luminosity, and hence the use of the K/hydrogen ratio may 
introduce systematic effects into the temperature classifica- 
tions with luminosity. We may, however, quite reliably avoid 
any such systematic effect by using the core of the hydrogen 
line for comparison. 

The third problem, which concerns the effect of rotation on 
the strength of the hydrogen lines is potentially more serious. 
Inspection of the 8ß versus v sin i diagram for the A3 stars 
(see Paper I) shows that the hydrogen lines of the high- v sin i 
A3 stars are systematically weakened. If this effect is not 
taken into account, a rapidly rotating A3 star may be given a 
classification which is too late. This problem persists at A4, 
but by A5 the effect of rotation on the hydrogen lines is 
substantially smaller (see § Ilia), and the Ca n K/hydrogen 
ratio may be used safely even for quite rapid rotators. Experi- 
ence thus shows that for the most rapidly rotating stars 
(v sin i> 200 km s_1) it is very difficult indeed to distinguish 
temperature types in the range A2-A4. To classify these stars, 
greater weight must be given to the absolute strength of the 
Ca il K line (as opposed to its ratio with hydrogen) and the 
appearance of the intrinsically broad metallic blends such as 
X4271. 

We note that in the above discussion we have ignored the 
possible effects of rapid rotation on the absolute strength of 
the metallic lines and blends (including the K line). We know 
from theoretical studies, however, that rapid rotation has 
important effects on these line strengths. If we were to take, 
for instance, an A2 star and increase its angular momentum 

to nearly the critical point, its photometric temperature (as 
viewed in the equatorial plane) would be considerably re- 
duced; the models of Collins and Sonnebom (1977) suggest 
that its photometric temperature would be similar to that of 
an F0 star. The spectral type would also change with rotation, 
and the star would probably appear to be a rapidly rotating 
F0 star. Using spectral classification we can never hope to 
detect this absolute change in spectral type (i.e., from A2 to 
F0); all that we can hope to detect are differential changes 
that would reflect the different sensitivities of the temperature 
criteria to rotation. What we are really saying in the above 
paragraph is that we cannot detect with classification spectra 
alone any of these differential effects in stars later than A4; 
i.e., later than A4, rapidly rotating stars look “normal.” 
Earlier than A5, however, differential effects can be seen in 
the hydrogen lines (see Paper I), and this is why we must treat 
the K/hydrogen ratio with care in stars earlier than A5. 

The strength of the metallic lines and blends is the second 
temperature criterion in the late A-type stars. Of most use are 
the broad blends at X4271 (Fe i) and X4030 (Mn i). The use 
of these broad blends helps to reduce systematic effects with 
rotation. 

The strength of these blends increases very slowly between 
A3 and A5, so they are not very useful for distinguishing the 
temperature types of these stars. However, between A5 and 
F0 these blends show a uniform and easily detectable increase 
in strength. The Mn i blend also undergoes a change in 
morphology. At A3 this blend shows a rounded profile in 
narrow-lined stars. By A5 the profile appears more square. 
This trend continues through to the F0 stars. The morphology 
of this blend is also dependent on luminosity in A5 and later 
stars in that the Mn i blend becomes broader and shallower in 
luminous stars. 

In the late A dwarf stars the behavior of the hydrogen lines 
undergoes a dramatic change with temperature. In A3 dwarfs 
the hydrogen lines show the very broad Stark wings character- 
istic of dwarfs near the Balmer maximum. By A5 only a 
minority (probably the high-temperature tail of the distribu- 
tion) show these very extended wings. After A5 the decrease 
in the strength of the hydrogen lines is readily apparent to the 
eye and may be used on good quality spectra to estimate the 
temperature type of a star to an accuracy of about plus or 
minus one major subclass. (In this study the A4, A6, and A8 
temperature classes are regarded as intermediate types and 
not as full classification boxes. The notes for Table 3 in Paper 
I contain a more detailed discussion of this terminology.) 

b) The Luminosity Classification of the Late A-Type Stars 

The luminosity classification of the late A-type stars pre- 
sents problems that are an order of magnitude more difficult 
than those encountered in the temperature classification. There 
are essentially two criteria which may be used in the luminos- 
ity classification of the late A-type stars: (1) the Stark wings 
of the hydrogen lines and (2) the lines of singly ionized metals 
(see Morgan, Abt, and Tapscott 1978). 

1. The Stark wings of hydrogen lose their sensitivity to 
pressure very rapidly as we move away from the Balmer 
maximum. At A3 the sensitivity of the wings to gravity is only 
slightly diminished from that of the early A-type stars, but by 
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A5, and certainly by A7, the eye cannot detect any difference 
between the hydrogen lines of most dwarf and giant stars, 
although the hydrogen line profiles do permit the separation 
of the supergiant classes. This dramatic change in the sensitiv- 
ity of the hydrogen line wings can be confirmed by reference 
to the atmospheric models of Kurucz (1979); the relevant 
models are those at 8500 K (roughly A3) and at 8000 K 
(about AT). 

2. In the late A-type stars there are two blends composed 
mostly of lines of singly ionized metals (iron and titanium) 
which are strong enough to be potentially useful in the 
luminosity classification. These two blends are (1) the Fe n, 
Ti il \4417 blend and (2) the Fe n, Ti n XX4172-4179 blend. 
The X4417 blend is estimated in ratio with À4481, a close 
Mg ii doublet, and XX4172-4179 is estimated in ratio with an 
Fe i blend at X4203 (see Paper II for more details). 

In the original Morgan, Keenan, and Kellman (1943) spec- 
tral classification atlas the XX4417/4481 ratio was used as the 
primary luminosity criterion for the late A-type stars, and this 
criterion continues to be used by most spectral classifiers. We 
have tested the consistency of this blend in the A3 stars by 
comparing this ratio with the appearance of the hydrogen line 
wings. Figure 1 shows the plot of XX4417/4481 versus the 
extent of the hydrogen line wings (both on arbitrary scales) 
for the low- v sin i A3 stars. We note that the distribution of 
stars in this diagram is not linear, but rather upper triangular; 
there are a significant number of stars, in particular dwarf 
stars, for which the XX4417/4481 ratio indicates a greater 
luminosity than the hydrogen lines. 

This lack of consistency between these two luminosity 
criteria is probably caused by a number of factors. First, the 
X4481 line shows a range of line strengths in the spectra of 

Hydrogen Wings 

Fig. 1.—The relationship between the visual extent of the hydrogen 
wings and the line ratio XX4417/4481 for the low-i; sin z (v sin z < 
150 km s-1) A3 stars. Arbitrary scales are used for the hydrogen line 
wings and the line ratio. On the hydrogen line wing scale, dwarfs 
correspond to a value of 10 and giants to a value of 2. A value of 6 on the 
line-ratio scale corresponds to a real line ratio of about unity. The size of 
the symbol is proportional to the number of stars at each point. 

Fig. 2.—The correlation between the line ratio AA4172-4179/4203 
(on an arbitrary scale) and the absolute magnitude of the low- v sin z 
(t> sin z <150 km s-1) A5 stars. A value of 2 on the line-ratio scale is 
typical of dwarf stars, 6 is typical of giants. The points with the largest 
error bars are parallax stars. The other absolute magnitudes are derived 
from cluster membership. 

otherwise normal stars. The extreme limits of this range are 
the X Bootis stars (which are not normal stars), in which 
X4481 is essentially absent, and stars such as HR 4717, a 
member of the Coma cluster, in which X4481 is exceptionally 
strong. Rapid rotation may also have a significant effect on 
the strength of the X4481 line (see Paper I), although this may 
not be an important consideration here since Figure 1 con- 
tains only low- v sin i stars. We have, however, the general 
impression that most of the inconsistency in the XX4417/4481 
ratio is due to the X4417 blend itself. (We have gained this 
impression by comparing X4417 with other blends, such as 
Fe i X4271.) Bolton (1971) showed that the X4417 blend is 
composed of lines which, for the most part, lie on the flat part 
of the curve of growth. This implies that this blend may be 
more sensitive to microturbulence than to gravity. Thus, the 
dwarfs that lie above the diagonal line in Figure 1 may simply 
have higher than average microturbulent velocities. In any 
case, the XX4417/4481 ratio does not appear to be a reliable 
luminosity criterion. The fact that we came to the same 
conclusion in Paper II for the early F-type stars suggests that 
this ratio is not useful at any spectral type. 

The XX4172-4179/4203 ratio shows a similar behavior in 
the A3 stars. By A5, however, this ratio seems to be a fairly 
reliable indicator of luminosity as can be seen from Figure 2 
where we plot Mv versus XX4172-4179/4203 (on an arbi- 
trary scale). A similar plot of Mv versus XX4417/4481 for the 
A5 stars is essentially a scatter diagram. The absolute magni- 
tudes in Figure 2 are derived from parallaxes and cluster 
distance moduli. By A7 XX4172-4179/4203 shows nearly the 
same sensitivity to luminosity as it does at F0. We emphasize, 
however, that the XX4172-4179/4203 ratio does not show a 
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626 GRAY AND GARRISON 

very large range at A5, and thus spectra of high quality are 
required for accurate luminosity classification at this spectral 
type. 

In summary, the hydrogen line wings may be relied upon 
for reasonably accurate luminosity classification up to tem- 
perature type A4. In A5-A7 stars, however, luminosity classi- 
fication must be based on the appearance of the XX4172- 
4179/4203 ratio. Later than A7, a number of other useful 
luminosity criteria become available (see Paper II). 

c) The Framework of Standard Stars 

The framework of standard stars adopted for this study 
and proposed for general use is based on the system of 
standard stars defined by Morgan and Keenan (1973) and 
Morgan, Abt, and Tapscott (1978). We have refined and 
extended this framework in three important ways. First, we 
have established a parallel system of broad-lined standard 
stars using the methods discussed in Papers I and II. Second, 
we have critically examined the existing MK standards and 
have rejected one star {a Oph) as a suitable standard (see 
below) and modified the spectral type of another (ß Eri) to 
improve the consistency of the grid. Third, we have divided 
the V luminosity class for the A3 stars into Va and Vb 
(following the lead of Morgan, Abt, and Tapscott [1978] who 
first defined the Vb class for AO stars) in order to take 
advantage of the still considerable sensitivity to luminosity 
shown by the hydrogen line wings at this temperature type, 
and we have formalized this by proposing an A3 Vb standard. 

The standard stars proposed for general use are fisted in 
Table 1. In Table 2 we list new spectral classifications of 284 
late A-type stars by one of us (R. O. G.) on this refined 
system. The notation used in this table is discussed in detail in 
Papers I and II. 

A note on a Oph: The spectral classification of this very 
rapidly rotating star (y sin / = 215 km s-1) is problematical, 
and thus it has not been included in our fist of standards 
despite the fact that Morgan (1984) still considers this star as 
the A5 III standard. This star was apparently first selected as 
the A5 III standard on the basis of its ÀA4417/4481 ratio, 
which is nearly unity. However, as mentioned above and in 
Paper I, the X4481 line may be affected by rapid rotation. As 

a matter of fact, it is the rule rather than the exception that 
high- v sin i dwarf stars have ÀA4417/4481 = 1. The 
AÀ4172-4179/4203 ratio of this star implies that it is a dwarf, 
and we have classified it as such. The ôq index, which 
measures the size of the Balmer jump, is closer to that of a 
giant. This large Sq value, however, may be understood in 
terms of its rapid rotation; § IIIZ? below points out that 
rapidly rotating stars generally have large ôq indices for their 
luminosity types. The absolute magnitude of a Oph ( =1.2) 
implies that it is subluminous for a giant (MK = 0.5), but 
overluminous for a dwarf (Mv = 2.0). This discrepancy is 
most easily understood on the basis of its rapid rotation and 
its binarity (separation = 071). If it is an equal double, both 
components would have absolute magnitudes fairly typical for 
A5 dwarfs. For these reasons, we no not feel that a Oph is a 
suitable A5 III standard star. 

d) Notes on Am and Ap Stars 

Inspection of Table 2 and the accompanying notes reveals 
one or two interesting points about the Am and Ap stars, 
which have hydrogen fine types in the range of the late A-type 
stars. First, many Ap stars show, in addition to specific 
chemical peculiarities, broad and diffuse Ca n K fines (de- 
noted by “kn” in Table 2). The Am stars, on the other hand, 
generally show weak, but quite sharp, Ca n K fines. The Am 
stars also quite often show the “ anomalous luminosity effect” 
(see Abt and Morgan 1976), in which different regions of the 
spectrum are best matched by MK standards of different 
luminosities. For this reason, the luminosity types of the Am 
stars in Table 2 are enclosed in parentheses, as they are 
probably not good guidelines to the evolutionary state of the 
star. 

There is one star, HD 150366, that, however, shows charac- 
teristics of both Ap and Am stars. This star shows a diffuse K 
fine and slight enhancements of Sr n AA4077 and 4216. 
Hence, it is classified as a Strontium Ap star. It also shows, 
however, a marked “anomalous luminosity effect” in that the 
AA4395-4400, 4417, and 4444 blends are very weak while 
AA4172-4179 is quite strong. This may prove to be an inter- 
esting star if studied in more detail. 

TABLE 1 
Proposed Late A-Type Standard Stars 

Spectral 
Type Low- v sin i Standards High- v sin / Standards 

A3 Vb ... ß Cir 
A3 Va ... a PsA1, ß Leo 
A3 IV ... HR 4293 
A3 III ... HR 3514 
A5 V   HD 23194 
A5 III ... HD 73210 
A5 II  o Scà 
A6 II  HR 3426 
A7 V   2 Hyi 
A7 IV ... HR 3270 
A7 III ... #2 Tau1 

1 Dagger standard star: Morgan and Keenan 1973. 
2Standard star: Morgan, Abt, and Tapscott 1978. 

HD 23643 
ß Eri 

HD 238862 

21 LMi1 

í UMa1 

III. CONFRONTATION OF THE REFINED CLASSIFICATIONS 
WITH Uübyß PHOTOMETRY 

a) Mean Photometric Indices 

The mean photometric indices {b — y and ß) for the late 
A-type stars have been calculated using the procedures em- 
ployed for the early A-type stars and the early F-type stars 
(see Papers I and II). For instance, for the A3 stars, there is 
no photometric dereddening procedure which does not de- 
pend upon some assumed relationship between b — y and /?, 
a relationship which may be invalidated by the effect of 
rotation on both indices. Hence, in the A3 stars, we used the 
same approach as in the early A-type stars: stars whose color 
indices are obviously reddened were eliminated from the 
sample. These included a few high-luminosity stars and stars 
in certain open clusters. A plot oí b — y versus V for the 
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Notes to Table 2 

631 

The layout of this table is identical to that of Table 3 of Paper I (Gray and Garrison 1987), and that paper should be consulted for more details. 

Notes on the Columns 
Col. (1).—HD or DM number. A letter following the number indicates a component of a double or multiple star. 
Col. (2).—Other identification: open cluster identification number, Bayer designation, Flamsteed designation or Bright Star Catalog number, in that 

order of preference. An upper case letter immediately following the designation refers to the component or components to which the spectral type applies. 
See Papers I and II for the key to the numbering systems used in the open cluster identifications. Three stars in this table are members of the Anonymous 
Bok—An(Bok)—cluster situated in the direction of the Large Magellanic Cloud. The numbering system used is that of Sanduleak and Philip (1968). 

Col. (3).—Spectral type. An asterisk appended to the end of the spectral type means that the full spectral type is too long to be included in the table 
and is printed in full in the individual remarks at the end of these notes. 

Col. (4).—The b - y color index on the Strömgren system. A “D” implies that the photometry is for the combined light of the star and its close 
companion. 

Col. (5), (6), and (7).—The ml5 q, and ß indices on the Strömgren four-color, Hß system. 
Col. (8).—An asterisk in this column refers to a supplementary note on the star in the individual remarks below. 
The uvbyß photometry has been derived from a merged catalog compiled by Dr. Erik Heyn Olsen and has kindly been made available by him. This 

catalog is based on the work of Crawford, Strömgren, Olsen, and coworkers (see Olsen 1987 for details). 
Detailed remarks on the notation used in this table can be found in Paper I and in § lid of this paper. 

Notes on Individual Stars 
HD 5382.—Broad hydrogen wings. 
HD 9100.—The hydrogen lines of this star show very broad, but rather shallow, wings and are reminiscent of the hydrogen lines of the PHL X Bootis 

stars of Gray (1988). The ß index of this star is surprisingly low for hydrogen lines with such broad wings, a characteristic which also recalls the PHL X 
Bootis stars. The X4481 line is slightly, but not obviously, weak. In the — y, ml plane, this star lies within the X Bootis “distribution.,, 

HD 11502.—Visual binary with HD 11503, B9.5 IV+ n. HD 11502 shows a we¿, diffuse K line. 
HD 12447.—Close visual double with HD 12446 (a Psc B), kA2hF2mF2 (IV). 
HD 16046B.—Visual double with the bright star co For, B9 Va. HD 16046B is situated 1078 from A, but does not have an individual HD number. 
HD 18622.—Visual double with HD 18623, Al Va. 
HD 21335.—Metals may be slightly weak, but X4481 is quite normal. Abt (1984) classifies this star as a marginal X Bootis star. High v sin i. 
HD 22615, 23516, 23194, 23361, 23643, 23863, and 23886.—Members of the Pleiades Cluster. HD 23194 is the low-t; sin i A5 V standard, HD 23643 is 

the high-y sin i A3 Va standard, and HD 23886 is the high-ü sin i AS V standard. 
HD 28319.—A7 III low-u sin i standard. 
HD 322 73B. —Visual double with HD 32273A, B7 V. 
HD 32301.—Close double. 
HD 32977.—Broad hydrogen line wings. 
HD 33111.—High-u sin i A3 IV standard. 
HD 42126.—Visual double with HD 42127, A2 Va+. 
HD 52859A and HD 52859B.—Close visual double. A is the more northerly of the pair. 
HD 70060.—A7 IV low-y sin i standard. 
HD 7775a—Visual binary with HD 71151, A2 IV. 
HD 71297.—Low-y sin i A7 V standard. 
HD 73210, 73449, 73576, 73709, 73819, 74028, and 74050.—Members of the Praesepe cluster. 
HD 73210.—Low-u sin i AS III standard. 
HD 73634.—A6 II standard. 
HD 73709.—kA2hA5mFo (III-IV) (Cr). 
HD 73731.—Not a member of the Praesepe cluster. 
HD 75630.—Low-u sin i A3 III standard. 
HD 76644.—High- v sin i Al IV standard. 
HD 81157.—Spectral lines have different widths. The X4046 line is very sharp, whereas the cores of the hydrogen lines look too broad for the width of 

the X4077 line. The X4481 line appears slightly peculiar; it has a very narrow core with wings. Circumstellar material? 
HD 87696.—High- v sin i A7 V standard. 
HD 90772.—A5 la standard. 
HD 95370.—Low- v sin i A3 IV standard. 
HD 102647.—Secondary low-u sin i A3 Va standard. 
HD 107966.—The X4481 line is exceptionally strong, so that the XX4417/4481 ratio is remarkably low for the luminosity class. 
HD 118022.—knAlhA5 Sr Si Cr Eu. Diffuse K Une. Metals very pecuhar. 
HD 118349.—Visual double with HD 118349B, F0 Vn. See notes in Paper II on this double. 
HD 120641.—Visual double with HD 120642, B8 Vnn. 
HD 128898.—Diffuse K line. 
HD 134482.—Wide visual binary with HD 134481, B9.5 IVnn. 
HD 137422.—Listed in the BSC as a shell star, but appears normal in our spectra. 
HD 137909.—Diffuse K fine. Metals very strong and very pecuhar. 
HD 142629.—Visual double with HD 142630, Al Va. HD 142629 may show slight Am tendencies. 
HD 147084.—A5 II standard. Very highly reddened member of the Upper Scorpius Association. 
HD 148898.—Diffuse K line. 
HD 150366.—knA7mA7 (III-IV) ((Sr)). Diffuse K line. See § lid of the text for additional comments. 
HD 150379.—Wide visual binary with HD 150378, A0 IV. 
HD 152107.—kA0hA5 Sr Eu ((Cr)). 
HD 154029.—Shows some mild spectral pecuharities: Mn i X4030 is slightly weak, X4233 is slightly enhanced, and XX4417/4481 is exceptionally 

small. 
HD 159561.—Johnson and Morgan (1953) A5 III standard. See § lie of this paper for additional comments. 
HD 161817.—kAlhA7mAl (V) weak metals. Field horizontal branch star. 
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Notes to Table 2—Continued 

HD 165777.—Mn i À4030 slightly weak. 
HD 169958.—Probably not a member of NGC 6633. 
HD 170114.—A5 IV metal-weak. This probable member of NGC 6633 (membership probability 91% according to Sanders [1973]) is curious because it 

appears to be distinctly metal-weak in our spectra. All metals except the Ca n K line and Mn i À4030 appear to have strengths about like that of the A2 
standards. The b — y and ß indices seem to indicate that the star is later than A5, while the index reinforces the suspicion that the star is metal-weak. 
This star is a close visual binary, and so its peculiarity may be due to the composite nature of the spectrum (see Corbally 1987). 

HD 170293.—The profile of the A4030 blend appears unusually narrow. Many Am stars show this same feature (see Paper II). 
HD 173582, 173583, 173607, and 173608.—Components of the famous “double-double” in Lyra. HD 173582 and 173583 are a close pair which form a 

wide system with HD 173607 and 173608. These spectral types may be slightly affected by contamination from the companions. 
HD 195093.—Wide visual binary with HD 195094, a rapidly rotating Al Va star. 
HD 195725.—Profile of A4030 very narrow. 
HD 201601.—Diffuse K line. 
HD 202730.—Visual double with HD 202730B, GO V. 
HD 210111.—kA2hA7mA2 Vas A Boo. See Gray (1988) for more comments. 
HD 216701.— A4077 has a narrower profile than the other metallic lines. 
HD 216956.—Low-i; sin i A3 Va standard. 
HD 222287 A and B.—Close visual double. Spectra are probably contaminated. 
HD 224964.—Member of the young Blanco 1 cluster, but this star appears to be slightly metal-weak. The K line indicates a spectral type of A3, but the 

metals appear more like those of the A2 standards. This star is not a A Bootis star, as A4481 is quite strong. The photometry does not confirm the 
metal-weak appearance. 

remaining stars shows no systematic trend in b — y with V. 
This procedure was also used for the A5 stars. For the A7 
stars it is possible to use the dereddening procedure of Craw- 
ford (1979). Even though this procedure assumes a relation- 
ship between b — y and /?, a plot of E{b — y) versus v sin i 
shows no systematic trend. This, plus the fact that the mean 
indices are hardly changed if we use the “early A star” 
procedure, implies that rotation does not change the relation- 
ship between ß and b - y in stars with spectral types of A7 
and later. 

We may further confirm this by examining the effect of 
rotation on the ß index. A plot of 8ß versus v sin i for the A3 
stars shows properties similar to those of the early A stars (see 
Paper I) in that the upper envelope of the distribution clearly 
drops for higher values of v sin /. However, the plot for the 
A5, A6 and A7 stars shows only a suggestion of this behavior; 
at most the effect is 8ß = —0.01 at 250 km s_1, similar to the 
result obtained by Hartwick and Hesser 1974. Neither result 
is likely to be significant. 

It is probably not coincidental that this change in behavior 
of the 8ß index coincides exactly with the loss in sensitivity of 
the hydrogen wings to gravity at A5. It therefore seems that 
the behavior of the ß index in the early A-type stars can be 
interpreted best as primarily a gravity effect; rapidly rotating 
early A-type stars have systematically weaker hydrogen lines 
because their equators have substantially lower gravities. 

The mean indices (listed in Table 3) show a behavior that is 
interestingly intermediate to those of the early A-type stars 
and the early F-type stars. In the early A-type stars, 
high-y sin i stars have significantly redder (b- y) indices 
than low- v sin i stars of the same spectral type, but there is 
no difference in (b — y) between different luminosity classes. 
In the F-type stars this behavior is reversed; there is no effect 
with rotation, but giants are slightly bluer than dwarfs. In the 
late A-type stars, the A3 and A5 stars mimic the behavior of 
the early A-type stars, but in the A7 stars, we begin to see 
some differences in (b — y) between the luminosity classes 
while still seeing some effect with rotation. The mean ß index 
also shows a similar behavior. This change in behavior of the 
mean indices may reflect a gradual change in some stellar 

TABLE 3A 
Mean b- y Indices 

Spectral Types v sin i Group (b- y) a (v sin i) N 

A3 V-III  0 < u sin * < 150 0.054 0.021 83 24 
A3 V-III  150 < v sin / < 350 0.066 0.019 202 9 
A5 V-III  0 < i; sin / < 100 0.072 0.016 70 14 
A5 V-III  100 < *; sin / < 300 0.090 0.021 166 22 
A7 V-III  0 < t; sin / < 100 0.104 0.021 70 13 
A7V  100 <ü sin/<300 0.125 0.022 170 20 
A7IV, III  100<v sin / < 300 0.103 0.023 132 8 

TABLE 3B 
Mean ß Indices 

Spectral Types v sin / Group (ß) o (v sin i) N 

AS V-III  0 < t; sin / < 300 2.835 0.052 117 40 
A7V  0 < u sin / < 200 2.817 0.024 126 21 
A7V  200 <í; sin/<300 2.793 0.023 235 8 
A7IV, III   0< y sin/<200 2.830 0.018 95 18 

parameter. For instance, it might reflect a change in the 
rotation law as convection becomes more important for stars 
of later spectral types. 

b) The 8^ - Luminosity Class Relation for the Late 
A-Type Stars 

In Paper II we showed that there is an excellent correlation 
between 8^ and luminosity class for the low- v sin i early F 
stars, and we might expect to find a similarly good correlation 
for the late A-type stars since flq remains a good measure of 
gravity. Figures 3 a and 3 b show, however, that there is a 
disappointingly poor correlation between these two parame- 
ters for the normal low- v sin i A5 and A7 stars; there exist a 
significant number of stars with indices considerably 
larger than one would expect on the basis of their luminosity 
classes. 

However, careful inspection of the 8ml indices of these 
stars reveals an interesting fact: those stars that have anoma- 
lously high 8cx indices also have quite large positive 8ml 
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V IV III 

Luminosity Class Luminosity Class 

Fig. 3>a Fig. 2>b 
Fig. 3.—(a) The relationship between the luminosity class and the parameter for the Iow-í; sin i AS stars (v sin i < 150 km s-1). The symbols 

represent stars with different values of the 5/^ parameter: filled circles represent stars with 8m1 < 0.01, open circles, 0.01 < 8ml < 0.02, triangles, 
0.02 < 8ml < 0.035, and asterisks, stars with > 0.035. The straight line is fitted to the stars with < 0.01. (b) The relationship between the 
luminosity class and the parameter for the Iow-ü sin i A7 stars (y sin / < 115 km s'1). The symbols represent stars with different values of the 
parameter: filled circles represent stars with bml < 0.01, open circles, 0.01 < brriY < 0.02, triangles, stars with 5w1 > 0.02. The line is fit to the stars with 
bniY < 0.01. 

indices. This is illustrated in Figures 3û and 3Z> by the use of 
dififerent symbols. The $ml index is a photometric measure of 
the line blanketing in the i; band; a positive value of 0/^ in a 
main sequence A, F, or G star is usually taken to mean that 
the star is metal-weak relative to the Hyades. Our result, 
however, implies that the ^ml index may be afifected simulta- 
neously with the ôq index by some other factor. 

The correlation between bml and 5q in the A-type stars 
was first noted by Crawford (1979). Crawford suggested that 
this correlation may be partly due to the fact that the Am 
stars (which usually have negative Sitiy indices) also have Sq 
indices near zero. However, if we remove all of the classical 
and proto-Am stars from our sample, this correlation persists, 
as can be seen in Figure 4 in which âwq is plotted against £q 
for all of the normal, low- v sin i A5, A6, A7, and A8 stars in 
our sample. If we plot only the dwarf stars the correlation still 
remains, as can be deduced from Figures 3a and 3b. It is 
interesting to note, however, that this correlation is not pres- 
ent in the early F-type stars, neither among the stars of our 
sample, nor in the investigations of Crawford (1975). 

Careful inspection of the spectra of the “anomalous ôq” 
stars in Figures 3a and 3b reveals that the classifications 
cannot be very wrong; while the classification criteria in the 
A5, and even in the A7, stars do not permit as good a 
discrimination of the luminosity classes as in the early A- and 
the early F-type stars, it seems improbable that we could have 
mistaken, for instance, a low- v sin i dwarf for a giant as the 
photometry implies. Random errors in classification would 
not have led to such a clear separation of the stars in Figures 
3a and 3b on the basis of the 8ml index; note that giants 
with “normal” ôq indices have Sml = 0.00. Thus a depen- 

<S <0 

Fig. 4.—The correlation between 5/q and £q in the normal 
low-y sin i late A-type stars (u sin / < 150 km s_1). As can be seen, the 
correlation between these two parameters persists even when the Am 
stars are removed from the sample. 

dence of 8m1 on gravity coupled with faulty classifications 
cannot explain the distribution of stars in Figures 3a and 3b. 
A few of these “anomalous 8q” dwarfs have trigonometric 
parallaxes (HR 8880 and HR 4889 are two examples), al- 
though the errors are beyond the Lutz-Kelker limit (Lutz and 
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Kelker 1973) of o/n = 0.18. The parallaxes imply absolute 
magnitudes for these two stars in the vicinity of 2.0, about 
what one would expect for late A dwarfs (see Corbally and 
Garrison 1984). The errors are such that we can place consid- 
erable doubt upon, but not entirely rule out, the hypothesis 
that these two stars are giants (My = 0.4). HR 2672 is an A5 
dwarf which shows broad hydrogen line wings (which imply 
main-sequence pressures), but also an anomalously high Sq 
index. In addition, the photometry implies that giants make 
up a remarkably high percentage of the field star population; 
the classifications imply a much more realistic balance be- 
tween giants and dwarfs. For these reasons we feel that we 
cannot explain the poor correlations in Figures 3a and 3b on 
the basis of faulty classifications. 

The anomalous 8cx stars do not appear to be spectroscopi- 
cally metal-weak as would be implied by their positive 8m1 

indices. But postulating that they are, nonetheless, metal 
weak, does not help to explain the anomalously high ftq 
indices. 

Relyea and Kurucz (1978) showed that the presence or 
absence of convection in a stellar atmosphere model can have 
an effect on both the q and the ml indices. Thus a purely 
radiative model differs from a (partially) convective model of 
the same b — y color by a few times 0.01 mag in both q and 
ml. The changes in q and ml are correlated in the sense that 
convective models have larger values of q and smaller values 
of m1 than purely radiative models of the same color. What 
this means is that if there is a natural variation in the amount 
of convective transport in the atmospheres of real A-type 
stars, the result will be a correlation between 5q and 8m1 

that will qualitatively resemble the correlation that we actu- 

ally observe. However, in the observed correlation, 8cx ranges 
over a few times 0.1 mag and thus shows an order of magni- 
tude greater variation than would be expected from convec- 
tion. We conclude, therefore, that convection cannot be the 
explanation for the observed correlation. 

Rotation, however, can affect 5q and 8ml in a way similar 
to that observed. Figures 5 a and 5 b show the effect rotation 
may have on m1 and q in the A- and early F-type stars. The 
plotted points are derived from the rigidly rotating main- 
sequence models of Collins and Sonnenbom (1977). Each 
point represents a rotating model star seen at a specific 
inclination angle. It is clear that for A-type stars (ß > 2.8) 
both ml and q can be affected by rotation: rotation causes 
8m1 to become more positive by a few times 0.01 mag and 5q 
to become more positive by up to 0.15 mag. This is quantita- 
tively much closer to what we actually observe in the late 
A-type stars than the predicted photometric effects of convec- 
tion, discussed above. For the F-type model stars (/? < 2.8) 
the effect of rotation on 8ml essentially disappears. This is 
also in accord with what we have actually observed. However, 
we note that the stars for which we have actually observed 
this correlation between 8m1 and ôq are low- v sin i stars. Is 
this behavior consistent with the models of Collins and Son- 
nebom? Figure 6 shows, indeed, that the models of Collins 
and Sonnenbom do predict a strong correlation between 8ml 

and £q even when the v sin i is restricted to values below 150 
km s-1. Careful inspection of Figure 6 shows that those 
low- v sin i rigidly rotating main-sequence models that have 
“anomalously high” 8cx indices and positive 8ml indices 
correspond to rapidly rotating stars viewed at quite low 
inclination angles (i < 30°). We suggest, therefore, that the 

Fig. 5a Fig. 5b 

Fig. 5.—(a) The distribution of the rigidly rotating models of Collins and Sonnebom (1977) in the ß, ml plane. The solid line is drawn through the 
nonrotating models. These models have b — y indices in the range 0.05-0.30, approximately the range spanned by stars in the spectral region A3-F5. 
Circles represent models calculated with inclination angles of 90°, squares, 60° and 45°, triangles, 30°, and asterisks, 0° (pole-on), (b) The distribution of 
the rigidly rotating models of Collins and Sonnebom (1977) in the ß, q plane. The solid line is drawn through the nonrotating models. 

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



19
8 

9A
pJ

S.
 . 

.7
0.

 .
62

3G
 

No. 3,1989 LATE A-TYPE STARS 635 

ID 

6 

-- LO 

LO - 
9 1 .... i .... i .... 1 
7 0 0.01 

ôm1 

Fig. 6.—The distribution of the rigidly rotating models of Collins and 
Sonnebom (1977) with z; sin / < 150 km s-1 in the Sm^ ôq plane. These 
models have b — y indices in the range 0.07-0.15, approximately the 
range of the late A-type stars. The symbols have the same significance as 
in Fig. 5a. 

low-y sin i stars that we observe with anomalously high ôq 
indices for their luminosity types are actually rapid rotators 
seen at quite low inclination angles (i < 30°). 

Is this hypothesis consistent with the statistics? If we limit 
our attention to dwarf stars, we can see from Figures 3 a and 
3b that 8cl = 0.150 marks an adequate dividing point between 
the “normaT’ and the “anomalous” 8c1 dwarfs. On this basis, 
our sample of late A (A5-A8) low- v sin / (v sin i < 
150 km s-1) normal dwarfs amounts to 43 stars, 15 of which 
have dq > 0.150, i.e., 35%. This percentage seems rather large 
for stars that combine two relatively rare attributes: rapid 
rotation and low inclination. However, we point out below 
three factors which can probably fully account for this high 
percentage. 

First, the sample under consideration includes only 
low- v sin i stars. Placing an upper limit on the u sin i in- 
creases the percentage of near pole-on (i < 30°) rotators in 
the group, simply because most high- v sin i stars have, for 
geometrical reasons, inclination angles near to 90°. Second, 
Abt and Moyd (1973) have demonstrated that the equatorial 
rotational velocity distribution for normal late A-type stars is 
essentially truncated below 100 km s-1; essentially all A-type 
stars with Veq <100 km s_1 are Am stars. It is easy to show 
that if Abt and Moyd’s rotational velocity distribution for 
normal late A-type stars is convolved with the probability 
distribution for the inclination angle 

<í>( z) di = sin i di, 

then 25.0% of the stars with i; sin / < 150 km s_ 1 have i < 30°, 
and 18.8% have both i < 30% and >150 km s-1 (i.e., near 
pole-on rapid rotators). 

There is yet another factor which should further increase 
these numbers. The models of Collins and Sonnebom predict 
that rapidly rotating stars—even those seen nearly pole- 
on—will be slightly more luminous than slowly rotating stars 
of the same color. In extreme cases, rapidly rotating stars may 
be more luminous by a magnitude or more. We point out that 
if the anomalous ôq dwarfs are, on the average, 0.5 mag 
brighter than normal dwarfs, then their numbers will be 
doubled in a magnitude-limited sample (our sample is essen- 
tially magnitude-limited). This implies that our interpretation 
of the anomalous 8cx stars as near pole-on rapid rotators is 
not inconsistent with the observed numbers of anomalous 8cl 

stars in our sample. 
To carry this analysis further, we have attempted to repro- 

duce the actual distribution of the ôq index for a simulated 
population which obeys the probability distributions dis- 
cussed above by carrying out a Monte Carlo calculation 
similar to that discussed in Paper II. This calculation success- 
fully reproduced the predicted numbers of low-inclination 
rapid rotators, but the 8q indices of these stars (calculated 
from the models of Collins and Sonnebom 1977) were, while 
large, generally a factor of 1.5 to 2.0 smaller than for the 
observed anomalous £q stars. This discrepancy may imply 
that our interpretation of the anomalous ôq stars as rapid 
rotators is wrong, but it may just as easily reflect a deficiency 
in the models, or imply that the late-A dwarfs rotate non- 
rigidly. We do not feel that this discrepancy is large enough to 
warrant the rejection of our hypothesis. 

Indeed, we can formulate no other hypothesis that accords 
so well with the observations. If our hypothesis is indeed 
correct, then this result is important for a number of reasons. 
First, it suggests that through the agency of precise spectral 
classification and uvbyß photometry, quite stringent and inter- 
esting constraints may be placed on the inclination angles of 
certain A-type stars. Second, it brings into serious question 
the use of 5q indices to estimate the ages and possibly the 
luminosities of even low- v sin i A-type stars. And, third, it 
suggests that a positive 8mx index for an A-type star need not 
imply metal deficiency. This is of obvious importance when 
one attempts to use uvbyß photometry to isolate metal-weak 
A-type stars (such as X Bootis stars and horizontal branch 
stars) from the field (see, for instance, Gray 1988). 

IV. SUMMARY AND CONCLUSIONS 

Spectral classification of the late A-type stars is difficult 
because of the general weakness of the spectral lines, the 
complicating influence of rapid rotation, and the insensitivity 
of the classification criteria to luminosity. However, with care, 
high-quality spectra, and constant reference to the standards 
in Table 1, the late A-type stars may be classified with 
sufficient accuracy to reveal certain interesting results. Some 
of these results follow. 

Our investigations have shown that the traditional luminos- 
ity criterion for the late A- and early F-type stars, the 
XÀ4417/4481 ratio, is unreliable. We have also shown that 
the mean photometric indices of the late A-type stars show an 
intermediate behavior with rotation and luminosity to the 
early A-type and the early F-type stars. This change in 
behavior may be related to a change in some stellar parameter 
toward later types; possible candidates are the increasing 
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importance of convection in the stellar atmosphere and/or a 
change in the rotation law. 

Finally, a detailed comparison of our spectral classifica- 
tions and uvbyß photometry has revealed a set of low- v sin i 
A-type stars which show anomalously large ôq indices for 
their luminosity types. We propose, after the consideration of 
a number of possible causes, that these stars are rapid rotators 
seen at fairly low inclination angles (i < 30°). 

We would like to acknowledge with appreciation grants of 
observing time to one of us (R. O. G.) at the University of 

Toronto Southern Observatory (Las Campanas) and to both 
of us at the San Pedro Mártir Observatory (Baja California). 
We gratefully acknowledge that this research has been sup- 
ported in part by grants from the Ontario Graduate Scholar- 
ship Program and the Reinhart traveling fund (to R. O. G.) 
and from the Natural Sciences and Engineering Research 
Council of Canada (to R. F. G.). R. O. G. would also like to 
acknowledge with gratitude the support of a fellowship from 
the American- Scandinavian Foundation and the hospitality of 
Copenhagen University Observatory while this paper was 
being finished. 

REFERENCES 
Abt, H. A. 1984, in The MK Process and Stellar Classification, ed. R. F. 

Garrison (Richmond Hill, Ontario: David Dunlap Observatory), 
p. 340. 

Abt H. A., and Morgan, W. W. 1976, Ap. 205, 446. 
Abt, H. A., and Moyd, K. I. 1973, Pub. A.S.P., 182, 809. 
Bolton, C. T. 1971, Astr. Ap., 14, 233. 
Collins, G. W., II, and Sonnebom, G. H. 1977, Ap. J. Suppl., 34, 41. 
Corbally, C. J. 1987, Ap. J. Suppl., 63, 365. 
Corbally, C. J., and Garrison, R. F. 1984 in The MK Process and Stellar 

Classification, ed. R. F. Garrison (Richmond Hill, Ontario: David 
Dunlap Observatory), p. 277. 

Crawford, D. L. 1975, A.J., 80, 955. 
 . 1979, A.J.,M, 1858. 
Gray, R. O. 1988, A.J., 95, 220. 
Gray, R. O., and Garrison, R. F. 1987, Ap. J. Suppl., 65, 581 (Paper I). 
 . 1989, Ap. J. Suppl., 69, 301 (Paper II). 
Hartwick, R. D. A., and Hesser, J. E. 1974, Ap. J., 192, 391. 

Johnson, H. L., and Morgan, W. W. 1953, Ap. J., 117, 313. 
Kurucz, R. L. 1979, Ap. J. Suppl., 40, 1. 
Lutz, T. E., and Kelker, D. H. 1973, Pub. A.S.P., 85, 573. 
Morgan, W. W. 1984, in The MK Process and Stellar Classification, ed. 

R. F. Garrison (Richmond Hill, Ontario: David Dunlap Observatory), 
p. 210. 

Morgan, W. W., Abt, H. A., and Tapscott, J. W. 1978, Revised MK 
Spectral Atlas for Stars Earlier than the Sun (Chicago and Tucson: 
Yerkes Observatory, University of Chicago, and Kitt Peak National 
Observatory). 

Morgan, W. W., and Keenan, P. C. 1973, Ann. Rev. Astr. Ap., 11, 29. 
Morgan, W. W., Keenan, P. C., and Kellman, E. 1943, An Atlas of Stellar 

Spectra (Chicago: University of Chicago Press). 
Olsen, E. H. 1987, Astr. Ap., 189, 173. 
Relyea, L. J., and Kurucz, R. L. 1978, Ap. J. Suppl., 37, 45. 
Sanders, W. L. 1973, Astr. Ap. Suppl., 9, 213. 
Sanduleak, N., and Philip, A. G. D. 1968, A.J., 73, 566. 

Robert F. Garrison: Department of Astronomy, University of Toronto, Toronto, Ontario, Canada M5S 1A7 

Richard O. Gray: Program in Astronomy, Washington State University, Pullman, WA 99164-2930 

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


	Record in ADS

