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ABSTRACT

Previous attempts to synthesize the stellar popula-
tions of galaxies using unconstrained best fit algorithms
vield astrophysically unreasonable models. Numerical
experiments are performed which indicate that this
behavior is due to noise in the data. Beét fit models,
constrained or not, are insensitive to the actual galaxy
stellar population. |

Spectra from 3800 i to 6800 2 with resolution of 2 i
have been obtained for 137 stars, 5 globular clusters, and
the nuclear regions of 10 galaxies. Line indices measured
for 74 absorption lines and bands are presented. A method
for determining parametrized stellar population models is
discussed, and is shown to be stable in the presence of
noise. Population models and error estimates are derived
for the ten galaxies. Most of the models have significant
contributions from M giant stars and from metal poor stars.
Only two of the galaxies seem to contain stars with metal
lines stronger than those of stars in the solar neighbor-
hood. Three of the ellipticals show evidence of recent
star formation, possibly due to infall of gas from nearby
spirals. The galaxies studied here can be divided by
morphological type into three distinct population groups:

EC - Sa, S8b, and Sc.
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Velocity dispersions have been derived for the nuclear
regions of the galaxies. These dispersions are estimated
by comparing broadened composite stellar spectra with the
galaxy spectra. The composite spectra give systematically
lower velocity dispersions than those estimated from fitting
with single stars. Mass to light ratios are derived from
the velocity dispersions. These mass to light ratios are
low, and there are no systematic differences between the

nuclei of spirals and ellipticals.
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1
INTRODUCTION
This thesis consists of the manuscripts of three

papers submitted to the Astrothsical Journal. Each of

these papers is intended to be read independently of the
others, and thus is unavoidably somewhat redundant. The
references for each paper are presented at the end of each
chapter, not collected into a single reference section at
the end of the thesis. I apologize in advance for any
difficulties that these discontinuities may cause, and hope
they do not disrupt the essential unity of these investi-
gations.

The first chapter is a criticism of previous analytic
methods of population synthesis, and provides the motiva-
tion for the method used in this study. The second chapter
describes the observations and data reduction procedure.

It presents a method of population synthesis superior to
those discussed in the first chapter, and uses it to
deduce the populations of the galaxies studied. It also
contains in tabular form all of the measurements of the
star and galaxy spectra. The last chapter uses the
population models of the second chapter to construct
synthetic spectra, which are broadened to estimate the

velocity dispersions of the galaxies.



CHAPTER 1

THE EFFECTS OF NOISE ON GALAXY

POPULATION SYNTHESIS



In recent years, several authors have attempted to de-
duce the stellar compoesition of galaxies from their compos—
ite light, as measured by photometric scanners with resolu-
tions on the order of 20 i, or by spectrographs with typical
resolutions of 2 4, Faber (1972), followed by Jolly (1974)
and Turnrose (1975) have used various mathematical tech-
niques to find that mix of stars, subject to various astro-
physical constraints, which reproduces the observed galéxy
light with smallest residual differences. Numerical experi=-
ments described below indicate that such best fit models are
determined by the noise in the data, and are insensitive to
the actual galaxy stellar population.

A detailed discussicn of my own observational proce-
dures and reduction techniques will appear in a subseguent
paper (Williams 1976). Briefly, the Palomar 1.5 m telescope
equipped with a two-stage image-~tube spectrograph was used
to obtain spectra of 10 galaxies, 137 étars, and 5 globular
clusters. The spectra extend from 3800 A to 6800 ﬁ, at a
dispersion of 50 ﬁAmm—l, with resolution of 2 A. The
spectra are'measured with a digital microphotometer, cor-
rected for the nonlinear film response, shifted to zero
velocity, and corrected for the geometric distortions of the
image tube. Comparison of the reduced spectra with scans of

standard stars obtained by Dr. J. E. Gunn using the multi-

channel spectrophotometer on the 5 m telescope indicates



total errors no greater than 5% in the spectroscopic data.

Line indices are measured for 74 absorption lines and
bands arising from various elements and levels of excitation.
These indices are defined as the ratio of the relative in-
tensity in a band centered on the feature to the relative
intensity in a band centered several angstroms away. The
bands are broad enough so that the indices are independent
of the velocity dispersion in the galaxy. The spacing be-
tween the feature band and the side band is small encugh so
that the energy distribution of the galaxy, interstellar
reddening, and atmospheric extinction do not affect the
indices. Since the indices are defined without reference to
an artificial continuum, they are inherently much more
accurate than equivalent width measurements for late type
stars.

A computer algorithm has been devisedwhich computes the
composite line indices for a mix of stellar types, evaluates
the residual difference between computed and observed galaxy
line indices, and changes the mix of stars to reduce this
residual. This procedure is iterated until the model con-
verges to a minimum residual. Starting from many different
initial models, the algorithm consistently converges to the
same best fit model for a given galaxy. This indicates that
for each galaxy discussed below, there is probably only one

minimum in the range of acceptable solutions.



The first models of the nucleus of M3l were constrained
to allow only nonnegative numbers of each type of star. One
such model is shown in Figure 1. The model is implausible.
Huge gaps exist along the main sequence, subgiant and giant
branches, which are expected to be smooth and continucus.
Furthermore, if negative numbers of stars were allowed, the
groups at the bottom of the plot would go strongly negative.
Other authors, using data of different resolution, covering
different spectral ranges, and using different modeling
algorithms, have observed exactly the same behavior. Thelr
response has been to require plausible models by imposing
astrophysical constraints on the modeling algorithms (e.g.
Faber 1972). Typical constraints require continuous se-
quences, with slopes and relative populations compatible
with observed cluster populations and stellar evolution
theory.

Before imposing such constraints, a series of numerical
experiments has been performed to investigate the non-
physical nature of the unconstrained models. Any given num-
ber distribution of stars defines a pseudo-galaxy; the com-
posite line indices of this pseudo-galaxy are the flux
weighted sums of the stellar line indices. One such pseudo-
galaxy, similar to Faber's (1972) basic model for M31, is
shown as the solid curve in Figure 2. A best fit model for

this pseudo-galaxy is computed, with the result illustrated



FIGURE 1

The unconstrained model for the nucleus

of M31. The lcgarithm of the relative
number of stars used is shown for each
star group. Points at the bottom boundary
of the figure represent N = lOlO. The
crosses are normal abundance stars, the
circles super metal rich stars. HB refers
to horizontal branch stars, GC to globular
clusters (metal content increases to right),
and PII to Population II giants. There are
large gaps between stars ofbsimilar type

along the sequences.
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by the points in Figure 2. These best-fit models are smooth
and continuous, and are véry good reproductions of the
pseudo-galaxy. This particular model does not discriminate
between late F dwarfs, subgiants, and giants. The only dis-
crepant points are early A dwarfs and Population II giants,
both of which contribute negligible amounts of light. The
pseudo-galaxy is then perturbed with randomly distributed 5%
noise and again modeled. The arrows in Figure 2 show the
change in the model induced by the noise. All of the incon-
sistencies of the unconstrained models of real galaxies are
present here. Similar behavior is found in several other
cases of different pseudo-galaxies perturbed with different
random noise distributions. Thus it is clear that small
amounts of noise in the data are sufficient to produce the
unacceptable nature of unconstrained best £it models ob-
served in this work and by other authors.

A limited investigation of pseudo-galaxies perturbed by
1% random noise suggests that the saﬁe insﬁabilities are
present in best fit models of data of higher accuracy. This
tentative conclusion is supported by the fact that the un-
constrained best fit models of Faber (1972) and Turnrose
(1975), constructed from high accuracy photoelectric data,
suffer all of the difficulties outlined above. Moreover, if
the library of stars available for synthesis does not in-

clude all of the types of stars actually present in the



FIGURE 2

The effect of small amocunts of random
noise. The solid curve is the pseudo-
galaxy; the points are the best-fit
model. The arrows show the change in
the model due to 5% noise perturbations
of the pseudo-galaxy. The best-fit
model is normalized to the curve at the

early K giants.
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galaxy, the best fit models are similarly unstable. Such a
deficiency occurs if, for example, the nucleus of a galaxy
is more metal rich than any star in the solar neighborhood
(cf£. M3l model by Spinrad and Taylor 1971). It thus a?pears
that much higher accuracy will not solve the problems en-
countered above,

Since unconstrained best fit models are determined
almost entirely by the noise, they are very insensitive to
the actual stellar population of the galaxy. Furthermore,
applying such constraints as mentioned above does not make
the method more sensitive to the stellar population. These
constraints allow only a subset of all the possible models
to be considered; the best fit algorithm then picks from
this subset that member which has the smallest residual dif-
ferences from the observed galaxy. Such a model is either
that member of the subset which is nearest to the unaccept-
able unconstrained minimum, or a member at a secondary mini-
mum in the allowed region. The former case merely returns
the values of the constraints used. There is no reason to
believe that the secondary minimum of the latter case con-
tains any more information about the actual population than
the unallowable primary minimum, Indeed, in the numerical
experiments described above, pseudo-galaxies perturbed with
noise possessed no secondary minima near the actual stellar

distribution. Thus best fit models, constrained or not,
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contain little information about the aétual stellar popula-
tion.

The proper method of stellar population synthesis is to
restrict the number of degrees of freedom-available to the
models until they lose their sensitivity to noise. The
range of such models which fit the data must then be system-
atically explored. Such a method does not merely produce
results primarily determined by noise and the constraints
imposed, but actuaily extracts information about the galaxy
from the data. A method of parametérized models will be
presented in a subsequent paper (Williams 1976) which
attempts to realize these goals.

The author would like to thank Ed Turner for his help-
ful discussions during the course of this work, and Dr. J.
E. Gunn for kindly providing data in advance of publication.
The author was supported during part of this work by a

National Science Foundation pre—doctoral‘fellowshipt
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CHAPTER 2

POPULATION SYNTHESIS OF THE NUCLET

OF TEN NEARBY GALAXIES
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I. INTRODUCTION

One of the first attempts to deduce the stellar popu-
lations of galaxies from the spectrum of their composite
light was performed by Morgan and Mayall (1957), who visu-
ally compared photographic spectra of galaxies with those
of stars. Subsequent investigations were based upon photo-
electric photometry with resolution on the order of 20 & .
Such observations have been performed most recently by
Spinrad and Taylor (1971) and by Turnrose (1975). Jolly
and Andrillat (1973) have attempted to obtain high resolu-
tion data for M3l using photographic spectra. Along with
the improvements in observational data, several authors have
attempted to improve the methods of analysis of those data.
Spinrad and Taylor applied astrophysical constraints in a
trial-and-error process to guess an adequate representation
of the data. Faber (1972), Jolly (1974}, and Turnrose (1975)
have used various analytic methods to produce the best fits
‘to the observations; Williams (1976) has shown that these
attempts were highly influenced by noise in the data, how-
ever. |

This investigation uses the high speed of an imaqe-tube
spectrograph to obtain high resolution data of sufficient
photometric accuracy to perform population syntheses on the
nuclei of ten nearby galaxies. A method of analysis is

used which avoids the sensitivity to noise of the previous
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investigations. The observations are presented in section
II, the photometric calibration procedure in section III,
and the data reduction methods in section IV. Section V
discusses the synthesis procedure. Results are presented
for the individual galaxies in section VI, and for the ten
galaxies as a whole in section VII. Finally, section VIII
presents conclusions about these results and recommendations

for future work.

I¥. OBSERVATIONS

The observations for this project were made between
1974 January and 1975 April, using the Palomar l.5-meter
telescope equipped with the Cassegrain two-stage image-tube
spectrograph. Three spectra were required to cover the
wavelength range from 3800 R to 6800 ﬁ; these spectra are
described in Table 1. Care was taken to reproduce the
instrument settings exactly at each observing session, to
minimize systematic differences between the spectra. Thus,
for example, the variation of sensitivity over the face of
the image-tube photocathode did not systematically affect
the measurements, since any given wavelength always fell on
the same physical spot on the photocathode. The spectra
were recorded on unbaked IIa-D film.

Spectra were obtained for 137 stars and 5 globular

clusters. The stars cover the main sequence from late O to
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TABLE 1

DESCRIPTION OF SPECTROGRAMS

Nominal Slit Width Slit Width

Wavelength Di . Projected Projected
ispersion .

Range N -1 on Sky cn Eilm
(&) (A mm ™) (arc sec) (L)
3700 - 4500 38 3.75 2.1
4200 - 5700 62 3.00 2.5
5500 - 6900 57 3.00 2.5
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late M, the subgiant branch from early F to early K, and the
giant branch from early F to late M. For the K giants and
subgiants there are two complete sequences, one of stars
with normal metal abundances, and one of stars termed "super
metal rich". The globular clusters, horizontal branch stars
and population II giants represent a metal poor population.
The stars, which all have published spectral types and lumi-
nosity classes, were selected to have apparent visual mag-
nitudes of approximately 8, whenever possible, so that the
exposure times would be on the order of one minute. The
stars were selected from the following sources: Moore and
Paddock (1950), Gliese (1969), Veeder (1974), Jaschek (1964),
Spinrad and Taylor (1971), and Faber (1972). The stars are
listed by group in Table 2. The masses and luminosities in
Table 2 are compiled from Blaauw (1973), Vyssotsky (1963),
Keenan (1963), Blaauw (1963), Harris, Strand and Worley
(1963), Spinrad and Taylor (1971), and Faber (1972). Fluxes
over this wavelength range for star groups similar to these
are tabulated in Turnrose (1975), O'Connell (1970), and
Christensen (1972). The ratic of the flux at 3800 R %o the
flux at 6800 R varies from 2.83 for the OB dwarfs, through
0.27 for G dwarfs to 0.04 for M dwarfs. The spectra for all
Stars were widened to 0.3 mm by an oscillating guartz block
located behind the slit of the spectrograph. For the

globular clusters, the slit length was set to the apparent
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diametér of the visible image of the part of the cluster not
resolved into individual stars. The cluster light was in-
tegrated by moving the image of the cluster over the slit as
the exposure was taken.

Spectra were obtained for the nuclear regions of ten
galaxies. The galaxies were selected to cover the range of
morphological types from EO0 to Sc, to have high surface
brightness in the nuclear region, and to have fairly sharp
absorption lines. The galaxies observed are listed in
Table 3. The magnitudes listed are from de Vaucouleurs
(1964); the morphological types from Sandage (1961), and
de Vaucouleurs (1964). Several spectra were obtained for
each galaxy in each wavelength region as noted in Table 3.
For all galaxy spectra the slit was oriented perpendicular
to the major axis of the galaxy, was centered on the nucleus
and had a length of 15 arc sec projected on the sky. This
slit length corresponds to 45 pc at the nearest galaxies,
1.5 kpc at the most distant. Thus the light observed comes
from the nucleus and surrounding regions. The spectra were

widened to 0.3 mm with the oscillating quartz block.
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TABLE 3

GALAXIES OBSERVED

Number of

Galaxy Morphological B Magnitude Spectra Obtained
(NGC) Type (mag,) Blue Green Red
221 (M32) EO 5.39 3 3 3
224 (M31) Sb 4.61 3 3 3
584 E4 11.71 2 2 2
1052 E4 12,12 2 2 1
3031 (M81) Sb 7.88 3 4 4
3115 : SO 10.43 3 3 3
3379 El 10.83 2 2 2
4473 E5 11.79 3 2 2
4594 (M104) Sa 9.52 3 3 3
5194 (M51) Sc 9.03 4 3 3
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ITI. INTENSITY CALIBRATION

The spectra were calibrated Ey exposing one or more
calibration wedges on the same strip of film. The wedge
varied logarithmically over two orders of magnitude in in-
tensity; the light source was filtered to resemble the
color of the image tube phosphor. The exposure times of the
wedges were comparable to those of the spectra. Since the
wedges were on the same strip of film as the spectra, they
received exactly the same chemical processing. The cali-
brations were applied by a separate calibrating device, not
through the image tube.

The calibration wedges were reduced using a modified
form of the method of opacitance discussed by de Vaucouleurs
(1967). The opacitance, w, is defined as

C-D

wix) = ——— ~-1.0

t(x)-D
where C is the clear plate transmission, D is the dark ccﬁnt
and t(x) is the transmission at any point x on the film.
The advantage of the opacitance representation over a den-—
sity representation is that log intensity is a smooth func-
tion of log w over a wide range of w, and is adequately fit
by a polynomial expansion in log w. A fifth order expansion
was used for each wedge, with residuals of four percent or
less.

To determine whether any systematic differences existed
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between the wedge calibrations and calibrations through the
spectrograph-image tube system, a series of spectra of an
incandescent lamp filtered with calibrated neutral density
filters was taken at the telescope. These spectra were ex-—
posed in exactly the same manner as the star and galaxy
spectra, and a calibration wedge was applied to the film.
The wedge and calibration spectra agreed to within 2 percent.
We concluded that the wedges provide an adequate calibration

of the image tube-spectrograph system.

Iv. DATA REDUCTION

Because of the large number of spectra involved, and
to maintain uniform treatment of each spectrum, an automated
reduction procedure was adopted. The calibration exposures
and spectra were scanned with a digital microphotometer and
the resultant digitized transmission recorded on magnetic
tape. The microphotometer slit was 20 by 300 microns, pro-
jected on the film; the digitization step size was 6 microns
Various tests of this microphotometer indicate an overall
positional accuracy not worse than 4 microns.

A computer code was written to reduce the digitized
data from the microphoﬁometer. The first step of the pro-
cedure was to analyze the comparison spectra for each film.
The comparison lines were found using an algorithm described
in the appendix, and the lines were identified. The line

wavelengths were fit by a third order polynomial of the
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line position on the film; the error for an individual line
in the fit was typically 0.4 & or less. Next, all of the
absorption and emission lines in the object spectrum were
found. Using an algorithm provided by E. Turner (1976),
these lines were identified and the velocity of the object
determined. The error df these velocities was on the order
of 30 km s“l. The information from the appropriate calibra-
tion wedge was then used to convert the transmission data
to relative intensities. The geometric distortions intro-
duced by the image tube were removed, and the object was
shifted to zero velocity with respect to the Earth. These
linearized spectra had a sample size of 0.25 R in the blue,
and 0.33 & in the green and red. This final digital image
of relative intensity versus wavelength was written onto
magnetic tape for further processing.

The accuracy of the reduction procedure described above was
verified by comparison of the reduced spectra to scans of
stars obtained by Dr. J. E. Gunn using the multichannel
spectrophotometer on the 5-meter telescope. These scans
were averaged into stellar groups by B. Turnrose, who kind-
ly provided the data in advance of publication. The data
from the image tube spectra were corrected for extinction
and reddening, and summed oﬁer the bandpasses of the multi-
channel. The response of the image-tube system as a func-

tion of wavelength was determined by fitting with a low
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order polynomial the ratio of the flux in the multichannel
bands to that in the bands synthesized from the spectra.
After this response function was removed from the spectra,
they agreed with the multichannel data to within 5 percent.
We thus conclude that the relative intensities determined
by the image-tube spectra are accurate to 5 percent or
better.

Line indices were measured for 74 absorption lines and
bands. These indices measure 7 hydrogen lines, 5 helium
lines, 14 moclecular bands, 40 low excitation metal lines,
and 7 high excitation metal lines. 1Included are lines sen-
sitive to temperature and luminosity in the stars, as dis-
cussed by Gahm (1970), Gahm and Hultquist (1972), Stromgren
(1963), Keenan (1963), and Morgan, et al. (1943). These
indices are defined as the ratio of the relative intensity
in a band centered on the feature to the relative intensity
in a band centered several angstroms away. The bands are
broad enough so that the indices are independent of the
velocity dispersion in the galaxy. The spacing between the
feature band and the side band is small enough so that the
energy distribution in the object, interstellar reddening,
and atmospheric extinction do not affeét the indices.

Since the indices are defined without reference to an arti-
ficial continuum, they are inherently much moré accurate

than equivalent width measurements for late type stars. The

indices are described in Table 4. The values of the indices
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TABLE 4

DESCRIPTION OF LINE INDICES

Band Line Band Line Band Side Band Feature
Number Center Width Center*
o] Q [#]
(A) (A7) (n)

1 3835 5 3848 H
2 3888 5 3895 , H + He
3 3933 20 3910 Call
4 3968 20 : 3990 H + Call
5 4005 5 4010 Fe
6 4030 10 4020 He + Mn
7 4045 5 4050 Fe
8 4063 5 4055 Fe
9 4077 5 4085 SrIil
10 4101 15 4115 H
11 4133 5 4125 Mn
12 4143 5 4150 He + Fe
13 4171 10 4180 Ti + CN
14 4200 10 4185 SiIt
15 4215 5 4210 Fe + SrII + CN
16 4226 10 4235 Ca
17 4271 10 4280 Fe + Cr
18 4289 5 4280 Cr
19 4305 20 4318 G Band
20 4325 10 4330 Fe
21 4340 10 4330 : H
22 4352 5 4348 Fe + Mg
23 4374 5 4370 Fe
24 4383 10 43990 Fe
25 4404 10 4395 Fe
26 4415 5 4420 Fe
27 4455 : 10 4445 ‘ Ca
28 4471 5 4465 He
29 4481 5 4490 MgII
30 4460 15 4450 Fe
31 4530 10 4520 Fe
32 4583 5 4590 Ti0
33 4649 5 4635 Fe
34 4731 10 4740 Mg
35 4761 10 4750 TiO0 + MgH

36 4861 15 4845 H
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TABLE 4 (CONT.)

DESCRIPTION OF LINE INDICES

Band Line Band Line Band Side Band Feature
Number Center Width Center®
Q [+] o
(a) (A) (A)

37 4920 5 4910 Fe

38 4960 10 4950 TiO
39 4982 10 4990 Ti

40 5015 10 5025 He

41 5041 5 5050 SiII
42 5082 5 5080 Fe

43 5112 5 5120 Ti + Fe
44 5170 10 5155 Mg + Ti0
45 5183 10 5195 Mg

46 5208 5 5220 MgH
47 5229 5 5235 Fe

48 5270 10 5285 Ca

49 5300 5 5310 Fe + Ti
50 - 5330 10 5315 Fe

51 5371 10 5381 Fe

52 5410 10 5420 Fe

53 5455 10 5440 Ti0

54 5711 5 5720 Mg

55 5765 5 5750 Ti0

56 5784 5 5790 Ti

57 5815 5 58G5 Ti

58 5855 5 5845 Ti0

59 5892 10 5880 Na

60 5955 5 5950 Ti

61 5971 5 5980 YO

62 6135 5 6130 Fe + YO
63 6155 5 6150 TiO

64 6165 5 6175 TiO

65 6225 5 6230 TiO

66 6420 5 6410 Fe

67 6450 5 6460 Ca

68 6488 5 6480 .

69 6497 10 6510 Ba

70 6550 5 6540 . e

71 6562 10 6570 H

72 6722 5 6715 Si

73 6747 10 6755 Fe

74 6787 5 6780 MgII
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TABLE 4 (CONT.)

DESCRIPTION OF LINE INDICES

o]
*A11 side band widths are 5 A,
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for all the star groups and galaxies are listed in Table 5.
An entry of 0.0 in Table 5 indicates an index contaminated
by night sky features, by emission lines in the object, or

by film flaws.

V. SYNTHESIS PROCEDURE
Previous analytic methods of galaxy population synthe-
sis have been shown to be highly sensitive to noise in the
data (Williams 1976a, hereafter Paper I). 1In the present
work, the number of degrees of freedom available to the
models has been drastically restricted to reduce such sensi-
tivity. The stellar populations are described by a series

of power laws with eight parameters, as follows:

Py P
Main seguence: N{m) = P3 m m > P3
P -P
_ 2 2
—P3 m mg_P3
Py
Subgiant branch: N(x) = P, X X < P3'
oo p-d 1010(P3—X) . s p -
5 3 3
Py
Giant branch: N(x) = Pr X x < P3'
b pr 4 1pl0(R3mx) . > p.”
"6 3 3
Normal abundance: NNOR(X) = (l.O—P7) N (x)
SMR abundance: NSMR(X) = P7 N({x)

Others: N(y) + Pog y



43

The class "others" refers to the metal poor groups discussed
above. The independent variable for the main sequence is
stellar mass. For the evolved stars, log x is approximately
proportional to the effective temperature. For " others s

y is approximately proportional to the number of metal poor
stars in our galaxy. The value of the independent variable
for each group is listed in Table 2. Pé is the value of x
for evolved stars of the same spectral type as dwarfs with

m = P,. The relation between P, and P§ is:

0.2787

P3’ = -0.04387 -

log P,-0.2631

3

Thus Pl is the slope of the upper main sequence, P, the

2

slope of the lower main sequence, and P3 the main sequence

turnoff. P4‘is the slope of the evolved branches, P_. the

5

ratio of subgiants to main sequence, and P6 the ratio of
giants to main sequence. P7 is the fraction of evolved

stars which are "super metal rich",and P, is the number of

8
metal poor stars. Typical values of the parameters for the
solar neighborhood are listed in Table 6; these values are
from Blaauw (1965).

A computer algorithm has been devised which finds that
set of values for the eight parameters which minimizes the

residual difference between the observed galaxy and the

computed model. For a set of initial values of the param-

eters, the number of stars in each group is calculated. The
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composite line indices for this model are then:

$ S8.. F.. N
i3 “ij 73
c. = 3
i f
L Py Ny
3

where Ci is the ith composite line index, Sij is the wvalue

th line index for the jth star group, Fij is the

Fi
type of star at the s wavelength, and N.

J
is the number of stars of type j in the model. (The fluxes

of the i

h

flux of the j~

Fij have been compiled from Turnrose (1975), Christensen

(1972), and O'Connell (1970).) The residual for this model

is then:

where R is the residual, W is a weilghting factor for the

ith line, and Oi is the observed galaxy index for the ith

line. The derivative %55 for the nth parameter is esti-
mated, and that parameternis decreased (increased) by a
small amount if the sign of the derivative is positive
(negative). This procedure is iterated until none of the

parameters can undergo a fractional change of more than 10_'4

without increasing the total residual. This converged model

is termed the optimal parameterized model.
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There is a simple geometric interpretation of this syn-
thesis algorithm. The models fall on an eight-dimensional
hypersurface in a nine-dimensional space, eight of whose
dimensions are the values of the eight parameters, with the
ninth dimension chi squared for the fit. The algorithm
evaluates the gradient of this surface at the current point
and moves the model down the slope of the surface tbwards
the minimum. The algorithm steps its way downhill until it
is so close to the minimum that even a very small step
causes it to overshoot the minimum.

To explore the sensitivity of this method of population
synthesis to noise, an investigation similar to that of
paper I has been performed. A distribution of stars (termed
a pseudo-galaxy) similar to Faber's (1972) basic model of
M31 has been constructed; it is the so0lid curve in figﬁre 1.
The optimal parameterized model for this pseudo-galaxy is
the set of open circles in figure 1. The discrepancies
between the fit and the pseudo-galaxy are discussed below.
The pseudo-galaxy is then perturbed with 5% randomly dis-—
tributed noise, and again modeled; the sclution to these
perturbed data is the set of crosses in figure 1. It is
clear that the power law parameterization has stabilized the
model against the influence of noise. |

The discrepancies between the curve and the points in

figure 1 result from the form of the parameterization. The.
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Figure 1

The effects of noise on the optimal parameterized
model. The logarithm of the relative number of stars used
is shown for each star group. Points at the bottom boundary
of the figure represent Nslo-lo. HB refers to horizontal
branch stars, GC to globular clusters (metal content in-
creases to right), and PII to Population II giants. The
solid curve is the pseudo-galaxy with no noise. The open

points are the parameterized fit to it. The crosses are the

parameterized fit to the pseudo-galaxy with 5 % noise.
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subgiant and giant branches are required to eXﬁend to the
main sequence turnoff, thus causing too many G giants to be
used; the model compensates for this by reducing the number
of subgiants, which are primarily of type G. The slope of
the upper main sequence was decreased to fit the number of
late F dwarfs; this causes too many early dwarfs to be prec-
ent. These early dwarfs contribute less than 2 percent of
the total light of the model. They are compensated for by
the introduction of weak-lined metal poor stérs, which con=-
tribute 4 percent of the light.

While the above discrepancies are small, it is clear
that the details of the optimal parameterized model depend
upon the specific form of the’parameterization. This depen-
dence is the price that must be paid for eliminating the
sensitivity to noise. Of more importance than the optimal
model are the limits that can be put upon the stellar dis-
tribution. These limits are estimated by wvarying each
parameter from its optimal value until the reduced chi
square étatistic for the fit reaches a value corresponding
to the 70 percent and 95 percent confidence intervals (one
and two standard deviations). These limits describe the
envelopes of the stellar distributions which are acceptable
fits to the data; all distributions within the envelopes |
are equally acceptable.

The parameterization scheme outlined above is cast in

terms of observational guantities - slopes of sequences and
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ratios between sequences. Other forms cof parameterization
could be constructed which are cast in theoretical terms -
initial mass functions, stellar birthrate functions, etc.
Such alternative parameterizations will not be explored in
this paper. As will be seen below, the parameterization
used here is adequate to fit the data té within the obser-

vational errors.

VI. RESULTS FOR INDIVIDUAL GALAXIES

The optimal parameterized model for each galaxy, along
with the one and two standard deviation limits for each
parameter is listed in Table 6. Thé models are plotted in
figure 2. Figures comparing the synthesized spectra to the
actual galaxy spectra will be presented in a subsequent
paper (Williams 1976b). In the sections below, the charac-
teristics of the model for each galaxy are discussed, and

the models are compared with results by other authors.

a) M31

The model for M31 is shown in figure 2a. It has a
strong contribution from the evolved stars, with giants pro-
viding 49 percent of the V band light and subgiants 5 per-
cent. Metal poor stars provide 27 percent of the light.
The main sequence, with 18 percent of the light and 99.5
percent of the mass is much steeper than the main sequence

in the solar neighborhood. The main-sequence turnoff is at
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late G, corresponding to an age of 8#%1 x 109 years (Rood
1972). The M/L for the model is 46 #18 in V light. The
M/L ratio is strongly dependent upon the number of late M
dwarfs, which contribute only 10 percent of the light, and
is thus not well determined by population synthesis. The
model uses a large fraction of SMR stars, yet is over 10
percent too weak at the Na D and Mg b lines. It thus ap-
pears that the stars in the nucleus of M3l have stronger
metal lines than any in the solar neighborhood.

This model is similar in several respects to earlier
models by Spinrad and Taylor (1971) and by Faber (1972).
The distribution of light between the main sequence and
evolved branches, the steep slope of the lower main sequence
the mass-to-light ratio, and the high metallicity of the’
giants, agree well with their models. Spinrad and Taylor
found an earlier main sequence turnoff and no contributions
by metal poor stars. Thus the population found here appears
similar, but older, than previous models. Also the present
model includes a sizable fraction of M giant stars, contri-
buting about as much light as M dwarfs, while the previous
models allowed no M giants. This M giant contribution ap-
pears sufficient to produce the infrared CO band strength

observed by Baldwin, et al. (1973).
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b) M32

The model for M32 is .shown in figure 2bh. The distri-
bution of light and mass between the branches is very simi-
lar to that of M31 discussed above. 1In particular, the
giant branch is stronger here than in any other elliptical
in this work. The main sequence turnoff, at middle G, is
the earliest of any galaxy here. This turnoff corresponds
to an age of 6 *1 x 109 years. The M/L for the model is
19+6. The fraction of SMR stars is lower than in M31l, yet
there is no trouble fitting the Mg and Na lines in M32.
Thus there is no necessity for an abnormally high metal
abundance in the nucleus of this galaxy.

The present model is again similar to the Spinrad and
Taylor model, but older and containing more giants. Faber's
model for M32 has fewer giants and higher M/L than the pre-
sent model. The present model predicts a C-K color redder
than that measured by Penston (1973). If the giant branch
is taken to terminate at middle M rather than late M, the
predicted color would agree well with the infrared measure-
ment.

c) M81

The model for M81l, shown in figure 2c¢, has somewhat
less giant light and more metal poor light than the M31
model discussed above. The slope of the giant branch in M81
1s steeper than in M3l; and significantly fewer SMR giants

are used. Furthermore, the residuals of the sodium and mag-
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Figure 2
Parameterized population models for the ten galaxies.
The points are the optimal parameterized model, the inner
pair of solid lines the one standard deviation limits, the
outer pair the two standard deviation limits. (a) M31, (b)
M32, {(c) M81, (d4) M51, (e) M104, (f) NGC 3115, (g) NGC 3379,

(h) NGC 4473, (i) NGC 1052, and (j) NGC 584.
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nesium lines are within the observational errors, suggesting
less metal enhancement in this galaxy. The M/L is 36+25,
and the turnoff age 8.5 #1.5 billion years.

The models of M81 produced by Spinrad and Taylor and by
Faber are very different from this modél. Theirs contain a
strong giant branch with 77 percent of the light, an earlier
turncff, lower mass~to-light ratio, and no metal poor stars.
Their models do find the metallicity of the giants and the
slope of the lower main sequence similar to the present
model. None of the models are able to produce the CO index

observed by Baldwin, et al.

d) M51

The model for M51, in figure 2d, is totally different
from all the other galaxies in this study. It has a very
flat lower main sequence which contributes only 3 percent of
the light and 58 percent of the mass. The strongest light
contribution comes from metal poor stars, with 66 percent;
the evolved branches have 31 percent of the light. The flat
lower main sequence produces a very low M/L of 1.2%0.1. The
turnoff is late, between late G and early K, with a corres-
ponding age of 10 #2 billion years.

This unusual model is caused by the relatively strong
hydrogen and other early type lines, and relatively weak

late type lines, as seen in Table 5.



67

A model of M51 by Turnrose (1975) has a main sequence
turnoff, mass-to-light ratio, and shape of the lower main
sequence which are similar to the present model. His obser-
vations include no metal poor stars, thus his model has a
substantially populated upper main sequence which contri-
butes light similar to that which the presént model derives
from metal poor stars. Indeed, if no metal poor stars are
allowed, my procedure reguires many more upper main seguence
stars, but the goodness of fit is significantly lower. Thus
we believe that the early type absorption lines in the spect-

rum of M51 are probably coming from metal poor stars.

e) M104

For this and subseguent galaxies in this study, there
exist no previocusly published models by other investigators.
The model for M104 is shown in figure 2e. The main sequence
has 22 percent of the V light, and 99 percent of the mass.
The evolved stars have 34 percent of the light, and the
metal poor stars, 43 percent. The M/L is 81%#25, and the
turnoff at early X, or 11 *2 billion years. In most res-
pects, the nucleus of this Sa galaxy seems more like the
ellipticals discussed below than the spirals discussed

above.



68

f) NGC 3115

The NGC 3115 model is shown in figure 2f. The main
sequence has 20 percent of the light, the evolved stars 31
percent, and the metal poor stars 49 percent. ‘The turnoff
is at late G, with corresponding age 9.5 *1.5 billion years.
The M/L is 66+30. Morton and Chevalier (1973) found an M/L
of 38 for the nucleus of this galaxy from its Velocity dis-
persion; this value is within the uncertainties of the M/L

from the synthesis model.

g) NGC 3379

The model for this El galaxy is shown in figure 2g.
The distribution of light between the components of the
model is similar to that of M104 above. The turnoff is
much earlier, however, at mid-G, with an age of 6.5 #1

billion years. The M/L is 55+20.

h) NGC 4473

Figure 2h shows the model for NGC 4473. The light and
mass distribution is again similar to M104., The M/L is-

77%25. The turnoff is at late G, or 9 #1.5 billion years.

i) NGC 1052

The model for this galaxy is shown in figure 2i. The"

light distribution is again similar to that of M104. The

M/L is 111%*40, and the turnoff at early K gives an age of
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13 +2 billion years. This is the only galaxy besides M3l
which shows evidence of metal enrichment in the nucleus.

The magnesium and sodium lines of the model are significant-
ly too weak and cannot be brought into agreement with obser-

vations by any value of the metallicity parameter.

j) NGC 584

The model of this elliptical is in figure 23j. The
model is distinctly different from the rest of the ellipti-
cals in the survey. The main sequence has only 4 percent
of the light, the subgiants less than 1 percent, the giants
38 percent, and metal poor stars 57 percent. The most
striking feature is the late turnoff, at mid K, correspond-
ing to an age of 23 #*4 billion years. The metallicity
parameter is approximately a tenth that of the other galax-
ies, and the metal poor star contribution is the strongest
of all the models in this work. The ratio of giants to main
sequence is high, giving a mass-to-light ratio of 17 #5.

The overall impression is that of an extremely old stellar
population. This old populaticn model is caused by the rel-
atively strong molecular bands and relatively weak early

typevlines, as seen in Table 5.
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VII. SYSTEMATIC PROPERTIES OF THE MODELS

a) Metallicity

In general, most of the galaxies observed show no evi-
dence of requiring stars of higher metal content than those
observed in the solar neighborhood. Only M31 and NGC 1052
appear to be highly metal enriched, and the result for the
latter galaxy is tentative, since its model has significant-
ly poorer overall residuals than the others in this study.
Most of the models use approximately 70 percent solar neigh-
bornood SMR stars and 30 percent normal -stars; NGC 584 uses
normal abundance stars almost exclusively. Metal poor stars
contribute significantly to all models, with about half the

light of ellipticals and a quarter the light of Sb galaxies.

h) Evolved Stars

Most of the models have significant light contributions
from M giant stars, often egual to or greater than the light
from the M dwarfs. The presence of these M giants predicts
infrared colors in better agreement with dbservations than
those deduced from previous models. The evolved stars con-
tribute approximately twice as much light to the models of

Sb galaxies as to the elliptical galaxy models.

c) Population Age

From the position of the main seguence turnoff, the
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spirals appear to have had star formation occurring in their
nuclei as recently as 8 billion years ago. Surprisingly,
two of the ellipticals seem to have had star formation more
recently than this, and in another elliptical, at 9 billion
yvears. The two young ellipticals are very close to spiral
galaxies, and the third is near the center of the Virgo
cluster. It is thus reasonable to assume that these galax-
ies have had infall of gas from their spiral companions,
which has triggered recent star formation. The other two
ellipticals, which have ages on the order of or greater than
the Hubble time, are more nearly isolated. Similar sugges-
tions of gas infall have been advanced by wvan den Bergh
(1975). If the gas in these ellipticals has not come from
spiral companions, but from some intergalactic medium, a
theory must be advanced which explains why some of the

ellipticals show no evidence of such infall.

d) Morphological Type

The models described above reveal differences in stel-
lar population which correlate with morphological type. The
ellipticals have more metal poor stars and fewer evolved
stars than later type galaxies. The principal difference
among the ellipticals seems to be the degree to which they
have interacted with nearby galaxies. NGC 584 appears to

have a very old population and has probably evolved since
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its formation without interaction with any other galaxies;
M32, with the youngest population of this study, has un-
doubtedly interacted strongly with M31 in the past. The 80
and Sa galaxies studied here seem to be more like the ellip-
ticals than the later type spirals. The Sb galaxies have
more giants, fewer metal poor stars, and perhaps slightly
more upper main sequence stars than the earlier type galax-
ies. The Sc galaxy similarly has an enhanced giant branch,
but has a far flatter lower main sequence than any other
galaxy in this survey. Thus the galaxies in this study can
be divided by morphological type into three distinct popula-

tion groups: EO through Sa, Sb, and Sc.

VIII. CONCLUSIONS

The stellar populations of galaxies can be synthesizéﬁ
from their composite spectra, using the technigues described
above. The resulting models are both astrophysically rea-
sonable and consistent with previoué investigations. The
high spectral resolution of the data in this study is an
important improvement over earlier work. For example, this
high resolution increases the sensitivity to luminocsity in-
dicators in the late type stars. The resulting models pre-
dict infrared colors for the galaxies more nearly in accord
with observations than earlier models, even though the ob-

servations of this work extend only to 6800 R.
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Future observational work on this subject should con-
centrate on both high spectral resolution and‘photometric
measurements of color.. The new generation of high resolu-
tion, high sensitivity, linear detectors now being developed
should be ideal for such a study. Further work remains to
be done on the method of synthesis. Different’schemes of
parameterization should be investigated, both to determine
the sensitivity of the results to the form of parameteriza-
tion, and to find a form which is more flexible yet insensi-

tive to noise in the data.

The author would like to thank Dr. J. E. Gunﬁ and
B. Turnrose for kindly providing data in advance of pub-
lication. E. Turner furnished the vel@citymfinding
algorithm and much helpful advice in the course of this
work. Dr. J. Gunn constructed the wedge calibrator and
kindly allowed me to use it. L. Blakeei M. Olsiewski,
and O. Smith maintained the electronic equipment. The
author was supported during part of this work by a

National Science Foundation pre~doctoral fellowship.
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APPENDIX

An Algorithm for Locating Spectral Lines

in Digital Spectra

The first step of the procedure to find emission and
absorption lines in digitized spectra is to locate the con-
tinuum level. A data window is chosen whose width is less
than the average spacing between spectral lines. This
window is moved along the spectrum in steps which are a
tenth of the window's width; at each step, the mean and
standard deviation of the data within the window are esti-
mated. When there are no spectral lines in the window, the
mean is the continuum level at that point, and the standard
deviation gives an estimate of the noise level there. If
there are one or more lines in the window, the standard de-
viation of that point is much larger than the deviatiQn of
the line free points. After the entire spectrum is scanned
in this manner, a low order polynomial is passed through the
mean values, weighting each mean by the inverse square of
its standard deviation. This weighting causes the polyno-
mial to pass through the continuum points and to essentially
ignore the points contaminated by spectral lines. In an
emission line spectrum, the polynomial lies slightly above
the continuum, in an absorption line spectrum, slightly
below.

After the continuum and its noise level have been
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estimated, the spectrum is examined point by point. All
features more than a given number of standard deviations
from the continuum are considerea to be lines. The peak of
each line is found, and a parabola is fit'to the upper half
of the line. The center of the parabola is taken to be the
line position, and the error of the position is estimated
from the dispersion in the fit. If multiple peaks are
found in partially blended lines, each peak is fit as
described above. If a line is single-peaked but asymmetric
due to more severe blending, the error estimate will be

appropriately larger, reflecting the asymmetry.
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CHAPTER 3

VELOCITY DISPERSICNS IN THE NUCLEI OF TEN

NEARBY GALAXIES
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I. INTRODUCTION

The measurement of the velocity dispersion of the stars
in the center of elliptical galaxies is important, for it
provides an estimate of the mass of the galaxy, and a clue
to the processes by which the galaxy formed. In addition,
Faber and Jackson (1975) have suggested that velocity dis-
persion is correlated with luminosity for normal ellipticals.
The velocity dispersion at the nucleus of a spiral galaxy
similarly provides a measure of the mass of the central part
of the spheroidal bulge component of these systems. Thus it
is important to obtain reliable estimates of the velocity
dispersions of all types of regular galaxies.

The first investigations of velocity dispersion were
performed by Minkowski (1962), who compared photographic
spectra of galaxies with stellar spectra broadened in an
analogue fashion. Burbidge, Burbidge and Fish (196la,b},
de Vaucouleurs (1974) and Richstone and Sargent (1972}
have used digital technigues to broaden the photographic
spectra of stars and compare them with galaxy spectra.
Morton and co-workers (1973) and Faber and Jackson (1975)
have used linear photoelectric devices to obtain the
spectra used to estimate velocity dispersions. All of
these previous investigations have used for comparison
single stars whose spectra appeared similar to those of the

galaxy. However, galaxy spectra are composite, and thus
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the match with the spectrum of any single star is only
approximate. In the present investigation, composite
spectra of standard stars, determined in a previous paper
(Williams, 1976, hereafter Paper I), are used for compari-
son. This is the first time such composite spectra have
been used, and this procedure leads to systematically
lower estimates of the velocity dispersion.

Section II of this paper discusses briefly the
observations, data reduction, and population synthesis
procedures; a complete discussion of these matters is
presented in Paper I. Section IITI describes the procedure
for broadening the spectra, and presents the results for
both composite spectra and for single star spectra. |
Section IV derives mass to light ratios for the galaxies

in this study. Section V summarizes our results.
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IT. OBSERVATIONS, DATA REDUCTION, AND SYNTHESIS

All spectra were obtained with the Palomar 1.5 m
telescope, using the two-stage image~tube spectrograph.
The spectra extend from 3800 2 to 6800 R, at dispersions of
40 2 mm—l in the blue and 60 2 mm-l in the red, with
resolution of 2 i. Ten galaxies, 137 stars, and 5 glob~
ular clusters were observed. For the galaxies, the slit
was 15 arc seconds long, and oriented perpendicular to the
plane of each galaxy to minimize the effects of rotation.
The spectra were measured with a digital microphotometer,
corrected for the nonlinear film response, shifted to zero
velocity, and correctéd for the geometric distortions of
the image tube. Comparison of the épectra with photo-
electric scaﬁs of standard stars suggests that the total
photometric errors are less than 5% in these spectroscopic
data.

Line indices were measured for 74 absorption lines
and bands in the spectra. The allowed distributions of
stars in the models of the galaxies afe described by an
eight parameter power law representation. A computer
algorithm finds that set of parameters which minimizes the
RMS difference between the composite stellar indices and
the observed galaxy indices. These optimal parameterized
models are listed for each galaxy in Paper I. These
optimal models provide the distribution of stars used to

construct the composite spectra discussed below.
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ITI. VELOCITY DISPERSIONS
To simplify the computation of the broadened
spectrum, the composite synthesized spectrum was first

transformed to a logarithmic wavelength scale so that:

ki+l = (1+f) Xi

Hexre f was chosen to keep the number of samples in the
logarithmic spectrum equal to the number of samples in the
linear spectrum. This logarithmic spectrum was then

hroadened as fcllows:

cz'(x. - A.)Z
e -1z . 5
S (Ai, g) = A 3 exp| - S (X.)
‘ L 202 2.2
i
~1 3 c? (3 - i) £ }
= A exp | ~ (s OL)

i
Here S 1is the broadened spectrum, S the composite spectrum,
c the speed of light, ¢ the velocity dispersion, and & a

normalization factor:

20

The summation extends over all values of j for which the

exponential term is greater than or egqual to 10_4. After

the entire spectrum is broadened in this manner, it is
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transformed back to a linear wavelength scale.

The composite spectrum for each galaxy was broadened
with several different velocity dispersions, and the
spectrum with the best match to the actual galaxy spectrum
was selected by Visual'inspection. The plots of the
broadened spectra were identified with a code, so that the
author did not know which galaxy nor which velocity dis-
persions were being inspected when the selection of best
fit was made. Thus it is hoped that personal biases were
avoided in the estimation of velocity dispersion. The
velocity dispersions thus determined are listed in Table 1.
We conservatively estimate the errors in these dispersions
at 15%. Figure 1 shows the observed galaxy spectra and
several broadened composite spectra near the best velocity
dispersion for each galaxy. In Figqure 1, the composite
spectrum and the galaxy spectrum are separated vertically
by a small amount to prevent serious overlapping of the
curves; the arrow shows the amount of separation. The
galaxy spectrum is always the lower of each pair. A third
order polynomial is added to the composite.spectrum to
correct for differences in the continuum between the
galaxy and the composite; this polynomial is shown below
each pair, drawn to scale but with a zéro point shift.

The velocity dispersions estimated from the composite

spectra are systematically lower by 53 %17 km sec—l



85

*(€L6T)
IDTTRABYD puUR UOJIOW :g€LyP ‘STTE +(€L6T) UPNYL PUR UOJIIOW :§yZ7 OW
(zL6T) Jusbieg puer Su03ISUYDLTY o0 ) ~Amhmﬂv uosyorr pur asyged AR
— / Awwm,: SIN2TNOONEA a[p u>ﬁ
‘(dT196T'®T96T) °T® 3I® °bpTqang :4dd ‘(Z96T) TASMONUTH PT  :sodusIaslay 03 Aoy

... ... ... oo oo ou e .o c/ o5 P6TS
e voe ‘e oo s e s ane e <1z eg P6CT
‘e “e 091 .o oo oo 007 0TT cm Loy
e 0v¢ et T L8T Tt gzl €€T T . e6LEE
e 00¢ G112 0ee ctr G0¢ 0ve 007 08-Ld GTTE€
‘oo . e e .. “es e s .o 051 qs Teoe
cve cee e ‘e ‘e e e s 00T pa ZC0T
coe ces .o cse e ‘e ae e 0GT b bgC
vt 08T 0271 06T e GZ2 99T G271 qs v2e
09 00T> ttT 09 96 00T e g9 ZH 12¢
Sy o4 OW AD A4d4 TH sIe3s wvIjzoadg
oThuts ®3Tsoduiod
£ SYIOM I2YI0 xeded STUL (DON)
AH ovs/ury) suorsasdsT(g AQTO0TSA adAy, Axeten

SHIXVIVD NidL dHL d04d SNOISYHISIA ALIDOTHEA

T HTdVYdL



86

Figure 1

Velbcity dispersions for the ten galaxies. The upper
curve of each pair is the broadened composite stellar
spectrum; the lower is the observed galaxy spectrum. The
two spectra of each pair are separated a distance shown by
the arrow. The smooth curve is a polynomial added to the
composite spectrum to adjust its color to that of the
galaxy; this curve is drawn to the same relative intensity
scale as the spectra, but with a zero point shift - zero
is the level at 4200 g. The best velocity dispersion is
shown in the central plot. (a) NGC 224, (b) NGC 221
(c) NGC 3031, (d) NGC 5194, (e) NGC 4594, (f) NGC 3115,

(g) NGC 3379, (h) NGC 4473, (i) NGC 1052, and (j) NGC 584.
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than the values found by other authors andvlisted'in Table
1 (excluding Minkowski's measurements, which are known to
be too high). This discrepancy is much larger than the
errors in wavelength registration between the spectra. The
wavelength scalés are accurate in this spectral region to
0.15 i,and the sample size is 0.25 2. We thus expect that
the spurioué broadening due to shifts in wavelength scale
is less than 15 km sec—l, To investigate this effect,
spectra of single stars of spectral type late G III and
early K III were broadened using the method described
above and were compared with four of the galaxy spectré,
These results are also listed in Table 1 and shown in
Figure 2. These estimates agree with those previously
derived by other authors using single stars to within

10 + 10 km sec—l. This good agreement suggests that it is
the use of composite spectra which causes the above dis~
crepancy, and not any systematic errors in the data
reduction or in the visual comparison of observed and
broadened spectra. This discrepancy is plausible. The
composite spectrum, made up stars with different spectral
types, will be more highly blended than the spectrum of any
single star, and hence somewhat "broadened" even at zero
velocity dispersion. For example, in early G stars the
blue edge of the G band is stronger than the red edge; for

early K stars, the reverse is true. Hencz a composite
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Figure 2

Velocity dispersion estimated from a single stellar
spectrum. The upper curve of each pair is the broadened
spectrum of a KO III star; the lower is the observed
spectrum of NGC 3379. The two spectra of each pair are
separated a distance shown by the arrow. The smooth curve
is a polynomial added to the stellar spectrum to adjust its
color to that of the galaxy; this curve‘is drawn to the
same relative intensity scale as the spectra, but with a
zero point shift - zero is the level at 4200 R. The best

velocity dispersion is shown in the central plot.
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spectrﬁm made of both types of stars will have a more
symmetfic, "broadened" G band. Such discrepanéies

have also been mentioned by de Vaucouleurs (1974) as a
possible source of error in previous work. Since a
composite spectrum with line strengths approximately equal
to those in the observed galaxy is the proper spectrum to
be used in determining velocity dispersions, we feel that
previous work on this subject has yielded velocity
dispersions which are systematically too large. To deter-
mine an accurate velocity dispersion, a composite:synthe-

sized spectrum must be used.

IV. MASS TO LIGHT RATIOS
Using the velocity dispersions presented above,
surface photometery of the galaxies, and assumptions about
dynamic equilibrium, mass to light ratios may be derived
for these galaxies. For the ellipticals, we use the
relation derived from the virial theorem by Morton and
Chevalier (1972):

2 2/3 v (50

_ a
= 2007 1/2 ('5') '}'{"")

M
T B
®

Where the velocity dispersion 7 and recessional velocity v
are in km sec-l, the half-light radius Bl . is in arc
/

-1

seconds, the Hubble constant H is in km sec_l Mpc ~, and

a/b is the axial ratio of the galaxy. The data for the
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ellipticals are presented in Table 2; the photometric data
for NGC 4473 and NGC 3379 are from Fish (1964), for NGC
3115 from van Houten (1961) and Morton and Chevalier (1973},
for NGC 584 and 1052 from de Vaucouleurs (1964), with
appropriate scaling, and for NGC 221 from Richstone and
Sargent (1972). With the exception of NGC 221, the
distances are estimated from the recession velocities,
using a Hubble constant of 50 km sec™t Mpc—l; for the
nearer galaxies these estimates may have large relative
error due to the peculiar velocities of the galaxies. The
mass to light ratios presented in Table 2 are for the
photographic band. If the errors in the photometery are
10%, in the velocity dispersions 15%, and in the distances
20%, then the errors in M/L are 37%. Since the simple
application of the virial theorem which leads to the above
formula is undoubtedly an over simplification of the actual
physical situation, the true errors in these estimates of
the mass to light ratid may be much larger, but arise from
theoretical rather than observational errors.

For the spirals, the above formula is ‘inadequate,
.since the observed velocity dispersidns arise from the
spheroidal component of a more complicated bulge-disk
system. Spinrad, et al, (1971) present a formula for the
mass to light ratio of the core region which is insensitive

to the structure of the outer regions:
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M
= =

where: C = 0.19 ( 0.3 + 0.7 g )—1

Here IO is the central surface brightnéss, ec is the core
radius, defined as the point where I = 1/2 IO, R is the
distance to the galaxy, and 0 is the observed wvelocity
dispersiop. With R in Mpc, ec in arc seconds, IO in terms
of equivalent 20th magnitude stars per sguare arc second,
and 0 in km sec”l, M/L is in solar units.  Using this
formula, mass to light ratios are derived for the central
components of the spiral galaxies observed. The data are
presented in Table 3. The photometry for NGC 224 is from
Light, et al.(1974), for NGC 3031 from Brandt, et al. (1972)
and Goad (1974), for NGC 4594 from van Houten (1961), and
for NGC 5194 from Schweitzer (private communiéation}. The
mass to light ratios are for the V band for all except NGC '
4594, which is for the photographic band. The above
comments about the magnitude of the errors for the ellipti-
cals are equally applicable here, Using standard colors
for the spirals estimated from de Vaucouleurs (1964), the
M/L ratios in V light may be multiplied ky a factor 3.1 to
convert them to the photographic band, for comparison with

the ellipticals.
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V. SUMMARY

The use of single stellar spectra in previous works
to estimate velocity dispersions has led to results which
were systematically too large. We believe that the
estimates presented in this paper, based upon composite
spectra very similar to the galaxy spectra, are better
measurements of the actual velocity dispersions in these
galaxies. This result implies that future attempts to
estimate velocity dispersions must include a study of the
stellar population and the construction of the appropriate
composite spectrum for the galaxy.

The mass to light ratios presented in Tables 2 and 3
are small, reflecting the lower estimates of the velocity
dispersions. These results thus exacerbate the problem of
the "missing mass". Moreover, these low M/L values for
the centers of galaxies rule out such exotic explanations
as "black holes in the nuclei of galaxies". A new study
by Turner (1975) of binary galaxies finds mass to light
ratios which are five times larger than those estimated
in this paper. To resolve these discrepancies, one must
speculate that the M/L ratio increaseé dramatically towards
the outer parts of galaxies.

There seems to be no systematic difference between
the mass to light ratios for spirals and ellipticals.

Thus the inner part of the bulge component of spiral
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galaxies appears to be similar to the material in elliptical
galaxies.

The mass to light ratios for two of these galaxies
are in good agreement with those derived from the popula-
tion syntheses of Paper I. The rest seem to be approxi-
mately a factor of two lower than those in Fapcr I. In
view of the large inaccuracies of the mass to 1ight
estimates derived from population synthesis, and the
uncertainties of the theoretical treatment given above,
these discrepancies- are not disturbing. The population
syntheses have probably included too many late M dwarfs,
which rapidly increase the M/L ratio. Reducing the M dwarf
fraction in the models of Paper I would not affect aﬁy of
the results of this paper, since these stars contribute

little to the light of the composite spectra.

The author wishes to thank Dr. F. Schweitzer for
kindly providing the surface photometry data‘fdr NGC 5194
in advance of publication. Drs. D. Richstone and T. Thuan
provided helpful advice during the courée of this work.
The author was supported during part of this work by a
National Science Foundation pre-doctoral fellowship. I
would like to especially thank J. Hoessel for his assist~

ance on this project.
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