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ABSTRACT

LOW-DISPERSION LUMINOSITY CRITERIA IN A AND F TYPE STARS

by
Charles Thomas Bolton

Chairman: Charles R, Cowley

Using the technique of spectral synthesis we have
investigated some of the luminosity criteria used in the low-
dispersion spectral classification of A and F stars, We find
that for stars with solar abundances the ratio 14178:)4481 1is
at least as sensitive to microturbulence as it is to surface
gravity. This implies that the microturbulent velocity is
inversely correlated with surface gravity with very little

scatter for A and F stars,

We find that, qualitativ?ly, Am spectra are dupli-
cated best by a model with log g = 4.3, abnormal abundances
like those found by V'ant Veer-Menneret (1963) or Conti ( 1565)
and the same microturbulence as stars with solar abundances.
The “anomalous luminosity effect” in Am stars between the
ratios A4178:14172 and 14417114481 is attribUted to the
abundance of titanium. Some of the consequences for spectral
classification from the possible variation of microturbulence
and abundances at a given spectral type and luminosity class

are discussed,



This investigation demonstrates that, even with
our present limited knowledge of the values and ranges of
such parameters as microturbulence and abundances as a fun-
ction of spectral type and luminosity class, spectral clas-

sification is a very powerful tool for studying stellar at-

mospheres,
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I, INTRODUCTION

A low-dispersion spectrogram of a star contains a
wealth of information about that star's physical character-
istics. This information in the form of spectral types and
luminosity classes has been tremendously important in helping
unravel such problems as stellar evolution and galactic

structure,

Low-dispersion spectra are also very powerful dis-
criminators of the physical properties of stellar atmospheres,
The appearance of the spectral features used in classification
depends upon the physical properties of the stellar atmosphere
where the spectrum is formed. Clearly there is a very close
correlation between the properties of stellar atmospheres and
the spectral classes., If the behavior of the wvarious spectral
features could be calibrated quantitatively in terms of the
physical parameters of stellar atmospheres (effective temper-
ature, surface gravity, microturbulence, abundance), then a
very powerful tool for the study of stellar atmospheres would
be available., This is an aspect of low-dispersion spectro-
scopy that has been almost totally ignored. This paper
describes a preliminary investigation of the feasibility of
obtaining such a calibration. We will show that with only a
qualitative calibration it is possible to obtain very useful

information concerning the atmospheres of A and F stars,



II. SPECTRAL CLASSIFICATION OF A AND F STARS

Spectral classification is difficult for the A and
early F type stars. Over the early part of this range there
are very few features visible in the photographic spectra.
Those that are available for classification purposes are
either very strong or very weak. The situation is further
complicated by the large proportion of peculiar stars (the
Ap and Am stars) that is found throughout this spectral range,
The physical properties of these stars are not completely
understood, and this has made spectral classification more
difficult. For example, various investigators have not been

able to agree on the definition of Am stars (cf, Barry 1970),.

Most, though not all, of the classification problems
in this spectral range involve difficulties with luminosity
or abundance criteria. This investigation is an attempt to
calibrate the luminosity criteria for A and F stars in terms
of their physical parameters. We are interested in deter-
mining the behavior of the low-dispersion luminosity criteria

as a function of surface gravity, microturbulent velocity,

and abundance,

Spectral classification of A and F type stars depends
largely upon the appearance of blended features in their spec-

tra, Only in the case of the very strongest features, such as



the hydrogen lines or the Ca II K-line, is it possible to
unequivocally explain the behavior of a feature in terms of
the behavior of a single ion. This is true of the luminosity
criteria used by Cowley, Cowley, Jaschek, and Jaschek (1969),
hereafter called C2J2, in their classification of the bright
A stars, Two line ratios that were used are A4178:14172 and
A4417:174481, Both of these ratios increase with increasing
luminosity. All four spectral features are heavily blended
although 714481 is dominated by a Mg II doublet, This feature
appears to change very little with luminosity on low disper-

sion plates,

Visual inspection of the regions at A4417 and AA4172-78
on coudé plates or tracings from coudé plates (Wright 1964;
Hiltner and Williams 1946) of stars of different luminosities
reveals no obvious changes in the appearance of lines in these
regions, Therefore the changes seen on low dispersion plates

must be due to the collective behavior of the lines in the

blend. We would like to determine
1) Wwhat physical changes in the stellar atmospheres change
the spectral appearance? That is, are changes caused
by changes in surface gravity, some other parameter,
or a combination?
2) What is the nature of the change in appearance of the

blend? Does the line depth change, the width, or both?
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3) Do the classification criteria depend critically on

the technique used to obtain the spectra?

Another intriquing problem arising in the classifi-
cation of A and F stars is the "anomalous luminosity effect"
found in Am stars. By this phrase we mean that different
luminosity criteria give different results. Specifically,
according to Csz, the appearance of the AA4172-78 region of
Am stars is characteristic of luminosity class III. The ratio
of A4417:14481, on the other hand, is small and more typical
of stars of luminosity class V. Clearly some physical para-
meter other than surface gravity must be invoked to explain
this effect. We would like to know whether the discrepancy
can be explained in terms of normal stellar atmospheres with
peculiar abundances {(e.g. V'ant Veer-Menneret 1963; Conti 1965)

or whether it is necessary to invoke some other explanation.



III. CALCULATIONS

We have investigated the above questions by synthe-
sizing the spectral features at 14417, \4481, and AA4172-78
for a variety of different physical conditions (temperature,
surface gravity, microturbulence, and abundance). These
synthetic spectra were then convolved with an instrumental .
profile corresponding to that for low-dispersion spectra and
the results intercompared. They were also compared with
results from the visual inspection of plates of classification

dispersion and with plates in the Yerkes Atlas (Morgan, Keenan,

and Kellman 1943).

A, Model Atmospheres

Scaled model atmospheres in hydrostatic equilibrium
were constructed using a program kindly made available by G.
Elste (cf. Elste 1964). Sources of continuous opacity in-
cluded (1) bound-free and free-free absorption by neutral
hydrogen and neutral helium, the most abundant metals, and
the H- and H2+ ions, (2) electron scattering, and (3) Rayleigh
scattering, The computed opacities were compared with those
of Bode (1965) and found to be in excellent agreement, Series
of models were computed for two different temperatures, 8200°K
and 6800°K, The temperature distribution for most of the
models was scaled from the Mihalas Balmer-line blanketed

model (Mihalas 1966) characterized by 6 ¢¢ = 0.70, log g = 4,0,

5



The temperature distribution for the log g = 2.5 models was
scaled from the Mihalas Balmer-line blanketed model for

Ocff = 0.70, fog g = 2.0,

At each temperature models were constructed for
log g = 4.3, 3.4, and 2,5 assuming solar abundances (see
Table 1). Another set of models was also constructed at

each temperature for log g = 4.3 and 3.4 assuming metallic

abundances (Table 1),

Table 1.

Abundances assumed for model atmosphere and
line profile calculations (log Ny = 0.00).

Element Solarl Metallic2 Element Solar1 Metallic2
C -3,60 -3.60%* Mn -7.15 -~7,01
Na -5,70 -5, 70% Fe -5,45 -4,88
Mg -4.64 -5,66 Ni -6, 22 -5,32
Si -4,40 -3,7C Y -9, 80 -8, 69
K -7.05 -7,05% /b o -9,35 -8,77
Ca -5,62 -6,71 Ce -10, 22 -8, 88
Sc -9,15 -9,85 Pr =10, 55 -9,16
Ti -T437 -7.12 Sm -10,38 -9, 04
v -7.85 -7.58 Eu -11.04 -9,65
Cr -6, 88 -6.18 Gd -10, 87 -9,48

* Adopted abundance
1 Muller, E. A, 1968,
2, V'ant vVeer-Menneret, C. 1963.

v'ant Veer-Menneret's abundances for 63 Tauri were

chosen because they represented extreme over-abundances for

an Am star,



B, Line Profile Calculations

The line profiles were calculated according to the
methods described by Cowley (1970, sec. 2-12)., LTE was
assumed throughout. The line absorption coefficients include
van der Waals broadening and quadratic Stark broadening. The
quadratic Stark broadening was calculated for all lines by
the formula given by Griem (1968). This approach was adopted
in order to simplify the calculations for the large number of
lines involved, Some calculations were tried with the Stark
broadening decreased by a factor of five. In the worst case
this had the effect of decreasing some line depths in the

convoluted spectrum by 0.7 per cent,

The Stark broadening is not negligible for the Mg II
doublet at A4481. For these lines Griem's formula was ad-
justed to fit the broadening given by Griem (1964). An
additional twenty-five per cent was then added to account
for the quadrupole interactions (Hobbs and Cowley 1968).
According to Hobbs and Cowley, our estimate of the quadratic
Stark broadening is too small by twenty to twenty-five per
cent, This is within the errors of the measured damping and

has no significant effect on our results.

van der Waals broadening was calculated according to
the method given by Cowley (1970, sec. 6-11). The van der

Waals broadening equation contains a free parameter, 7] ., which



can be used to fit the calculations to line broadening data
when it is available. For the iron lines 7, was taken to be
an average of the values calculated by Cowley, Elste, and
Allen (1969) for some selected Fe I lines, Their enhancement
factor, E, is related to 7, by

log % = -5/2 log E. (1)
The adopted”] ,'s for iron were 0.035. For most of the other
lines no detailed line broadening data were available, For
theée‘qo = 0,2 was adopted as a compromise between the theo-
retical value of 2/3 (cf. Unsdld 1955) and the sometimes

considerably lower experimental results (cf. Cowley 1970).

Line profiles calculated by our program were checked
against those calculated with a program written by Evans

(1966) and found to be in excellent agreement,

Partition functions for the first, second, and third
ions of each element were calculated using the polynomial
approximation method described by Bolton (1970). Since
atomic energy level tables were not available for the rare
earths, we assumed that the shape of their partition functions
is the same as for iron, and the zero-point coefficient, a,,
was then determined by fitting these polynomials to the par-
tition functions given by Corliss and Bozman (1962) for
T = 5100°K. Table 2 gives the polynomial coefficients for
jons that have not been previously published. Table 3 gives

the zero-point coefficients for the rare earths.



Table 2

Coefficients for the polynomial approximation
of partition functions for ions that have not

been previously published (cf,

Bolton 1970),

Ion

a

9o o a) a, aj ay
Ca IIT 1.0 -=100,000000
Cr ITIT 1,0 3.086235 -0,230190 0,309739 0,001543
Fe III 9.0 2,582925 -0,291880 0,361330 -0,036512
Mg IIY 1,0 -=100,000000
Mn IIT 6.0 -3,784366 -7,644204 -3,125854 -0,582502
Ni IIT 9,0 2,008354 -0,527168 -0,182151 -0,107461
Sc IITI 10,.0* -100,000000
si I 1.0 2,137494 -0,230234 -0,003700 0,065962 0,223756
Si IT 2.0 1.308765 -0.075758 -0,127747 -0,146298
si rrr 1.0 -=100,000000
Ti IITX 5.0 2,754654 -0,298903 0,080547
v IITI 4,0 3.131064 -0,357918 0,259504 0,077344
Y I 4.0 2,057138 -1.467491 0,968925 0,.461505
Y II 1.0 2,701945 -0,780790 0,036736 -0,011359
Y IXIXI 4,0 1.634144 -0,295411 -0,084137 ~-0.033708
Zr III 5.0 2,632023 -0,629433

Assumed g, to simplify calculation
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Table 3

Zero-point coefficients for the rare earths.

Ion 90 ag Ion 90 ap

Ce I 7. 0% 4, 746371 Eu III 8. 0% -0, 029192
Ce II 8.0 5.534490 Pr T 8. 0% 3.849312
Ce IIX 7, 0% 4,204915 Pr II 9.0 4,674288
Gd I 5.0 3.918305 Pr III 8, O* 3.228905
Gd II 6.0 4,607149 Sm I 3.0% . 3.577378
Gd III 5., 0% 3.236178 Sm IT 2,0 4.337816
Eu I 8.0 0. 293964 Sm III 3, 0% 2,966540
Eu II %.0 2,232591

* Estimated
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Line identifications for the synthesized regions
were taken from the list for B Corona Borealis by Hiltner
(1945). Some additional lines were added. These were pri-
marily the weaker lines in multiplets whose stronger lines
had already been identified., Those lines for which no oscil-
lator strengths were available were not used, These were
usually of negligible strength (Hiltner's intensities 0, 1,
or 2). The few stronger lines that were not included were

all at the edges of the synthesized regions where they could

safely be ignored.

C., The System of Oscillator Strengths

Tables 4-7 give lists of the lines used in synthe-
sizing each spectral region, their identification, gf wvalue,
and source of the gf value., All other line data were taken
from Moore (1949)., Oscillator strengths for the neutral iron
lines were taken from Corliss and Tech (1968), and those for
the first ions of the iron group elements were taken from
Warner (1967). Most other gf values were taken from Corliss
and Bozman (1962). Where appropriate these oscillator strengths

were modified to agree with the results of Allen and Corliss
(1963).

At present there is considerable controversy over
the system of oscillator strengths (cf. Bridges and Wiese

1970; Takens 1970). This uncertainty in the oscillator strengths
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Table 7

Sources of gf values,

Number Source

Corliss and Bozman (1962)

Allen and Corliss (1963)

Corliss and Tech (1968)

Warner (1967)

Estimated from line intensities in multiplet
Wares (1970)

Baschek, Kegel, and Traving (1963)

Groth (1961)

Hill and King (1951)

WO ndH WNH
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is much larger than that in the product gf times abundance.

In general, most investigators have decreased the gf values
and increased the abundances. Therefore we expect that future
adjustments of the oscillator strengths may alter the details
of our results, but they probably will not change the general
features significantly since none of the features in the con-

volved spectra depend solely on one line.

D. Instrumental Profile

After the synthetic spectra had been calculated,
they were convolved with a "standard" instrumental profile in
order to simulate the appearance of low dispersion spectra,
We adopted a Gaussian instrumental profile characterized by a
dispersion of 0.60 angstroms after studying density tracings
of classification spectra taken at Yerkes Observatory by Dr.
Anne P, Cowley. The adopted half width is probably a lower
limit. Calculations have shown that our qualitative results
are not very sensitive to the adopted instrumental profile,
However, a smaller profile can be ruled out because it would

give greater resolution than is observed on the plates.

Figures 1-3 show examples of the synthetic and con-
volved spectra for each spectral region, The major contributor

to each line is identified below the lines in the synthetic

spectra,
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Iv. RESULTS

The first set of synthetic spectra was calculated by
holding the microturbulence constant and allowing the surface
gravity to vary from log g = 4.3 to log g = 2.5, Solar abund-
ances were assumed. The results of these calculations for a
temperacure of 8200°K are shown in Figure 4., Notice that
24481 is almost entirely insensitive to changes in log g, and
that 24172 is only slightly sensitive. The features at A4417
and 24178 show definite increases in strength with decreasing
surface gravity. Thus the changes in the two ratios, A4417:
24481 and A4178: 14172, are gqualitatively the same as are
observed in low dispersion spectra, However, the changes

are smaller than one might expect from a visual inspection

of low dispersion spectra.

If a second set of synthetic spectra are calculated
as above except that the microturbulence is allowed to increase
with decreasing surface gravity, then the behavior shown in
Figure 4 is duplicated, but the changes in the individual
features are amplified considerably. The results shown in
Figure 5 are more in line with the visual estimates of the
strengths of these features., Similar calculations were also
made at 6800°K, so that our synthetic spectra span a range of
spectral type of roughly A6 to F3. The calculations indicate

that the behavior of these classification features does not

22
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Figure 5. Convolved spectra computed for solar abundances

: and varying surface gravity and microturbulence.
These spectra were adopted as the "standards"
for each surface gravity. The surface gravities

correspond roughly to MK luminosity classes V, III,
and II,
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change in any fundamental way over this range of spectral

types.

Notice by comparing Figures 4 and 5 that the ratio
A4178:14172 is not changed significantly by the varying
microturbulence, but the ratio A4417:1448l1 is increased by
increasing microturbulence, The adopted microturbulences for
the dwarf surface gravities were taken from Chaffee (1970).

We decided to increment the microturbulence 2 km/sec between
log g = 4.3 and‘3.4 and 3 km/sec between log g = 3,4 and 2,5
largely because A4417, which we had already found to be micro-
turbulence sensitive, showed a greater change on photographic
plates between luminosityv classes III and II than between
classes V and ITII, Models were tried with different microtur-
bulences than these, but we found that change in microturbulence
with surface gravity was more critical than the values adopted
at any one surface gravity. However, the near invisibility of
the 724417 feature in dwarf spectra probably argues against a
microturbulence much higher than 4 km/sec at an effective tem-

perature of 8200°K,

From the results above we might expect that if there
is a large range of microturbulence at a given temperature and
surface gravity, this could lead to classification ambiguities.
In Figure 6 we sée that this would be the case if only the

ratio A4417:14481 were used, We have already pointed out that
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Convolved spectra showing the effect of varying
the microturbulence at constant surface gravity
for stars with solar abundances, The dotted line
is the "standard" spectrum for a luminosity class
ITII star. Note that a luminosity class III star
with low microturbulence could be confused with
an Am star (cf. Figure 7).
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the ratio A4178:14172 is only slightly affected by microtur-
bulence so that classifications based on this feature will

not be affected, At spectral types later than FO nearly the
only distinguishing feature of Am stars is the non-~enhancement
of 24417, Thus, a luminosity class III star with low micro-
turbulence could be mistaken for an Am or weak Am star (com-

pare Figure 6 with the metallic star's spectrum in Figure 7).

The results of the calculations for metallic abun-
dances are shown in Figure 7, We found that a star with log
g = 4,3, %t = 4 km/sec best simulated the observed features
of Am stars seen at low dispersion. In Figure 7 the spectrum
for such a star is compared with spectra for a dwarf and a
giant star with solar abundances. The ratio of A4178:04172
is not as strongly enhanced in the Am spectrum as might be
expected, but the A4178 feature appears as a sharp line rather
than the more diffuse feature seen in the other spectra. This
may account for the observed enhancement in the low dispersion
spectra of Am stars, This sharp feature is due to @ Cr I line
at 34179,257 and a Cr II line at A14179.43. They are strength-
ened relative to the iron lines, which dominate this region,
because the chromium abundance in Am stars is enhanced more

than the iron abundance.

The situation at 714417 is more well-defined, We

find that this feature is only slightly enhanced in the Am
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Figure 7. The convolved synthetic spectrum for an Am star

compared with those for a dwarf and a giant star
with solar abundances, Compare the changes in

the computed lines with the effects described in
section II,
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spectrum, This is due to a small overabundance of titanium,
which dominates the feature, and the presence of one line of
Fe II. The enhancement is even less at 6800°K, 14417 is
barely visible in the spectra of normal dwarf stars, and the
very small enhancement found for the Am star is not likely to
increase the visibility of the line significantly. If this
small enhancement is enough to increase the visibility, then
it would be necessary to argue that the titanium abundance
{(and perhaps that of iron as well) is not as high as that found
by V'ant Veer-Menneret, This would be consistent with the
results of Conti (1965) and Greenstein (1948), who found that
titanium was slightly under-abundant in Am stars. Their abun-

dances would not alter our result for the A14178:314172 ratio,

The relative enhancement of the \4178:14172 ratio
compared to the A4417:14481 ratio is amplified by the posi-
tions of the absorption lines on the curve of growth. The
titanium lines at A4417 are just coming on to the left-hand
part of the flat portion of the curve of growth. Therefore
it would take a considerable increase in the titanium abun-
dance to boost the strength of the 14417 feature very much,
The iron and chromium lines at L4178 are much stronger and
lie near the start of the damping part of the curve of growth,
Hence they are much more sensitive to increases in abundance

than are the titanium lines at )A4417,



V. DISCUSSION

We have shown that the "luminosity-sensitive" ratio
A4417:14481 is at least as sensitive to microturbulence as it
is to surface gravity. Its use as an absolute magnitude in-
dicator thus depends upon the correlation between luminosity
and microturbulence. We have already shown how deviations
from such a correlation could cause the luminosity class to
be misidentified for normal stars or cause normal giants to
be classified as Am or weak Am stars, It is also possible
that Am stars with high microturbulent velocities could be

classified as normal giants (see Figure 8),

There is not enough data available at the present
time to be able to say whether there is a large scatter in
microturbulence for a given spectral type and luminosity
class. The present results suggest that the scatter cannot
be very large, Otherwise A4417 would not have been as suc-
cessful a luminosity indicator as it has bezen., Chaffee (1970)
has found little scatter for dwarf stars, but his data is
limited in the spectral range AO to F5. His results have
been confirmed by Myron Smith {private communication). Hack
(1970) has compiled a comprehensive list of microturbulence
determinations. She finds that there is considerable evidence
for large variations in microturbulence at a given spectral

type and luminosity class for the A stars, However, the

33



Figure 8,
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The convolved spectrum for an Am star with high
microturbulence compared with a giant star with
sclar abundances. Such an Am star would be
called a normal giant or sub-giant unless it
nossessed distinguishing characteristics other
than the ones computed here. Late-type Am stars
usually do not have other distinguishing features
since the Ca II K line has become saturated,
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variation of results for a single object among different in-
vestigators (*1.5 km/sec according to Hack) is large enough
to mask the correlation that we suggest, Because of the in-
fluence that microturbulence can have on spectral classifi-
cation and intermediate band photometry (Conti and Deutsch
1966) it is extremely important to study its behavior as a

function of spectral type and luminosity class,

The role of element abundance variations in A and F
star spectra may be even more important than that of micro-
turbulence., We have attributed the "anomalous luminosity
effect" between the ratios A14178:14172 and 2\4417:14481 in Am
spectra to differential abundance enhancements among iron,
chromium, and titanium. That is, the enhancement of one
spectral feature over another is attributed to the abundance
of an element whose lines dominate one region being enhanced
more in Am stars than the abundance of an element whose lines
dominate another region. Notice that since the differential
enhancement is between stars and not between elements, our

result is insensitive to the system of oscillator strengths,

The Am stars are known to be an inhomogeneous group
and the A and F stars might also be somewhat inhomogeneous in
their element abundances, Such inhomogeneities could cause
classification ambiquities and may in fact be responsible for

the numerous “anomalous luminosity effects" found by Barry
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(1970) in his ultraviolet classification work on A and F stars.
Considerably more high dispersion work on these stars is needed
to determine the nature and range of the abundance variations

that exist,

We have found that considerable insight can be ob-
tained in the interpretation of low-dispersion spectra of A
and F stars by comparing our theoretical calculations with
results from the wvisual inspection of photographic plates.
However, this approach is limited by our inability to define
what the eye "sees". This can best be seen in Figure 7 where
the Am spectrum is compared with those of a normal giant and
a normal dwarf, In comparing these results with visually
classified spectra it appears that the eye is sensitive to a
variety of changes, Note that the primary change at \4178 is
in the line width. At A4417 both the line depth and equiva-
lent width change. At 14481 the line deoth and shape change,
but the equivalent width remains approximately constant, The
feature is not observed to change much on photographic plates,
Clearly the value of computations such as the ones described
here will be increased considerably when used in conjunction

with quantitative spectrophotometry.

This work demonstrates that spectral classification
is a very powerful tool for the study of stellar atmospheres,

Its usefulness is somewhat limited by our present lack of
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knowledge of the absolute values and ranges of parameters

such as microturbulence and abundances as a function of spectral
type and luminosity class, There is also a need for studies
correlating visually observed features in spectra with the
theoretical calculations., Work, such as that of Barry (1970),
is needed to find more low-dispersion spectral features that
can be correlated with the physical parameters of a stellar
atmosphere, Once such features are found, they can be cali-

brated by the techniques described here,
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