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ABSTRACT

The relation between central or mean metallicify and luminosity
in elliptical éalaxies is a well observed phenomenon. Theoretical
explanations proposed fof this rélation include scenarios in which peak
metallicities are determined either by tﬁe epoch ét which the remaining
gas is expelled from the galaxy by supernova-driven winds, or by the
efficiency of star formation following a.series of mergers by smali
stellar/gaseous subsyétems. These explanations suggest that an
investigation of.the metallicity-luminosity relation for-spiral
galaxies might have impliéations_for galaxy formation models and for the
origin of SO galaxies. The existing evidence'éoncerning'SO's poiﬁts to
a relation between mean metallicity and total luminosity.

The problem of measuring metal abundances in the nuclei of
spiral galaxies is that the line strength variations due to metallicity
changes must be distinguished from those due to a filling in of the
lines by the continuum from a young popuiation; This was accomplished
by measuring absorption line indices for Mg b-and for a CN band at
23880, Nuclear spectra of twenty ellipticals, oBtained with a reticon
detector, show these two indices to be well correlated for pure old
populations; models including the effects 6f-young stars show a &ery
different trajectory for-age effects., A procedure is thus defined for
5 _ :
determining the metallicity of the population and the fraction of 1light
coming from the young component, and this procedure is appliéd té
abservations of 25 spiral galaxies, A comparison of the results of

X
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this analysis with detailed population syntheses for six galaxies
confirms the correctness of the procedure,

In order to obtain bulge iuminosities and bulgeHFOTdisk ratios,
photographic plates of twenty—~two of the spirals were obtained, This
material was digitized and reduced to a series of radial luminosity
profiles for;each gélaxy. A procedure was established for decomposing
‘the profiles.into disk and bulge contributions. In addition to the
desired- gross' parameters of the bulge and disk, the'inclinations and
true bulge flattenings for some of the galaxies are accurately deter—
mined. A discussién of the results of this analysis deals with the
nature of departures from the exponential fitting function for some
disks, a decomposition of thé Hubble sequence inpo quantitative param-
etersy. and the implication of the distribution of true bulge flattenings.

The metallicities and luminosities are then combined, and two
fests indicate that in spiral galaxies; central metaliicity and bulge
Juminosity fbllow the same relation seen in elliptiéals. The implica-
tions of this result are twofold. First, galaxy formation models in
which the disk material can affect the processes which determiﬁe the
central metallicity in the bulge are ruled out. Specifically, it is
'likeiy‘that the disks of spiral galaxies are not undergoing vigorous
stér formation at the time the bulge ceases forming stars. A picture in
which the disk material has not yet accreted on to the galaxy at this
time is also quite consistent, A somewhat more straightforward implica-
tion comes from a comparison of the results of this studylwith similar

studies of SO galaxies, It is concluded that, aside from the uncertain



effects of radial gradients, the evidence is inconsistent with :the

theory that most SO's were at one time spiral galaxies.



.CHAPTER I
INTRODUCTION

It has often been assumed that  the bulges of spirals and SO
'galaxies are stellar systems With‘properties very similar to elliptical
galaxies, Sﬁpport for this assumption comes from the similarity of the
luminoéity distributions and stellar pépulations in bulges and
elliptical galaxies. The fact that galaxies with disks must represent
some change in the initial conditions of galaxy formation or early
evolution from galaxies Without disks, however, implies that at some
level the two types of systems_musf différ. Reéént studies of rotation
of galaxies have revealed one such difference. Apparently, ellipticals
are not supported by rotation (Illingworth 1977), whereas bulges do
contéin most of their kinetic energy in rotation (Kormendy .and
Illing&orth 1980) . 7Further properties which distinguish bulges from
elliptical galaxies are.sure to be found, and such distinctions provide
an important inpﬁt to models of galaxy formation. One such property
which holds promise for supplying information about conditions at the
time of galéxy formation is the metallicity-luminosity relation,

-Thexexistehce of wariations in colors of elliptical galaxie;
has been known for more than 20 years (Baum 1959, deVaucouleurs 1961,
Lésker 1976, Faber 1973). These variations are correlated with the
strengths of metal'linés in- the iﬁtegrated spectra and with luminosity,
in the sense that brighter galaxies tend té have stronger metal lines

1



and redder colors (Faber 1973, l97f), The interpfetation which has
evolved for these variations is that they are due to a range of mean
metal abundances in thelstellar populations 0f>different.galaxies. In
terms of the colors, increasing metallicity implies increasing line-~
blanketing in the UV and a cooler giant branch; so the osserved corre=
lation betﬁeen color and line strength is qualitatively as expected,
Furthermore, synthetic galaxy populatibn models Which‘vary the star
formation rate or the mass function are unable to reproduce the
observed features, -although it is likely that very blue dwarf ellipw
‘ ticals do have current or recent star formation which serves to bluen
their colors even more. A good review of metallicity variations within
ahd Betweén gaiaxies is given by Faber (1977).

fwo differgnt eﬁplanationsAfor the trend of metallicity with
lﬁminosity in ellipticél galaxies have been proposed. In what we shall
refer to as the supernovasdriyen wind model (Larson 19745), tﬁe star
formation, and hence the nucleosynthesis, is terminated at a time when
enough energy has been imparted to the remaining interstellar gas by
supernova explosions to Blow the gas out of the galaxy.' This haé the
effect of making botﬁ the mean and central metal abundance higher in
galaxies which can hold oﬁlto their.gés 16nger. How tightly a galaxy
can hold its gas is a measure of its eécape velocity which depends on
the mass of the galaxy.

The other explanation, the star formation efficiency argument,
depends upon the mérger plcture of galaxy formation, Accordiﬁg to this
theory (White and Rees, l978, Tinsley énd Larson 1979) galaxiés are con-

structed by the successiye mergers of small subsystems containing stars

th
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and gas. Chemical enrichment in this model accompanies bursts of star

formation induced by the compression of gas in each merger. Tinsley and
Larson (1979) show that a simple consequence of this model is an
efficiency of star:formation wﬁich is proportioﬁal to the total mass’of
the subsystems involved in the merger.

Thus?'each of these processes‘éccouﬁts for the metallicity-
luminosity rglation in elliptical galaxies, Their:application to spiral
and SO galaxies, héwever, is less straighfforward. In particular, the
effect of the disk is uncertain, Does the very existence of a disk
‘affect the properties which.causé the metallicity-luminosity relation?

Or is the disk added on at a later time, after the bulge star formation

. has ceased? We present the foqr foliowiné possible metallicity-

lnlumiﬁosity relations for galaxies with diéks: |

1. A correlation between métallicity and bulge luminosity identical
to\the metallicity—luminosity relation for ellipticais.

2. A cofrélation.between_metallicitf and total luminosity identical
to the metallicity—luminosity relation for ellipticals.

3. A correlation between metallicity and bulge lumin;sity offset
to lower metallicity than.the eiliptical relation and a correla-
tion between this offset and bulge-to-disk ratio (léwer
metallicity for smaller bulge~to~disk).,

4, A cerrelation between metallicity and total luminosity offset
to lower metalliciﬁy'thaﬁ the elliptical relation and a correla-
tion between this offset and bulge~to-disk ratio (lower

metallicity for smaller bulgev;o—disk).5'



These four possible cases. can be thought of as expressing the

formula:
M= OLLbulge + BLdisk

where M is some measure of the metallicity, Lbulge and LdiSk are the
bulge and disk luminosities, and a and B are relativg measures of the
degree of correlation. For instance, relation 1 described above would
have o positive and B zéro; relation 2 would have o and B positive arnd
equal; relationé 3>and 4 would have o posgitive and‘B smaller or
négative.

Each of these four possible relations can be justified in terms
of a theoretical scenario of galaxy formation. Relation l,'in which
bulges are most like elliptical galaﬁies, might occﬁr if disks have no
effect on the processes which cause the metallicity-luminosity relatiom.
A sfecific picture with this effect is one in which, at the time that star
formation in the bulge. ceases, the disk materiél is not mixed with the
bulge material. This might occur if the structural formation of the
galaxy, disk and bulge, is completér Then, for instance, superndva
explosions among the newly formed bulge stars could expel the remaining
gas from the bulge region with minimal effect from the .disk material.
Another, completely different scenario in which relation 1 is the
expected outcome is one in which the bulges.are produced by mergers of
steliar/gaseous subsystems, but disks are created by the slew infall of
IowAdensity clouds over a long period of time.

Relation 2 might be most easily explained in terms of the

previously described multiple merger model in which both disk and bulge



material are contained in the smaller subsystems. .In this case, star
forming efficiency, and therefore chemical enrichment, is related to
the total mass of the system, and the gas which ddes nét immediately
form stars settles into the disk, |

Relation 3 might arise frém a pictﬁre like the hydrodynamic
models constructed by Larson (1974a,.1974b, 1975, 1976) . One important
consequence of these models is that the bulge-to-disk ratio'ofvthe
galéxy is primarily controlled by the density'of the gas in the proto-
galactic cloud. Similar results are obtained by Gott and Thuan (1976)
who suggest that £he ffaction Qf the protogalaxy which will become the
bulge is that fraction of the gas ﬁhich has formed .stars within one
collapse timescale after the galaxy:begiﬁs to bqllapse. The idea is
that the stars which ferm as fhe protogélaxy coiiapses initially will
form a dissipationless system, while the gas remaining will quickly
‘settle into a disk. Since the collapse timescale is proportional to the
inverse of the gas denéity, tc<xpg—l, and the star formation timescale
may be proportional to pg~2, as in the calculations of Schmidt (1959),
a lower densit§ cloud.will become a galaxy with a émallef bulge-to-disk
ratio. If this picture is combined ﬁith the supernova~driven idea, .in
Which the rele&ant parameter is the escape velécity, also'depéndent_On
the density, a simple consequence is that at a given bulge‘luminosity; a
small bulge-to~disk ratio galaxy will have a lower central metallicit?
than a large bulge-to~disk ratio galaxy. These effegts would produce a
metallicity—~luminosity relation similar to relafion 3.

Relation 4 might be expected in a scenario which strings to-

gether the multiple merger models with the bulge-to-disk ratio



explanation given for relétion 3, It is reasonable to expect that the
star forming efficiency depends on the gas -density as well as the mass
of the merging sﬁbsystems. Iﬁ this case, as for the previous relation,
gas with a lower density will produce a galaxy with 1ess'chemical en-
richment and a ‘smaller bulge~to-disk ratio, if.it is assumed that the
disk is formed from tﬁe residual gas.

It is apparent from the previous discussion that the ﬁhole
situation is quite complex. We will not attempt to construcf quanti-
tative models for all possible cases, both because many of the input
parameters are unknown and because éuch models would not be unique. It
is likely, however, that an investigatioﬁ of the metallicity-luminosity
relation-in galaxies with disks Would'supply an important piece of in-
formation to the process 6f'sorting out the galaxy formation pictures.

The existing observational data on this subject are not very
extensive. Visvanathan and Sandage (1977) have obtained bréad;band
colors and magnitudes for 105 elliptical and SO galaxies. They find
that the metallicity-total luminosity relations for the two types of
systems are indistinguishable in slope or intercept. However, their
(u-V) colors may be affected by the age of the population in addition
to metallicity,>al£hqugh it is quite unlikely that the two effects
conspire to produce the result seen. Visvanathan and Griersmith (1977)
have obtained similar colors and magnitudes for 41 early type spirals.
They also qoﬁclude that the colors correlate with total magnitude in the
same relation séen in ellipticals and SO's, but in this case, contamina-
tion b? younger stars in the disk as.well as effects of dust are not

negligible, Burstein (1979a) obtained line strength measurements



indicative of the Mg b absorption for 5 SO galaxies. Using a red conw
tinuum color, he showed that in these objects- there is little or no
contamination from young stars, but, because this colof is not reddening
free, his method is subject fb the problem that dust can mést the effect
of young stars, His results confirm those of Visvanathan and Sandage.
The metallicity-total luminosity relationlfor S0 galaxies is the same

as that for elliptical galaxies.

A comment om radial gradients and their effects on these
measurements is in order. Both the color measurements of Visyanathan
and Sandage and Visvanathan aﬁd Griersmith and the line strength
measurements of Burstein were obtained with large apertures. Since it
is known that both elliptical,galaiies énd SO-galaxies show radial

Jgradients in these colors and 1ipe streﬁgthsr(Faber 1977, Burstein
1979a), we must distinguish between mean and nuclear metallicity
measurements. While qualitatively, the same results are,expected to
obtain for both mean and nuclear metallicities, a systematic difference
in the shape ér steepness of the gradients in different types of
galaxies could alter the quantitative comparison. An oBVious example
of this is that if omne galaxy hésva radial gradient much steeper than
another galaxy, it is possible for their nuclear»metallicities to be the
same, while the one with the shallower gradient has'é much larger mean
metallicity, ‘This problem will be discussed further ih a later chapter.'

The fact that some aata ekist for SO galaxies ahd thé possi~

bility of distinguishing betweeﬁ the varioué galaxy formation pictures

are the motivations for the study that follows, a determination of the

metallicity~luminosity relation for spiral galaxies, and a comparison of



this relation with,thé'elliptical and SO galaxy relations. It was
decided to choose a sample of approximately 25 spiral galaxies to be
studigd spectroséopically and photometricélly, The requirements applied
to the objects inlthis sample were that théy be classified SO/a or
later, that they have a signifiqant bulge component visible on the Sky
Survey or other publiéhed photographs, and that they have a radial
velocity of less than about 3000 kmvsec_?. The reason for this last
qualification was to attempt té minimize the effects of‘radiél gradients
iﬁ the populations by sampling close to the same region in all galaxies.
Most of the galaxies chosen are clbse to 'face~on as dust absorption and
inclination effects are then 1eaéf important. The spirél galaxies in
the sample, and relevant informatigﬁ about them are listed'in Table 1.
The adopted distances fome from Aaronéon, Huchra, and Mould (1979) and
Aaronson (1980).

Nineteen elliptical galaxies were also observed spectro~
scopically to establish their metallicity—~luminosity relation on the
same scales which were to be used for the spirals, Informagion on these
galaxies islpresented”in Table 2. It should be noted that these samples
are not.expected to be free from selection effects. For examplé, late
type spirals are certainly underrepresented in terms of the relative
numbers of objects along thg Hubble sequence. It is expected, however,
that the mefhod by which the sample was chosen will have little-or no
gffect on the ptimary test to be performed, the comparison of the
metallicity-luminosity relation for sbirals with that for elliptical

galaxies.



Table 1. Parameters of Program Spiral Galaxies
Hubble Revised Yerkes Distance T
NGC type type - type . (Mpc.) B0
224 Sb 3 gks . 0.65 3.59
488 Sb 3 gks 35.3 10.83
628 Sc 5 fgs 12,2 9.48
2268 Sbe 4 £S 37.9 11.55
2336 Sbe 4 fgs 36.8 10.49
2344 Sc 5 - 15.4 - 12.42
2655 S0/a (0] kEp 25.0 10.49
2681 Sa 0 kS 15.7 10.79
2775 Sab 2 gkDS 14.8 10.85
2841 Sb 3 kS 15.7 9.58
2855 S0/a 0 kD 25.5 12.06
3031 Sb 2 gks 3.6 7.24
3147 Sb 4 . gks 41.2 11.07
3277 Sab 2 kS 21.6 12.31
- 3368 Sab 2 gS 10.0 9.79
- 3642 Sbe 4 ..gkS 26.6 11.29
3898 Sab 2, ks 15.8 11.28
4378 Sa 1 kS 49.0 12.35 .
4594 Sa 1 kS 18.4 8.97
" 4725 Sb 2 gkSB 17.4 9.64
4736 Sab 2 gDSs 5.2 8.58
5194 Sc 4 fgs 8.7 8.62
6340 Sa 0 gDs 33.0 11.45
7217 Sb 2 gkSD 18.9 10.49
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Table 2., Parameters of Program Elliptical Galaxies

: . . Distance T

NGC. (Mpe.) BO . | MB

596 32.4 . 11.53 -21.02
1209 38.6 12.03 -20.90
1407 17.0 10.51 -20,64
2300 33.3 , 11.47 -21.14
2314 42.5 12.39 -20.75
2768 . 23.1 10,60 -21,22
3193 . . 19.7 . : 11.63 -19.84
3377 10.0 10.85 -19.15
3379 . 10.0 : 10,00 -20.00
4374 15,7 10.11 -20.87
4387 : 15.7 12.75 -18.23
4406 15.7 9.93 -21.05
4464 15.7 13.31 -17.67
4478 15.7 11.92 -19.06
4621 15.7 10.55 -20.43
4649 ' . 15.7 9.62 © -21.36
4889 ' - 78.0 : - 12,16 -22.30
6482 43,4 - 11.59 -21.60

7619 41.6 11.78 -21.32
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The following part of this dissertaﬁion divides quite naturally
into three sections. Chapter II reports on the spectroscopic observa-
tions of the galaxies and tﬁe diécovery of a technique fof separating
the effects of ﬁetallicity Variations from those of age, an important
distinction when comparing>spiral nuclei to elliptical nuclei. The
metallicities of thé program galaxies are listed and several cérrela—
tions between the quantitative parame£efs derived and qualitative
classification schemes are examined.

Chapter III discusses the surface photometry measurements for
the sampié galaxies, including a description of observation and reduc-
tion techniques. The decomposition of radial luminosity profiles into
bulge and‘disg compqnenté_is discussed and é procedure is devised and
applied to therdafa obtained heré. The relevant photometric parameters
are derived and an investigation of :the nature of the Hubbie sequence
in terms of these parameters is made. Chapter IV-combines the results
of Chapters IT and TII to construct the spiral'metallicityHIuminosity
relation and compafe‘it with the elliptical relation. Implications for
the processes of galaxy formétion énd the natﬁre of SO galaxies are

discussed.



CHAPTER I1
METALLICITIES IN THE BULGES OF SPIRAL GALAXIES

Variations among the spectra of the central regions of galaxies
Wére first explored by Morgan and collaborators (Morgan and Mayall 1957;
Morgan 1958, 1959; Morgan and Osterbrock 1969). Using photographic
spectrograms of thé nuclei of bright galaﬁies,’these workers were able
to establish a classification scheme using some of the same criteria as
were used for individual stars. It was recognized that a correlation
exists Between the spectroscopic appearance of the nuclear stellar
populatién éf a gélaxy and that galaxy'slmorphological appearance. This
correiation is in the.sense that spectra dominated by the earliest type
stars (A in Morgan's system) correspond to those galaxies with the ’
latest morphological appearance (Sc or Ir in Hubble's J1936] classifica-
tion sequence), This is not a surprising result as there are several
indications that the population of the disk component of a galaxy con—
tains_a significant fraction of young stars while that of the bulge does
not, The eyidence for this includes broad-band colors, the presence of
H II regions and OB associations in nearby galaxies, and thevdistribu—
tion pf_neutral hydrogen. Thus, the range of spectral variation in
galactic nuclei can be thought of as the effect of varying amounts of .
‘the young disk population showiﬁg through the old bulge population.

The quantitative study of stellar populations in galaxies has
progresseé slowly from this qualitative beginning. The main technique
used has been population syntheSié, in which a céllection of

12



13
measurements (photometric colors or strengths.of spectroscopic features)
of different stellar types are combined to yield composite measurements
which are thep compared With_ébserﬁations of galaxies. In ferms of
physically meaniﬁgful quantities, each star in the popul;tion can be
described by én age, a mass, and a metallicity. Of courseé, the
abundance of éach element is different, but [Fe/H] is often usedlto
represent the entite array. The stellaf.ﬁépulationg then, can be
thought of as the distribution of stars over these three parameters.

Three different methods have been u;ed to producé the combina-
tion of steilar measurements which are to be compared to the galaxy
measurements. The first and simplest is to determine, with linear or
quadratic progrémming_techniques, or by trial and.error, the relative
numbers of each staf in the librarf of stellar observations needed to
match the actual galaxy (Spinrad 1966, Wood 1966, Spinrad.and Taylor
1971, Faber 1972, furnfose 1976, Pritchet 1977). There are two rather
serious'drawbacks to this method. First, it is impossible to construct
a catalog of stellar observations representing all possible wvalies of
mass, age, and abundances, within réasonable limits.» Abundances are a
particular problém in this regard as in the solar neighborhood we see a
rather restricted range of metallicities, subsqlar metalliéities being
observable only in the limited populatioms of old globular clusters and
éupersolar metallicities being eséentially absent. The second prob1em
inherent to the empirical populatiqﬁ synthésis is that of uniqueness.
Since the observations of different stellar types do mnot represent
orthogonal vectors but only slightly oblique ones; the best. fit solu-

tion is not well determined and is very sensitive to observational noise.
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This limitation was recognized by the early workers in this field
(Spinrad 1966), but its effect was demonstrated quite dramatically by
Williams (1976). The frocedure which has generally been used to avoid
the problem of nonuniqueness is to constrain the allowed-solution with
various reasonable assumptions. These include the prevention of nega-
tive numbers. of stars and various continuity criteria. However, one
has to be careful in this case not to overinterpret the model; while the
gross features of the synthesized population reflect the information in
the spectrum, the details are often due solely to the constraints
(Wilkinson and Searle 1977).

The other two methods of population synthesis are attempts to
build the constraints into the technique by which the best fit model is
found. Williams (1976) parameterized the HR diagram with such quanti;
ties as the turnoff spectral type and the slope of the mass function
above and below the turnoff. He then solved for the values of the
parameters for which the composite light most resembled the observed
galaxies, This led to solutions which were stable to perturbation al-
though the values derived may still be poorly determined.

The third type of population synthesis contains the constraints
in the form of an evolutionary model. The model is defined in terms of
a mass function, an age, a star formation rate, and a metallicity. The
model is constructed by translating the mass and age of each star into a
.temperature and luminosity using stellar evolution tracks, The metal-
licity of the population enters into the solution in térms of both the

evolutionary tracks and the measurements of the individual stars. This

’
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type of analysis has been performed by Searle,.Sargent, and Bagnuolo |
(1973) 35 Moore (1968); Tinsley and Gunn .(1976); and O;Connell (1976) .

What have we learned about étellar populations from bopulaﬁion
syntheses? The géneral picture that has evolved is tﬂat all galaxies
are about 10 billion years old (Searlé‘et al. 1973). 1In ellipticals and
presumably in the bulges of spirals all the star formation took piace in
a comparatively brief burst. In spiralldisks, however, star formation
has persisted to the present day, at a declining or steady rate, or in
separate bursts (Searle et al..1973). Visible light measurements have
proven to bé éuite insensitive to the mass function (Tinsley and Gunn
1976) indicating only that if expressed as‘a power law, its slope must
be flatter than ;3, i.e.,-gg‘ = Ama, where o > -3. Further information
on this éldpe comes from observatioﬁs of infrared features extremely
sensitive to luminosity. Measurements of the Wing-Ford band (Whitford
1977, Tinsley and Gunn 1976) and similar studies of fhe 2.3p CO absorp-
tion feature (Frogel et al. 1978) supply evidence that a > -2. ‘

Metallicity and age variations tend to be confused, as a
decrease in [Fe/Hj produces an éffecﬁ very much like a decrease in ;he
mean age of a population. One unambiguous limit on metallicities,
however, is that the nuclei of luminoué elliptical galaxies‘are
dominated by stars with metal abundances greater than solar. Metal-
liéity variations lead quite naturally into the work of Fébef (1973)
who used an approach very much different from population synthesis to
study stellar populations iﬁ galaxies. 1In the event that one is more
interested in how.the populations of galaxies différ than the properties

they have in common, one can examine the variations in a straighforward



way. Clearly, observed variations could indicate differences in
metallicity, star formation rate, or mass function, so it is interesting
to ask in how many ways galaxy spectra differ. That is,.how many dimen-—
sions of variation -are there, and can they be intefpreted in ferms of |
physically meaningful quantities? Faber found fhat in elliptical
galaxies almost all the variation was correlated, that only one dimen-
sion was required to explain the differences seen. She interpreted
this variatibn as Being due to chaﬁges in metéllicity and found that it
was correlated with the luminosity of the galaxy. The fact that more
luminous ellipticals have redder colors was known previéusly‘(Baﬁﬁ
1959, de Vaucouleurs 1961, Tifft 1969), but she added evidence that the
color variafions were metallicity induced. '

More recently, an outgrowth of Faber's approach to the problem
has proven effective in studying metallicities quantitatively. Mould
(1978) has related the strength of the Mg b index measured by Faber and
others to [Fe/H] values for stellar populations. He also showed that
thisvparticular line index is much mofe sensitive to metallicity than
to the details of the stellar population. Similarly, Cohen (1978) and
Aaronson et al. (1978) have examined the behavior of individual spectral
features in terms of variations in the different paraméters.

Since this technique has yielded some interesting results for
the predominantly old popﬁlations of elliptical galaxies, it might be
. expected that something could be learned about the populations in the
nuclel of spirals»in a éimilar way., It is expected that when the old
bulée population is contaminated by the younger disk population, changes

will occur in the spectrum which can be distinguished from metallicity
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variations. It should be recalled, however, that to first order, the
changes will mimic a ﬁetallicity decréasea A decrease in metallicity
and the presence of young stars'will both tend to weaken.the~metal
lines, strengthen the hydrogen lines, and make the continuum bluer,
However, using the accepted interpretation that the spectra of ellip~
tical galaxies form-a one parameter (metallicity) family, it will be
demonstrated that a second parameter is present in the spectra of
galaxies having a disk population. Several lines of evidence show that
this second parameter is the presence of a younger population. Finally,
a quantiﬁative procedure will be devised to determine the fraction of
light arising in the young component and the metallicity inherent to the
bulge populafion on a s&stem which can be used to compare the bulges of

spirals with elliptical galaxies,

Observations

Spectra of twenty elliptical galaxies and twenty—five spiral
galaxies were obtained with the Steward Observatory 2.3 meter telescope.
The detector used was a two-line by 938 diode reticon chip operated in
an analog mode (Hege, Cromwéll, and Woolf 1979) behind a two—stagé
RCA C33063 image tﬁbe and a three-stage Varo image tube booster.' This
whole system was mounted oﬁ Steward.bbservatbry's Boller and Chivens
cassegrain spectrograph. The observations were made in five separate
runs between 6 .October 19?8 and 19 November 1979. 1In all cases a 3.5
arcsecond diameter aperture was used, cenfered on the nucleus of the
galaxy. -The second aperture looked at the sky 20 arcseconds to the east

or west, A 400 line per millimeter grating was used in second order,
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giving a reciprgcal dispersion of about 100 A/mm which corresponds to
about 2 & per diode.on the detector. The grating tilt wused produced
spectral coverage from abou£ A3600 to A54QO, and a CuSO4 filter elimi-
nated the possibility of contamination from the first order spectrum,

Each observation consisted of a series of short integratioms,
usually 5 seconds long. After four such integrations, the‘telescope was
wobbled 20 arcseconds east or wesf so that the nucleus felliinto the
other aperture, After each wobble.cycle, i.e., Whenffhebobject was
moved back to the original aperture, the spectruﬁ waé moved one~half
diodé‘aiong the reticon array. A complete cycle consisted of 8 such
substeps, 4 in one direction and then 4 in the other direction. These
substeps éllow the épectrum to be oversémpled but introduce a 4 channel
(l,chaqnel = i/2 diode) periddic noise which must be removed in the
reduction'procedure. A complete observation generally consisted of
three or four cycles, as described‘above, foliowed by a helium-argon
comparison lamp observation and a continuum lamp flat—fieid ‘observation,
followed by three or four more cycles on the object. Thus, the total
integration time on each‘galax& was about 30 to 40 minutes.

In most . cases the instrument was used in a mode in which the sky
spectrum was automatically subtfacted from the galaxy plus sky spectrum
at the end of the observation, the two'arréys beiﬁg kept separate.
Because of the angular size of the gaiaxies in the samplé, the sky beam .-
was usuélly looking at some off-nuclear region in the galaxy. In
general, the galaxy.was fainter than the sky in this beam and the sum
was only é few per cent of :the galaxy plus éky flux. Therefore, effecté

of this contamination were ignored. In three cases, NGC 224, NGC 3031,
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and NGC 5194, this mode was not used, but a sky spectrum was obtained
several degrees away from the gaiaxy and later subtracted from the
galaxy plus sky épectrum. |

Two problems associdted with this instrument should be men-
tioned. The firstlis that a large amount of light is scattered at small
angles in the system. 'By replacing the grating in the spectrograph
with a mirror, it was possible to examine this effect by projecting an
unresolved spot through the system. It was found that the diodes
outside the points at which the intensity fell to one-tenth its central
value contained more‘than 157 of the total intensity in the-spéf. For
comparison a gaussian distribution contains about 3% of its total
intensity.in a corresponding region. The effect of this scattering.is
to make observed equivalent widths of both emission and'absorption
lines smaller than their true values. This happens because more light
is scattered from regions of high intemsity than into éhem. The
scattering problem was traced to the Varo image tubes, but no attempt
was made to correct the measurements for it.

The second problem is much more serious as it iﬁtroduces random
errors. The spectra are centered on the reticon arrays in the direction
perpendicular to the dispersion by adjusting the tilt of a quartz bloék
behind the focal plane. This alignment is judged by comparihg the
continuum lamp spectrum falling in:the two arrays. Because of geo-
metrical distortions in the image tubes, the positional accuracy re—
quired to ensure that each spectrum falls completely on each array is
qﬁite high. It proved tb be vefy difficult to maintain this alignment

over the course of several hours. Possible reasons for this include



20
the four to five fopt unsupported leﬁgth of the image.tubé—reticon
package and‘the magnetic focusing of the RCA image tube. As a result,
variations in the precisién of this alignment producé angmalous con-—
tinuum shapes in. the 2008 regions at each end of the spectrum. Un-—
fortunately; these variations affect the strengths of some of the
spectral featﬁres measuretl, but repeated observations of several of the
objects as described below should give a realistic estimate of the true
uncertainties.

The spectra were reduced in the following manner. First, about
ten comparison lines from a helium—argon arc observed before or after
each galaxy were identified, and a third order polynomial was fit to the
Waveleﬁgths.r Residuals in this fit were almost always less than one-
half.angstfom. Small scale variatioﬁs in sensifivity were removed using
.the continuum lamp spectrum. Large scale variations were removed from
the spectra using observations Qf spectrophbtometric standard stars, one
or two of which were observed each night. This procedﬁre also corrected
the spectra to:units of energyvper.anstrom. The spectra were thenAcoh—
volved with a four channel fectangle to remove the noise ggnerated Ey
the substepping described previously. The two arrays were added, with
adjustment being made for differents.in the waveléngth fit. Then the
spectra were all converted to rest wavelengths, after using a‘crossé
correlation technique to determinéAthe redshift of each galaxy.

Finally, the spectra were all rebinned using linear interpolation omn a
uniform wavelength scale, i.e., such that the wavelength of the center

of any channel, Aﬁ is given by Aﬁ = Xép+ nAl, where XO was A3201.0 and
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A\ was 2.08. Reduced spectra for two of the 45 galaxies obseryed are

shown in Figures 1 and 2.

The Mgb~CN39 Diagram
Two line'indiceé, Mgb ana CN39, were measured for each of the
galaxies, Mgb is almost identical to £he(Mg2 index described by Faber
(1977). 'It measures the strength of boﬁh the atomic Mg triplet and the
MgH bandhéad; Tt has been sﬁown (Mould 1978) that an index measu?ing.
these features is Sensitive to metailicity variations, The index is

defined as:

Mgb = =2.5 log

FA (5156-5198)
(FA(4898—496O)+O.609(FA(5304—5368)-FA§(4898~4960) )

where FA(Xl -KZ) is the average flux per angstrom between Al and Xz.

The CN39 index measures the depth of the broad trough, due
mostly to CN at A3860. The red continuum band for this index is long-
ward of the A4000 break and the blue continuum band is shortward of

the Balmer limit. The index is defined as:

CN39 = ~2.5 log

FK(3850~3870)
( FX(3610—3630) + 0.6 (Fx(4010—4030) - FX(3610—3630))

The coefficients 0.609 and 0.6 in the definitions of the indices are
used to linearly interpolate thebcontinuum flux to the position of the
center of the liné_band. A list of the galaxies and their measured

indices is presented in Table 3.
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Table 3. Measured Line Indices and Dispersions
Hubble
NGC type Mgb A(Mgb) CN39 A(CN39)
221 E2 .158 L443
224 Sb .295 .999
488 Sb .240 .688
596 EO . 204 .697
628 Sc - .145 .390
1209 Eb .278 .729
1407 EO 244 .795
2268 Sbe .162 .365
2300 E2 .266 .824 .064
2314 E3 .267 .033 .780 177
2336 Sbe .200 . ‘ .660
2344 Sc .176 .001 418
2655 S0/a .160 411
2681 Sa .132 .012 .163
2768 E6 .267 722 .001
2775 Sab . 264 .009 .780
2841 Sb .322 .019 .906
2855 S0/a .188 .358 .169
2985 Sb .156 .385
3031 Sb . 240 554 .067
3147 Sb .194 .736 .053
3193 E2 .256 .814
3277 Sab .234 .543
3368 Sab .125 .387
3377 E6 274 .050 .730 .051
3379 EO . 315 .039 .875 .017
3642 Sbe 124 .030 222
3898 Sab .302 .010 .750
4374 El .292 .801
4378 Sa .239 .573
. 4387 E5 .222 .728
4406 E2 .279 .926
4464 E3 .212 .035 . 732 .059
4478 E2 .218 .703
44868 EO .206 .874
4594 Sa .339 .881
4621 E5 .316 .963
4649 E2 .365 .022 . 880 .096
4725 Sb .222 .516
4736 Sab 176 . 040 407
4889 E4 .319 844 _
5194 Sc .139 .002 .093 .110
6340 Sa . 269 .000 .728
6482 E2 .324 .733
7217 Sb .308 .697
E3 .271
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Two tests have been used to eétimate the uncertainties in the
measurements of these indices.:' First, 21 of the galaxies obseryed in
this study have also been_bbserved spectroscopicall§ by Faber (1979).
A‘compariéon between her inde# Mg2 and the Mgb index measured here
shows a good correlation (Figure 3). A straight line fit to'the points
(Mgb = 0.00 + 0.90 Mgz) is aiso shown. Tﬂe fit was detefmined assuming
that all the uncertainty was in Mgb. The fit shows the result
expected from the scattering problem described earlier. The line
intersects the origin and has a slope less than unity. The average
déviation of the Mgb measurements from the values predicted by Faber's
Mg2 indices and the derived relation is 0.02 or about 8% of the mean
Mgbvvalge.

| A sécond Qheck on ﬁhe precision of the measurements is their
reproducibility. Ninteeen of the galaxies Were observed on two dif-
ferent nigﬁts. For these galaxies, the total ranges measured in the
Mgb index, A(Mgb), and the CN39 index, A(CN39), are also listed in Table
3. Some of the galaxies have two reliable measurements for only one of
the indices, The averége vaiues for haif the dispersion between re—
peatedlmeasurements are 0.011 fof=the Mgb index, and .039 for the
CN39 index. We adopt 0.020 aﬁd 0.050 as‘the accurécies‘of the Mgb and
CN39 index measurements, respectively.

Figure 4 shows thg location of the eliiptical galaxies in the.
Mgb—-CN39 diagram. A correlationAis seen (significant at the 99,57
confidence level), énd the straight line through the points has been fit
by minimizing the sum of the squaresAof tﬁe residuals in bggg_indices.

The scatter around the line is roughly consistent with the uncertainties
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Figure 3. A comparison of the Mgb index values measured in this study
with Mg2 index values measured by Faber (1979) for 21
objects in common.
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in the measurements. Since it is reasonable.that'variation in the Mgb
strength in elliptical galaxies be interpreted as a metallicity
effect, the regression line is taken to be a metallicity_sequence, with
abundances increasing upward and to the right in the diagram. It is not
expected that this line can be extended indefinitely to the left (lower
metallicity), Qualitatively? at -very low metallicities, the Mgb
- absorption will go to zero and the CN39 index will become negative
because the increased hydrogen absorption will lower the blue continuum
band which is shortward of the Balmer limit. This can be deduced from
the ‘measurements for an A star which has Mgb = 0, .and CN39 = -,3, A-
guess at a more realistic extrapolation bf the metallicity line is éhown
as a dashed'liﬁe in Figure 4, Observations of low metallicitylellipr
ticals and globular clusters are necessary to confirm this expectati;nf
The insensitivity.of the CN39 indei to metallicity is a result of the
band being saturated at :the typical metallicities (I[Fe/H] >.0;) found in
galactic nuclei, For this reason, decoupling of CNO and Fe variations
has little or no effect on the relation between CN39 and Mgb, The
pqssible ekistence of a band such as CN39 in this region of the spectrum
and its use for separating metallicity and age effects was first
discussed by Burstein (1979a).

Figure 5 shows the locations of the nuclei of the spirals and
the dwarf elliptical M32 in the Mgb-CN39 diagram, The metallicity line
from Figure 4 is also plotted. M32 is included ' in this diagram because
it is suspected of having a young component in its population (0'Connell
1980), .There is a striking difference between the distributions of

spiral and elliptical points, While about one~third of the spiral
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30
nuclei fall around the elliptical metallicity relation, most fall sig—
nificantly below the line. It is clear from a comparison of the two
diagrams.that the effect of a second parameter is present in the Mgb-

‘CN39 diagram for spiral_galéxies. |

The most obvious way to move a point in the Mgb—CN39 diagram
from the metallicity line downward is to add a blue continuum. A
continuum bluer than a typiéal red old population Will fill in the CN39
bandbmore quickly than thengb band. Thus, a composite population
consisting of an old elliptical-1ike component and a hot stellar com-
ponent will fall in the region populated by the spiral nﬁcleit In
order to invgstigate fhe properties of such composite populations,
several models were generated. These models consist of two camponénts.
One-half of the light at A4500 comes from an elliptical.galaxy on-the
metallicity line (Mgb = 0.25, CN39 = 0.775) and one-half coﬁes from an
early type staf. Fluxes in bands suitable for the calculation of the
indices for the stars were obtained fromATurnrose (1976). The models
_ were calcuigted for stars with spectral types of 05 to F5 and are
‘plotted in Figure 4. Two inferences can be drawn from the location of
the models in the diagram. Fifst, the addition of a hot Stellar con—
tinuum does move a point from the elliptical metallicity line down to
‘the region occupied by spirals. Second, the range of angles defined by
the different spectral types is small compared to the angle between the
metalliéity line and the line to any of the models. Therefore, in the
first aﬁproximation, the extra parameter chosen to describe the hot
poéulation, the spectral type, can be ignored and an average hot star

line can be drawn.. This is shown in Figure 4. The direction of this

3
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line indicates the effect ofvadding a hot'populatioﬁ to an élliptical§
its length represepts-the casé in which equal amounts of light at A4500
arise in each coméonent. " Conversely, an observafion of g_spiﬁal nucleus
can be moved up this hot star line until it reaches the metallicity line
defined by the ellipticals. The point at which it crosses the metal-
licit& line gives the Mgb index intrimnsic to\thé old component of the
population, The distance it must move to réach-the line gives the
fraction of light in the composite spectrum coming.ffom the hot
component. The adoption of an average hot star line produces an un-
certainty of 0.0l in the Mgb index and about 10% in the fractiom of
light coming from hot stars. |

'There aré two possible explénations for the picture preéented
by.the diagram. Tﬁe light which has been described as the hot star
component could afise from a relatively recent burst of star formation
or it could come from meta1~poor blﬁe horizontal branch stars.‘ An
argument against the latter interpretation can Be made from the Mgb-
'CN39 diagram itself. In globular clusters blue horizontal branches
occur only when [Fe)H]_i ~1.3 in solar units. This-correspénds to a
Mgb index of essentially zero, using the conversion given by Terlevich
et al. (1980). »Sincé all the spirals obsérﬁed.have Mgb > 0.1 (and in
fact have the‘Mg triplet easily visible in-thé spectrum), the presernce
of blue horizontaibbranch stars would.require fhat in spiral nuclei
such branches occur at wvery much higher metallicities than in globular
clusters (ér elliptical galaxies). For this reason it seems to us much
more likely that the blue continuﬁm represents a contriﬁution from a

relatively young group of stars, and the second component present in
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the spiral nuclei will hereafter be referred to as theiyoung component
_of thé population. Note, however, that a consistent pattern could be
constructed if a very large range of metallicities were preéent in the
spiral nuclei. In that case, a Substantiai fraction of the light could
come from a population with [Fe/H] very low and dominated by blue
horizontal branch stars while a large fraction‘comes from a population
. with [Fe/Hj > 0 and strong Mgb absorption.

The use of a single spectral type to represent a young popula-
tion is not a great oversimplification. Inspection of color-magnitude
diagrams of open clusters shows that.the integrated light from a
poﬁulation with a main sequence turnoff up to early F is dominated by the
the ﬁain sequence rather than the giant granch, Calculation of the
relatiVe contributions of different stellar ﬁypes'in main,séquences with
a Salpeter mass function indicates that the earliest spectrél type, the
turnoff, dominates the light at A4500. Thus, in a young population, the
singlé spectral type used as a parameterization represents the turnoff
of that population. Note that although‘the models construcfed here
consist of two discrete components, it is not necessary'that“the star
formation occur in that manner. We are unable to distinguish a recent
burst of star formation from star formation up to a recent epoéh.

Models with bﬁrsts of continuous star formation have previously been
proposig’to explain particularly blue galaxies such as Markarian objects -
or interacting systems (Huchra 1977, Larson and Tinsley 1978). 1In those
more dramatic cases, the optical integrated light isAdominated by the
young compoﬁent, while in the cases under consideration here, it is

expected that the old component dominates.
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The prescription, then, for using the Mgh-CN39 diagram is as
follows. FEach galaxy in the diagram will be moved upward and to the
right, parallel to thé averége yourng star line ﬁntil it reaches fhe
~elliptical metallicity relation. The distance .it must be moved, divided
by thellength of the average young star line; times 50%, gives fhe
fraction of light at A4500-coming from the young population;; This
parameter will hereafter be called %Y. .For comparison with other
analyseé, it is expected that this fractionlcérresponds to the fréction
of light at A4500 coming from starsiwith spectral typés earlier thén GO;
-This spectral type is approximately the turnoff type for a pure old
population. Aﬁy galaxy for which the %Y measured is less than 10 will
not be corrected. This limit is consistenf'with the measurement un-
certainties and the scatter of pdints around the line in Figure 4.
Simildarly, all galaxies above the metallicity line will not be corrected
but will have-%Y = 0. The (Mgb)C index is the value of Mgb at which the
correcting line drawn frgﬁ each galaxy intersects the metallicity
relat;on. For all galakies requiring no correction, the observed Mgb
index will be used. Although it is reéognized_that different mixtures
of two populations in phe Mgb~CN39 diagram would not be represented as a
-linear relétion, detéiled calculation shows that the errors.due to this
simplifying_approximation are much smaller than the other inherent
uncertainties. Table 4 lists all the spiral galaxies observed plus the
‘ dwarf elliptical M32 (NGC 221), their revised morphological types (T,
and their ZY and (Mgb)C values.

It is desirable to demonstfate empiricélly that the propesed

interpretation of the distribution of points in the Mgb-CN39 diagram is
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Table 4. Metallicities and Young Star Fractions as Deduced from Mgb-
CN39 Analysis

NGC T (Mgb) %Y <GO Reference”
221 -6 ,200 24 22,25 B,C
224 3 .295 0 .0 B
488 3 . 240 0
628 5 195 28 40 A
2268 A .218 32
2336 4 .200 0
2344 5 .226 29
2655 0 .209 28
2681 0 .221 51
2775 2 . 264 0
2841 3 .322° 0
2855 0 .249 36
2985 2 .206 30
3031 2 277 22 21 B
3147 4 194 0
3277 2 .272 i 26
3368 2 .170 26
3642 4 .199 43
3898 2 .302 0
4378 1 2271 19
4594 1 .339 0
4725 2 .263 24
4736 2 .228 30 37 B
5194 4 .238 58 48,43 B,A
6340 0 .269 0 :
7217 2

.332 15

dReferences: A = Turnrose (1976); B = Pritchet (1977);‘C =
0'Connell (1980).
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a correct or unique one.. As a crude attempt to do this, we have
calculated, from the detalled populatlon synthesis models of Turnrose
(1976), Pritchet (1977), and O'Connell (1980), a parameter analogous to
our %Y. These are listed in a column labeled < GO in Table 4 for six
galaxies in common. It can be seen that the agreement is quite good,
especially consiaering the + 10 uncertainty in Z¥7due to the use of the
mean young %tar-line.

'Anqiher piece of evidencé sppportive of our analysis is the
general cof;elationigetween morphological appearance and fraction of
liéht coming from the young population. Those objects which fall close
to the elliptical line are thdse.having obviously bulge dominated nuclei
and no indications of nuclear:aétivity. NGC 4594,7NGC 2841, NGC 224,
NGC 2775, and NGC 3898 are in this category. The two gaiaxies which
fall farthest from the elliptical line, however, have nuclear spectra
very different in appearance. NGC 5194 has a very small bulge and a
disk of high sufface brightness. Strong [OAII] and [0 II1] emission
suggest nuclear activiﬁy. NGC 2681, aithough classified an Sa, is not
typical of that clgss. It has an extremely bright nucleus with a
spectrum which looks like that of a late.A sta¥. In particular, the
. hydrogen lines-are very strong and the metal lines‘very weak. Evidence
that the metallicity is not extremely low can.be obtained from the CO
absorﬁtion at 2.3 t. Although this band is primarily used as a
luminosity indicator, in low metallici£y integrated spectra it becomes
very weak. Also, its wavelength makgs it quite sensitive to the
pfesence of hot blue stafs regardless of their nature. From the

measurements of Aaronson (1977) and Frogel et al. (1978), it is clear
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that the CO band strength in NGC 2681 (CO = 0.164) is much more con-
sistent with the high metallieity ellipticals than the low metallicity

globular clusters (see Figure 3 in Frogel et al. 1978).

biscussion

Several interesting aspects of this spectral decomposition are
apparent, First, it might be expected that;fhere is.a correlation
befween the morphological type and the fraction of light coming from
the young population. This would be a_quantification'of the relation
found by Morgan and Mayall (1957) between central concentration (bulge-
to—disk ratio) and specﬁral type. Figure 6 shows the %Y parameter
plotted against the revised morphological type (T) and the Yerkes type.
It should be kept in mind that the Yerkes types are not spgctrqscopic—
ally derived but come from subjective estimates of the degree of central
concentration. No obvious correlations are visible between the fraction
of light arising in the young component of the population and either of
the classification systems. This_is a rather surprising result; there
are largg bulge-to-disk galaxies which have a significant young central
concentration and small bulge-to—-disk galaxies Which do not. A closer
examination of the relation'betweeﬁ classification schemes and quanti-
tative morphological parameters will be ma&e in Chapter III.

Since we will ultimately wish to exélore the metallicity-
luminosity relation for spiral bulges,vit is important to consider
possible sources of systematic error Which'might affect tﬁat relation.
Becausé the young star line and ﬁetallicity relation are not orthoganal

in the Mgb-CN39 diagram, it is possible that an error in the slope of
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Figure 6. The relation between the %Y parameter and (left) revised morphological type and (right)
Yerkes concentration class.
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young star line will have such an effect. Suppose, for example, that
the proper youné star line to use for all galaxies was the ane corre=
sponding to the model with the F5 star. Then, we would have erred in
using a line with a steeperlslope than the correct one, The result of
this would be an error in the (Mgb)c index which was proportional to the
young star correction made. Those.galaxies with the largest young star
correction would haye (Mgb)C indices which were the lowest with respect
to their proper values. Such an error might produce an anomalous
correlation between metallicity and any of the phétometric measurements
we intend to investigaté;

It is simple to show that such an effect appears in the data,
This can be seen by merely e%amining Eigure 5, the Mgb-CN39 diagram for
spiral galaxies, Wifh theAexcepfions of NGC's 2336, 3147,'and 2855, all
the spiralfgaiaxies below M32 are to the left of the young star line
while above M32, they are all to the right. If (M.gb)C is plotted
against Yerkes type (Figure 7), a correlation is seen at the 99% con~
fidence level, This is either an indication that we have used too steep
a young star line or evidence of a real relation ﬁetween metallicity and
the degree of central concentration of a galaxy. We can estimate the
largest possibie syétematic error by.consideriﬁg tﬁe range ofvslopes
derived from the young pbpulation models. This largest erxror is found
to be O.QOQ4 2Y, If 0.0004 %Y is added to all the (Mgb)é values and the
corfelation coefficient is recalculated, it changes only from 0.52. to
0,50; indicating a 1% decfease»in the confidence level of significance.
Thus it appears that this correlation is reai; Qe are seeing e&idence

that small bulge-to-disk ratio galaxies tend to have lower central



035

030

025

020

015

01(0)

0.05

00

Figure 7.

k gk g fg

f

The distribution of the (Mgb)c parameter with Yerkes

concentration class..

39



4Q

metallicities in the old part of their stellar populations, Note that

even a modest error in the slope of the metallicity line in the Mgb-

CN39 diagram will not produce this same effect, . It will merely stretch

out or compress the Mgb écale, independent of the %Y parameter. This

result will be explored further in Chapter IV.

In summary, we have obtained digital spectra of 20 elliptical

galaxies and 25 spiral galaxies, and have.defined and comnstructed the

Mgh—~CN39 diagram. Using this diagram:

1,

We have demonstrated that a variation in some quantity other
than metallicity ié present in the central regions of spiral
galaxies.

We have shown that_thié quahtity is most likely the presence of
a young componént in the étellar populatiﬁn,

We have quantified the Variations in such>a way as to recover
the Mgb index of the old part of the population and the fréction
of light arising iﬁ the young part.

We have explored the relation first discussed by Morgan and
Mayall (1957), a correlation between‘spectrél.type and central
concentration, This correlation is surpriSingly poor, i.e.,
there are large bulge-tio—disk galaxies with é strong yoﬁng
population and small bulge-to-disk galéxies with no young stars.
We have found evidence for a correlation between corrected
central metallicity and Yerkes type. A test was performed
which demonstrates that this is not due to é systematic error

introduced by the analysis procedure,



CHAPTER III

¢

THE DISTRIBUTION OF LUMINOSITY IN SPIRAL GALAXTES

The study of surface brightness distributions in spiral galaxies
has been limited by the évailability of observational data, While in
the past_several.years observafional studies of eiliptical galaxies have
fueled contfoversieé’over oblateness, low sﬁrface brightness envelopes,
and dynamics, the folklore concerning spirals has remained relatively
unchanged for a decade., This folklore is based.on a rather ﬁetero=
geneous collection of studieswofwindiyidualwaiﬁiew systems, mostly
limited to fairly high surface brightnesses cémpared to what is possible
today.- Both because ho homogeneous set of observations exists and
because current technology permits routine measurements at fainter light
levelsxthan were achieved in previous work, it was decided to obtain and
investigate surface photometry for a representative sample of spiral
galaxies, . We begin by révieﬁing the conventional wisdom,

It is generaliy believed that there are two major morphological
constituents of spiral galaxies. These are a spheroidal component ,
Ausually called the bulge, and a disk component in which the spiral
structure is>embedded. ' The ratio of luminosity (or mass) between the
two components is thought fo be one of the primary variations along the
Hubble‘sequence; The bulge is though£ to bé similar to an'elliptical
galaxy, and therefore, the same functiéns which are fit to elliptical
galaxy luminosity distributions, the Hubble.law:(Hubble 1930), the de

41
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Vaucouleurs law (de Vaucouleurs 1953), and the King model (King 1962)
are used to describe bulges.- The various advantages. and disadvantagés
of each of these fitting functions has béen discﬁssed byKbrmenay (1977p) .
The disk compoﬁent in sfiral galaxies is believe to be well
described in the radial coordinate by an exponential (de'Vaucouleurs

1959, Freeman 1970). Freeman (1970) made a study of published surface

~ .

brightness profiles of 36 spiral and SO galaxies and found that almost
all showed exponential disks. His analysis of these data produced two
interesting conclusions. The scale lengths determined for the expo-
nential section of the prbfiles were smaller in galaxies with late
morphological types. Completely unexpected, moreover, was the dis—v
covery that the central sqrfaée brightneéé of the disks, measured by
extrapolating the exponéntial fit-to the center of the galaxy, was
almost always the same, héving a valﬁe of 21.65 B—magnitudes per square
arcsecond (Byu).

Several_other authors have investigated more sophisticated
methods for decomposing the profilé into bulge and disk cqﬂtributions.
A good review of these techniques and their éhortcomings, as applied to
S0 galaxies, is found in Burstein (1979b). Briefly, the problem is that
each of the two components dominates the profile atvradii whiph vary
from object to object. Thus, in galaxies in,Which the transitiqn
region is small, Freeman's technique of extending an expoﬁengial, fit
to the outer part of the disk, to the centér is sufficient. In
galaxies with bulge-to~disk ratios (B/D) éf about unity, however, this
method is unsatisfactory, and Kormendy (1977¢) devised an'iteraéive

procedure which is better.. Kormendy (1977c) showed that Freeman's
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incorrect fitting brocedure'may have anomélously produced the observed
near constancy ofvdiék central Surface'brightness.> Iterative and
other methods .of decomposition will be discussed further in a later
section,

Kofmendy (1977a, 1977b, 1977c) and Burstein (1979b, 1979c,
l979d) have studied the luminosity profiles of SO0 galaxies, which ére
thoﬁght to have some properties similar to spirals, Kormendy‘s
findings'inélude evidence that exponential disks sometimes have inner
or outer cut-offs, Burstein's aim was to measure B/D's for a sample of
SO's to gompare with those for Spirals, this comparison testing the
hypothesis that SO's are spirals in which the gas has been_striﬁped out.
His result was that almost all.B/D's were within a factor 2 of unity,

a value much larger than the B/D's for the three spirals thch have
been studied in detail, Howévef, these 3 spirals hardly constitute a
representative sample, and so a further goal of this s£udy will be to
derive B/D!s-fbrAas many spirals as possible for comparison with
Burstein's SO numbers.

In the following secfions we will discuss the surface photometry
observatioﬁs of a sample éf 26 spiral galaxies, most of which are close
-to face—on;= We will describe reduction procedures and will present
. major and minor axis'profileé and "elliptically averaged'" major axis
profiles, We will discuss the implications of the 1érge scalé shapes
of these profiles and will attempt to decompose them into bulge and

disk contributions.
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Observations and Preliminary Reductions

Direct plates of 28 galaxies were obtained during three ob-
serving runs between 6 October 1978 and 22 Seftember 1979 with the
Harrison #1 camera on the Kitt Peak National Observatory-#l~36 iﬁch
telescoée (f/7;5). ITa-0 plates and a GG13 filter were used, giving a
bandpass similar to the Johnson B band. The plates were hypersensi-
tized by baking in forming gas (2% HZ’ 98% N2) at 65°C'for one to two
hours depending on the emulsion batch. For each galaxy at least one
long plate (usually 120 minutes) and one short plate (15 to 20 minutes)
were obtained. Figure 8 shows a print of each of the 26 spirals>from a
long plate. Scales and directions are indicated. Details of the
observations are listed in Tablé 5. Simultaneous with each exposure, a
plate was exposed on a tﬁbe—type sﬁot sensitometer belonging to Stéward
Observatory. The sensitometér was kept on the observing floor in order
to reproduce the conditions (tempefature, humidity) in which the plates
were exposed. A GG1l3 filter was used in the sensitometer also. All
plates were developed five minutes in D19, génerally two plates at a
time.

In addition to theﬁsample of spirals observed, several other
plates were obtained for various sorts of checks andvcalibratiqﬂs. A
plate of the open cluéter NGC 2632 (Praesepe) was obtained to
accurately measure the plate scale (28.77 arcseconds per mm).‘ Plates
of the elliptical galaxies NGC 3379 and NGC 4486 were obtained in order
fo estimate the quality of the surface phofometry by comparing measure—
ments of these galaxieS»with published values. One field with no

galaxy in it was observed in order to measure any vignetting or other
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Prints from the long plates of the program spiral galaxies —
North is up and east is to the left. The scale is such that
three inches corresponds to 512 pixels for all galaxies.
Upper left = NGC 488, upper right = NGC 628, lower left
NGC 1059, lower right = NGC 2268.



Figure

8.— Continued Prints from the long plates of the program spiral

galaxies — North is up and east is to the left. The scale
is such that three inches corresponds to 512 pixels for all
galaxies. Upper left = NGC 2336, upper right = NGC 2344,
lower left = NGC 2655, lower right = NGC 2681.
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Figure 8.— Continued Prints from the long plates of the program spiral

galaxies — North is up and east is to the left. The scale
is such that three inches corresponds to 512 pixels for all
galaxies. Upper left = NGC 2775, upper right = NGC 2841,
lower left = NGC 2855, lower right = NGC 2967.
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Figure 8.— Continued Prints from the long plates of the program spiral

galaxies — North is up and east is to the left. The scale
is such that three inches corresponds to 512 pixels for all
galaxies. Upper left = NGC 3147, upper right = NGC 3277,
lower left = NGC 3368, lower right = NGC 3642.
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Figure

8.— Continued Prints from the long plates of the program spiral

galaxies — North is up and east is to the left. The scale
is such that three inches corresponds to 512 pixels for all
galaxies. Upper left = NGC 3898, upper right = NGC 4378,
lower left = NGC 4594, lower right = NGC 4725.
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Figure 8.— Continued Prints from the long plates of the program spiral

galaxies — North is up and east is to the left. The scale
is such that three inches corresponds to 512 pixels for all
galaxies. Upper left = NGC 4736, upper right = NGC 4941,
lower left = NGC 5194, lower right = NGC 6340.



Figure 8.— Continued Prints from the long plates of the program spiral
galaxies — North is up and east is to the left. The scale
is such that three inches corresponds to 512 pixels for all
galaxies. Left = NGC 7217, right = NGC 7331.
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Table 5. Plate Material

. ) : Exposure Plate
NGC : Date : Batch : (min.) o no.

488 12/21/78 , 1G8. 20 4936

12/21/78 1G8 .120 4935

9/21/79 1E9 20 5390

9/21/79 © 1E9 S 120 5389

628 12/26/78 1G8 20 4963

12/26/78 - 1G8 80" 4964

9/22/79 . 1E9 19 5394

9/22/79 1E9 120 ' 5393

1058 C 12/24/78 1G8 . 90 : 4958

9/23/79 1E9 15 ' 5402

9/23/79 1E9 120 5401

2268 : 12/21/78 1G8 20 4938

12/21/78 1G8 120 4937

2336 12/22/78 1G8 20 4947

12/22/78 1G8 120 4946

2344 12/23/78 . 1G8 , 20 4953

, 12/23/78 - 1G8 120. 4952

2655 12/23/78 1G8 20 4956

o 12/23/78 1G8 90 . 4955

2681 ‘ 12/23/78 1G8 20 4954

12/21/78 . 168 90 : 4939

2775 . 12/26/78 1G8 120 - 4966

' © 4/ 1/79 1K8 ' 15 5085

2841 12/26/78 168 ' 120 4965

. o 4/ 1/79 1G8 15 : 5086

2855 : 3/31/79 1K8 ‘ 15 "~ 5078

, 3/31/79 . . 1K8 120 5079

2967 12/24/78 , 168 120 4959

: 4/ 27179 1X8 ; 15 5091

3147 4/ &/79 1K8 .15 " 5107

4] 4779 1K8 100 5108

3277 . 12/24/78 1G8 ‘ 90 4960

. 41 4779 1K8 15 ‘ 5109

3368 4/ 2/79 1K8 15 5093

.4/ 2/79 ’ 1K8 120 5092

3379 - .3/31/79 1K8 15 - 5081

‘ ’ 3/31/79 1K8 120 : 5080

3642 12/23/78 1G8 90 , 4957

, _ “4f 47179 1K8 15 : 5110

3898 4/ 3/79 1K8 15 ‘ 5101

4/ 3/79 1K8 - 100 5100

4378 4/ 3/79 1K8 15 5105
: 4/ 3/79 , 1K8 - 120 - 5104 -

4486 -4/ 3/79 1K8 15 5103

4/ 3/79 ' 1K8 - 100 ‘ 5102



Table 5.--Continued
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Exposure Plate

NGC Date Batch  (min.) - no,
4594 &/ 2779 1K8 114 5094
4/ 4779 1K8 15 5111
4725 4/ 1779 1G8 100 5089
41 2779 1G8. 15 5097
4/ 4/79 1K8 15 5113
41 4779 1K8 120 - 5114
4736 3/31/79 1K8 100 5082
4/ 2/79 1G8 15 5098
4941 4/ 2/79 1K8 15 5095
&/ 2/79 1K8 120 - 5096
- 5194 3/31/79 1K8 110 5083
4/ 2/79 1G8 15 5099
6340 4/ 1779 1G8 110 5090
7217 9/23/79 1E9 15 5398
9/21/79 -1E9 120 5386
7331 9/21/79 1E9 20 5388
9/21/79 1E9 120 ) 5387
Praesepe 4/ 1/79 1K8 10 5084

Blank Field _

(1615+41) 4/ 4/79 1K8 100 5115
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variations in‘exposufe due to the telescope. The tests made with these
plates will'be described later.

In order to calibrate the pléteé some aperture photometry was
obtained with the Kitt Peak National Observatory #1-36 inch telescope
in an observing run in April 1979. A second run in September produced
no further measurements because of bad weather. The choice had been
made to observé in the B bandpass because the majority of photometry in
the literature is in this band or can be converted to it iﬁ a rather
straightforward way. Therefore, the small amount of calibrating
photometry was no drawback. The photometric measurements were made
with a 1P21 photomultiplier tube through apertures of two sizes. In
all cases the galaxy was centered in the apérture»visually before each
observation. The aperture sizes and beam profiles were measured by
scanning a bright star slowly across the field. The measurements, made
in B aﬁd V, were reduced in the usual’manner, using 33 standard star
observations to correct for extinction and to transform to-the standard
BV system. The reducedAvalues_are listed in Table 6.

The préliminary.reductibn of the surface photometry consists of
the steps required to derive a set of luminosity profiles from ﬁhe'plate
matérial for each galaxy. This begins with the digitization of - the
plates. The plates were scanneé on the Kitt Peak National Observatory
PbS microdensitométer. A 40 micron square aperture, corresponding to
- 1.15 arcseconds on an edge, was used. Since the feductions were to be
done using a Grinnell Video Display which stores a 512 by 512 picture,
it wés decided to limit all‘scans fo this numbér of steps. For this

reason, each galaxy plate was scanned twice, once with a step-size large
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Table 6. Photoelectric Aperture Photometry

Aperture :

NGC (arcsecs) ' . v B-V
2655 36.5 11.30 0.94
2681 10.0 12.10 0.85

36.5 11.37 0.81

2775 36.5 11.49 0.94
2841 10.0 12.20 1.05
36.5 11.00 0.98

3147 10.0 12.99 1.05
36.5 11.89 0.94

3277 36.5 12.42 0.82°
3368 36.5 10.95 1.01
3379 10.0 11.90 1.04
36.5 10.64 0.98

3642 10.0 . 14.04 0.82
: 36.5 12.71 0.78

3898 10.0 12.60 0.99
36.5 -.11.71 0.96

4378 10.0 13.49 1.02
36.5 12.35 0.97

4486 36.5 - 10.70 0.99
4594 36.5 10.12 1.04
4725 10.0 12.44 1.01
36.5 11.38 0.98

4736 10.0 10.68 0.90
36.5 9.41 0.87

4941 36.5 13.05 0.97
5194 10.0 12.55 0.89
36.5 10.92 0.78

6340 10.0 13,47 1.01
36.5 12.32 0.95
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eﬁough to ensure an accurate determination of the sky intensity and
once with a step?size small enough to ensure:adequate resolution within
the galaxy. The large stgp—size was choéen such that the picture
extended further from the galaxy than twice the radius of the 25 Bu
isophote as listed in de Vaucouleurs, de Vaucouleurs, and Corwin

(1976).. The smallef step~size was generally one-half of the
larger‘étep—size, and the most commorily used values were 20 and 40
microns or 40 and 80 microns. All pictures were éentered on the nucleus
of the galaxy. The spot plates were scanned with 70 micron-steps in

one direction and 175 micron steps in fhe other in order to fit the 3 by
7 spot pattern into a 512 by 512 picture.

All of the subsequent reducfions, including the conversion from
dénsitiés to intensities, the de#ermination and sqbtraction of the sky,
 the absolute calibration, and the measurement of a series of radial
profileé, were done with a Nova 800 minicomputer and a Grinmnell Video
Display terminal. Programs for carrying out these operations Weré
- written specifically for this application in the Forth language.
Pictures were stored'oq.magnetié tape during several stages;of the
reduction.

Each-spot plate picture was first analyzed to determine the
densities of the spots. The local fog around each spot was determined
- from the mean of_240 pixels. Then the mean and standard deviation of
-the density were computed from 640 pixels within each spot. The local
fog for each spot wés subtracted from eacH mean density yielding a list

of 21 density values for each spot plate. Densities of the spots

generally ranged from about 0.05 to 3.50. The relative intensities of
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the spots were determined by means of a photoelectric calibration unit
which attaches to the spot sensitoﬁeter. Repeated measurements indi-
cated that the values determined with this device weré accurate to
better than 1%. The set of intensities and densities were then fit to

the function:

2 3 4 ' -D
Log I-—PO-+P1D-+ P2D -+P3D -FPaD -%PS log (1-10 7).

The parameters, P, through P defined by this function, were solved for

0
i

in a least squares manner. A plot of typical spot measurements and the

5’

fit to them is shown in Figur¢'9. A look-up tablevwas then calculated
such that each of the 2048 density values written by the PDS was given-
a corresponding intensity. These ﬁumbers were scaled such that the
densest pixel in the center bf the galéx& had an intensity of 32000,
close to the maximum allowed single precision integer in the 16-bit
minicomputer. ‘This usually produced én intensity value for the sky of
about 1000. Then each picture was transformed by means of this table
into an intensity picture, the background fog being subtracted first;
No rescaling was done betweén the large step—size'and small step-size
pictures for each galaxy.

The next step was to subtract the sky. This was done by
sampling the intensity in 100 ten pixel by ten pixel square areas
around the outer edge of the large step-size picture. Care was taken
to execlude stars by removing data from areas with lafge variations in
intensity. These intensities were then combined to determine a fit to
the function:

= 4 + I Y
Ty = Lo X+ T,
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Figure 9. A typical characteristic curve for the plates obtained in
this study — The squares are measurements of individual
spots. The line is the function defined in the text.
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where IO is the value of the sky in the (0,0) pixel, IX is the gradient
(in the horizontal direction, and Iy is the gradient in the vertical
direction. In almost all cases, the total variation of ?he sky from

one corner to another was less than or on the order of 1% of the mean
value. Possibie radial variations will be discussed later. These .sky
parameters were then scaled to-the small step-size picture and, for

each pixel, a value of sky intensity was computea and subtracted.

The absolute calibration was thé next step in the reducgion
procedure. The literature was searched for photoelectric aperture
photometry in the B Band through apertures smaller than 200 arcseconds.
Almost all of the photometry was found through references in de
Vaucouleurs et al.;(l976). The phofoelectric measurements obtained by
the author and listed in Tabie 2 were combiﬁed with this compilation.
The result was a list of from two to eight ﬁeasurements through dif-
ferent apertures for each galaxy. For two galaxigs only oneAcalibrating
measurement was available, and for one, NGC 2344, no photometry was
found. A wide range of aperture sizes was sought both because of the
increaéed accuracy of the zero point deferminétion and because con—
sistency between largé and small apertures rules out large systematic

errors in the density to intensity conversion.

The calibration was determined in the following way. First,
the center of the galaxy was located using an iterative center of
gravity techniqﬁe. Then, for eacﬁ aperture size for which a magnitude
had been found, the calibration constant, Am, was calculated. This

constant is defined by:

Am = m(r) + 2.5 log I(x)
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where m(r) is the photoeleétric B magnitude in an aperture with radius
r and I(r) is the total intemnsity within a radius r from the.center of
the galaxy aslmeaSured on the digitized plate. 1In order_to calculate
I(r), a Scheme was devised to accurately account for pixels which fall
partially within the relevant radius. The means and sténdard deviations
of all calib¥ation constants for each galéxy Wére calculated. The
standard deviations, number of measurements, and differences between the
magnitudes in the smallest aﬁd largest- apertures fo? each galaxy are
listed in Table 7. It can be seen that, in generai, the zero points
are quite well determined, usually to 0.10 magnitude or better. We
consider this quite_satisfactory considering the heterogeneous origins
and possible centering unceftainties in the célibrating photometry.

The one exception to this calibration procedure was NGC 2344.
Since no aperture photometry was found for this gaiaxy, the zero point
'was determined from the’sky brightness as measured from plates exposed
before and éfter the exposure on NGC 2344, This zero pointﬂcalibration
is certainly more uncertain, perhaps by as much as 0.2 or 0.3 magnitudes.

Only thg.short éxposure plates of each galaxy were calibrated in
the manner described above., It was decided to measure a series of
luminoéity profiles from each picture, long and short, and then to
combine them by adding or subtracting a constant to the long exposure
profiles to make them fit the short exposure ones. The luminosity pro-
files are-a series of radial measurements of surface brightness, spaced
ten Qegrees apart in angle around the galaxy. The radial spacing of the
points and the apertﬁre size in which the measurements were made &aried

with distance from the center, This was done in order to obtain both
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Std. Number of Range of

NGC dev, determ, magnitudes
488 .16 7 2.35

628 .25 3 3.85
1058 1

2268 .04 2 1.52
2336 ~I

2344 . 0

2655 .07 2. 0.66
2681 .09 6 1.66
2775 .15 4 1.00 -
2841 .08 8 2.75
2855 .31 3 2.31
2967 .01 2 0.12
3147 .10 4 2.29
3277 .09 6 0.74
3368 .03 8 2.75
3379 .10 8 2.33
3642 .09 2 1.37
3898 .12 3 1.77
4378 11 4 1.21
4486 .12 9 1.47
4594 .03 2 0.89
4725 11 2 - 1.09
4736 .10 6 1.61
4941 1
5194 11 6 1.91
6340 .03 2 0.30
7217 .01 3 0.83
7331 .06 4 2.24
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good spatial resolution near the center of the galaxy and to extend the
measurements to low Sqrface brightness levels in the outer parts of the
galaxy. Téble 8 lists the radial pésitions and aperture sizes used.

All linear sizes are in pixels, and in the cglumn giving the aperture
sizes, nS indicates a square aperture with edge n while mR indicates a
circular apertﬁre with radius m. After the luminosity profiles were
measured for both the long and short plates of a galaxy, they were
combined.- This was done by taking the mean differencé in magnitude
between all points from 20 By to 22 By in the short profile and the
corresponding points in the long profile. This difference was applied
as an additive constant to the long profile. " In order to remove
possible saturation effects'at-high surface brightnesses, all points
from the short profile with brightnesses <20 Bu were substituted into the
long profile at the corresponding locations. Finally, the profiles were
edited so that any point affected by a foreground staf was removed from
the data., The final profiles ére a 36 by 72 point (2592 points) array
of surface brightness measurements.

It is desirable td.perform two tests on the data to ensure its
photometric accuracy. First, we consider the possible existence of
radial gfadients in the sky background. In order to investigate this,
one long exposure plgte of a field chosen at‘raqdbm was obtained. This
platé was scanned with step sizes of 20, 40, and 80 microns and con-
verted to intensities in a manner identical to the galaxy exposures,

The sky was fit to measurements of the picture with 80 micron
éteps, then scaled dowﬁvand subtracted from the 40.micron picture,

Similarly, the sky was fit 'to the 40 micron picture, and then subtracted
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Table 8, Aperture Radii and Positions

Galactocentric : Galactocentric
Point radius Aperture Point radius - Aperture
no. (pixels) _ size no. ~ (pixels) size
1 0.0 1. S 37 - 70.0 5. R
2 1.0 1..8 38 75,0 5. R
3 2.0 1. S. 39 80.0 5. R
4 3.0 1.'S 40 85.0 5. R
5 4.0 1. S 41 90.0 5. R
6 5.0 1. S 42 95.0 5. R
7 6.0 1. S 43 - 100.0 5. R
8 7.0 1. S 44 105.0 5. R
9 8.0 1. S 45 110.0 5. R
10 9.0 1. S 46 . 115.0 5. R
11 10.0 1. S 47 120.0 5. R
12 11.0 2. S 48 125.0 5. R
13 13.0 2. 8 49 130.0 5. R
14 15.0 2. 8 51 140.0 5. R
15 17.0 2. 8 - 52 145.0 5. R
16 ~19.0 2. 8 52 145.0 5. R
17 21.0 2. S - 53 - - 150.0 5. R
18 23.0 2. S 54 155.0 5. R
19 25.0 2. S 55 . 160-0 5. R
20 27.0 2.8 56 165.0 5. R
21 29.0 2. S 57 170.0 5. R
22 31.0 2. S 58 175.0 5. R
23 32.5 2.5 R 59 180.0 5. R
24 35.0 2.5 R 60 185.0 5. R
25 37.5 2.5 R 61 190.0 5. R
26 40.0 2.5 R 62 195.0 5. R
27 42.5 2.5 R 63 - .~ 200.0 5. R
28 45.0 2.5 R 64 205.0 5. R
29 47.5 2.5 R 65 210.0 5. R
30 50.0 2.5 R 66 215.0 5. R
31 52.5 2.5 R 67 -220.0 5. R -
32 55.0 2.5 R 68 225.0 5. R
33 57.5 2.5 R 69 - 230.0 5. R
34 60.0 2.5 R 70 235.0 5. R
35 62.5 2.5 R 71 240.0 . 5. R
36 65.0 5. R 72 _ 245.0 5. R
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from the picture with 20 micron steps. In each skyrsubtracted picture,
the intensity was measured in 2000 pixels near.the center, taking care
nof to include aﬁy stars. If fhére were no radial VariaFions, it is
expected that the mean value in these pixels should be zero. In fact,
the avefégés were 1.47 of the mean sky brightness in the 40 microm
step-size pictufe and 0.6% of the sky in the 20 micron step-size
piCture.i Thus,- there is evidence for a small radial gradient. The
effect bf.such a gradient is twofold. First, the sky éubtraction pro-
cedure will leave a small unsubtracted residual with an amplitude of up
to 1.4%Z of the sky brightness at the center of the plate. Second, the
calibration proce&ure will be affected by both this excess sky contri-
bution and the presumably similér gradient superposed on the light
distribution of the galaxy. In practice, however, it is expected that
both of these effects are negligible in comparison with the random
erfors contributed by photon statistics on the plate. Note that one
might worry abdut the effect.of such a.systematic error when larger
apertures are used, but this occurs only toward the outer pefiphgry of
the picture where Fhe gradiént is reduced in magnitude. Therefore, we
ignore the effects of radial variations in the sky and in the overall
sensitivity of the plate,

The second check on the data is a comparison of the surface
brighfpess meééuréments With those published by other obsérvers. Two of
the galaxies for Which we obtained plate materiai, NGC 3379 and NGC
4486, were observed spécifically for that reason. Figures 3 and 4 show
fhe difference between 6ur measured surface brightneéses and those of

other observers, plotted as a function of surface brightness, 1In
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Figure 10, our measurements of NGC 3379 are compared with those of de
Vaueouleurs and Capaccioli (1979), Burkhead and Kalinowski (1974), and
Burstein (1979d). It can be seen that the.agreement between all these
sources and the measurements ﬁade in this study is good, with few dif-
ferences greater than 0.1 magnitude at levels brighter than about 25 Bp.
Figure 11 shows our measurements of NGC 4486 compared with those of-de
Vaucouleurs and Nieto (1978;‘1979) and Young et al.r(l978). In this
case, there appears to be a zero point offset witﬁ respect‘to the ~
measurements ofide Vaucouleurs and Nieté. .The éverage discrepancy, 0.08 .
Bu is's£own by a dotted 1ine in thislfigure. Again, we claim that at
surface brightnesses above about 25 By, our photomefry is accurate to
about 0.1 magnitude, aside f;om the acéuracy of the zero point deter-
mination.

The problem of presenting such a large Body of data is a con-
siderable one. We have 2592 photometric measurements for each of 28
galaxies. To tabulate so many numbers is clearly impossible. nstead,
we have produced an "elliptically averaged" profile for each galéxy.

To do this, an ellipse, centered on the'nucélus of the galaxy, was fit
to an outer isophote. ThénAthe 36 radial profiles were co-added, each
one being strétched or shrunk according>to the radius of the ellipse at

that angle relative to the major axis. The result of this procedure

\
*

would be a high signal~to-noise average,profilg of the galaxy as seen
faéefon but for one effect. Since the bulges tend to be more sphérical
than the disks, the apparent eccentricities of the bulges are less than
those of the disks. Thus, theﬂbulge is stretched along its miﬁor axis

and this elliptically averaged profile is slightly incorrect near the
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Figure 10. A comparison of surface brightness measurements of NGC 3379 made in this study with
those of other authors — The vertical scale is the difference between our measure-
ments and those of deVaucouleurs and Canaccioli (1979)— crosses, Burkhead and
Kalinowski (1974)— diamonds, and Burstein (1979b)— triangles. The horizontal scale

is our measured surface brightness.
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A comparison of surface brightness measurements of NGC 4486 made in this study with
those of other authors — The vertical scale is the difference between our measure-
ments and those of deVaucouleurs and Nieto (1978, 1979)— crosses, and Young et al.
(1978)— diamonds. The horizontal scale is our measured surface brightness. The

dashed line represents the zero point offset of 0.08 magnitudes per square
arcsecond between our numbers and those of deVaucouleurs and Nieto.
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center wherée the bulge dominates. 4This effect is a function of in-
clination of the galaxy, as it can be seen that in a galaxy exactly
face—on, this error wvanishes. Even with this érror, howgver? the
elliptipally averaged profiles are useful for determining the radial
shape of the diskg. Figure 12 shows the elliptically averaged profiles

for 25 of the 26 galaxies and the numbers are-iisted in Table 9. For

NGC 4594, the minor axis is shown because the galaxy is close to edge-omn,

Decomposition of the Profiles

As discussed at the beéginning of this chapter, previous workers
(Kormendy 1977c, Burstein 1979b) have carefully comnsidered the subject
of separating luminosity profiles.dinte bulge;andmdisk contributions.

- The major conceptual problem inherent to all ﬁethods devised is that
one must assume the fitting functions. Neither the de Vaucouleurs law
nor tﬁe exponential disk have any basis in physics (in fact, flat
rotation curves suggest an r—-l mass falloff in the disk), but ﬁave been
found empirically'to fit the data. The question arises when we cannot
produce a sum of these two fﬁnctions to fit the observed profile. 1Is
thisAevidence for a tﬁird componeﬁt, or does it suggest that we are
using the wrong fitting function for one of the compohents? If this
iatter is the caée, how can we distinguish a disk with a hole in the
middle from é bulge whiéh falls off faster than expected in its outer
parts? Obviously, the information one gets out of such a decomposition
is‘depéndent upon the assumptions one puts in.

Oﬁce the fitting functions have been chosen, the next problem

is-how to derive the best fit to the data. This is where Kormendy's
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Elliptically averaged major axis profiles — Surface bright-
ness in magnitudes per square arcsecond in the B band

versus radius in arcseconds is plotted for NGC 488. Bulge
and disk fits and their sum are shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —

Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 628. Bulge and disk fits and their sum are shown.
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Figure 12. Continued Elliptically averaged major axis profiles —
Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 1058. Bulge fit is shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —
Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 2268. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —

Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 2336. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —

Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 2344. Bulge and disk sits and their sum are shown.
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.— Continued Elliptically averaged major axis profiles —

Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 2655. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —
Surface brightness in magnitudes per square arcsecond in

the B band versus radius in arcseconds is plotted for
NGC 2681. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —

Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 2775. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued Elliptically averaged major axis profiles -—

Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 2841. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued

Elliptically averaged major axis profiles —
Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 2855. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —
Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 2967. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —

Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 3147. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —

Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 3277. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued

Elliptically averaged major axis profiles —
Surface brightness in magnitudes per square arcsecond in

the B band versus radius in arcseconds is plotted for
NGC 3368. Bulge fit is shown.
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Figure 12.— Continued

Elliptically averaged major axis profiles —
Surface brightness in magnitudes per square arcsecond in

the B band versus radius in arcseconds is plotted for
NGC 3642. Bulge fit is shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —

Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 3898. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —

Surface brightness in magnitudes per square arcsecond in

the B band versus radius in arcseconds is plotted for
NGC 4378. Bulge fit is shown.
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Figure 12.— Continued Elliptically averaged major axis profiles -—
Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for the

north half of the minor axis of NGC 4594. Bulge fit is
shown.
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Figure 12.— Continued

Elliptically averaged major axis profiles —
Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 4725. Bulge fit is shown.
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Figure 12.— Continued Elliptically averaged major axis profiles -—

Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 4736. Bulge fit is shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —
Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 4941. Bulge fit is shown.
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Figure 12.— Continued Elliptically averaged major axis profiles -—

Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 5194. Bulge fit is shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —
Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 6340. Bulge and disk fits and their sum are shown.
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Figure 12.— Continued Elliptically averaged major axis profiles —
Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 7217. Bulge fit is shown.
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Figure 12.— Continued Eiliptically averaged major axis profiles -—
Surface brightness in magnitudes per square arcsecond in
the B band versus radius in arcseconds is plotted for
NGC 7331. Bulge and disk fits and their sum are shown.



Table 9. Elliptically Averaged Majbr_Axis Profiles
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Point Surface Point Surface Point- Surface
no. brightness no. brightness no. brightness
NGC 488--1 pixel = 1.151 arcseconds:
1 18.51 25 22.20 49 24.94
2 18.69 26 22.31 50 25.11
3 19.00 . 27 22.41 51 25.22
4 19.22 28 22.49 52 25.33
5 19.48 29 22.58 53 25.49
6 19.75 30 22.69 54 25.66
7 19.97 31 22.81 55 . 25.78
8 20.22 32 22.80 56 25.92
9 - 20.37 33 22.83 57 26.04
10 20.52 34 22.89 58 26.31
11 20.68 35 23.00 59 26.35
12 20.82 36 23.14 60 26.43
13 21.01 37 23.21° 61 26.47
14 21.22 38 23.35 62 26.48
15 21.42 39 23748 63 26.44
16 21.54 40 - 23.63 64 26.78
17 21.63 41 23.81 65 26.86
18 21.69 42 23.97 . 66 26.98
-19 21.78 43 24.09 . 67 27.16
20 21.92 44 24.23 68 27.24
21 21.99 45 24.31 69 26.94
22 22.08 46 24 .47 70 26.86
23 22.11 47 24.61 71 '27.27
24 22.12 48 24.78 72 . 26.75
NGC 628--1 pixel = 1.151 arcseconds:
1 19.59 25 22.48 49 23.84
2 19.72 26 22.49 50 23.89
3 19.95 27 22.52 51 23.98
4 20.21 28 22.60 52 . 24.09
5 20.42 29 22.65 53 24.18
6 20.61 30 22.67 54 24.30
7 20.73 31 22.68 55 24.39
8 20.84 32 22.68 56 24,42
9 20.94 33 22.73 57 24,47
10 21.05 34 22.79 58 24.54
11 21.17 35 22.85 59 24 .57
12 21.31 " 36 22.86 60 24,64
13 21.50 37 - 22.96 61 24,71
14 21.61 38 23.00 62 24.75
15 21.77 39 23.00 63 24,84
16 21.94 40 23.05 64 24.98
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Table 9.--Continued -Elliptically Averaged Major Axis Profiles

Point Surface : Point Surface Point Surface
no. brightness no, brightness no. brightness
17 22.02 . 41 23.16 65 25.03
18 22.09 42 23.30 66 25.15
19 22.19 43 23.37 67 25.24
-20 22.25 44 23.44 68 25.31

- 21 22.30 - 45 23.50 69 25.29
22 22.31 46 23.58 70 25.35

- 23 1 22.38 47 23.68 71 '25.48
24 22.42 48 23.78 72 25.60

NGC 1058--1 pixel = 0.575 arcseconds:

1 19.37 25 21.88 49 24.97
2 19.55 26 21.94 50 25.08
3 19.90 27 22.01 - 51 25.22
4 19.90 28 22.11 52 25.32
5 20.25 29 22.22 53 25.38
6 20.50 30 22.34 54 25.42
7 20.69 31 122,40 T 55 25.46
8 20.82 32 22.47 56 25.46
9 20.96 33 22.54 57 25.47
10 21.07 34 22.62 58 25.68
11 . 21.19 35 . 22.73 59 25.70
12 21.33 36 22.84 60 25.75
13 21.51 37 23.03 61 25.80
C 14 21.58 38 23.15 62 25.77
15 21.60 39 23.30 63 25.98
16 21.60 40 23.43 64 26.14
17 . 21.63 41 23.54 65 26.04
18 21.68 42 23.71 66 26.05
19-° 21.74 43 23.89 67 26.13
20 . 21.77 4t 24,13 68 26.19
21 21.82 45 ©24.37 69 26.04
22 21.85 46 24,59 70 26.12
© 23 21.84 47 24.71 71 26.28
24 21.85 . 48 24.84 )

" NGC 2268--1 pixel = 0.575 arcseconds:

1 18.98 25 21.57 49 23.97
2 19.01 - 26 21.64 50 24,21
3 19.11 27 21.69 51 24.22
4 19.23 28 21.81 52 24,50
5 19.46 29 21.90 53 24.63
6 19.62 30 22.02 54 24.70
7 ©19.88 31 22.16 55 25.09
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Table 9.--Continued Elliptically Averéged Major Axis Profiles

Point Surface Point - Surface Point Surface
no. brightness no. brightness no. brightness
8 20.01 32 22.21 56 25.11
9 20.25 33 22.30 57 25.35
10 20.35 34 22.41 58 25.50
11 20.49 35 22.50 59 25.53
12 20.65 36 22.55 60 25.57
13 20.75 37 22.64 61 25.88
14 20.93 38 22.75 62 25.61
15 21.00 39 22.89 63 25.65
16 21.07 40 23.03 64 25.92
17 21.10 41 23.18 ‘65 25.67
18 21.10 42 23.34 66 26.01
19 <21.15 43 23.37 67 26.06
20 . 21.19 44 23.57 68 26.47
21 21.28 45 23.60 69 25.89
22 21.36 46 23.67 70 26.05
23 21.41 47 23.83 71 26.04
24 21.51 48 23.93 72 26.01
NGC 2336~-1 pixel = 1.151 arcseconds:
1 18.95 25 22.57 49 24.14
2 19.22 26 22.55 50 24,27
3 19.52 27 22.56 51 24,27
4 19.96 28 22.64 52 24,48
5 20.22 29 22.71 53 24.64
6 20.58 30 22.77 54 24,81
7 20.71 31 22.79 55 24,93
8 20.97 32 22.84 56 24.96
9 21.08 33 22.91 57 25.01
10 21.30 34 22.96 58 25.16
11 21.35 35 22.94 59 25.17
12 21.57 36 22.99 60 25.35
13 21.73 37 - 23.02 61 25.41
14 21.87 38 23.02 62 25.25
15 22.01 39 23.13 63 25.39
16 22.13 40 23.22 64 25.23
17 22.27 41 23.39 65 25.57
18 22.23 42 23.51 66 25.60
19 22.25 43 23.63 67 25.59
20 22.29 44 23.60 68 25.82
21 22.39 45 23.69 69 25.84
22 22.47 46 23.86 70 25.67
23 22.49 47 23.95 71 25.63
24 22.46. 48 24.09 72 25.89



- Table 9.-—Continued Elliptically Averaged Major Axis Profiles
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Point Surface Point Surface Point Surface
no. brightness no. brightness no.. brightness
NGC 2344--1 pixel = 0.575 arcseconds:
1 18.83 25 22.29 49 25.14
2 18.98 26 22.37 50 25.17
3 19.22 27 22.45 51 25.26
4 19.51 28 22.63 52 25.36
5 19.85 29 22.71 53 25.46
6 20.09 30 22.78 54 25.50
7 20.39 31 22.87 55 25.70
8 20.61 32 . 22.92 56 25.90
9 20.80 33 22.98 57 25.91
10 20.92 34 23.05 58 26.06
11 21.02 35 23.20 59 26.01
12 21.12 36 23.33 60 26.30
13 21.26 37 23.54 61 26.43
14 21.40 38 23.77 62 26.87
15 21.49 39 23.94 " 63 26.64
16 21.62 40 24,06 64 26.79 .
17 21.74 41 24.16 65 26.78
18 21.83 42 24.28 66 26.99
19 21.91 43 24.45 67 26.72
20 21.98 44 24.58 68 26.93
21 22.04 45 24.75 69 27.29
22 22.08 46 24.81 70 26.92
23 22.13 47 24,93 71 26.93
24 22.21 48 25.03 72 27.35
NGC 2655--1 pixel = 0.575 arcseconds:
1 17.81 25 21.30 49 23.52
2 17.94 26 21.43 50 23.60
3 18.11 27 21.57 51 23.62
4 18.26 28 21.65 52 23.68
5 18.45 29 21.74 53 23.68
6 18.63 30 21.86 54 23.79
7 18.82 31 21.96 55 23.82
.8 18.98 32 22.03 56 23.87
9 19.11 33 22.09 57 23.84
10 19.28 34 22.14 58 23.91
-11 19.40 35 22.18 59 23.90
12 19.50 36 22.35 60 24.02
13 19.69 37 22.41 61 24.07
14 19.89 38 22.56 62 24.21
15 20.00 39 22.63 63 24.27
16 20. 40 22.75 64 24.29

25
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Point Surface Point Surface Point Surface
no. brightness no. brightness no. .brightness
17 20.43 41 22.87 65 24.41
18 20.52 42 22.96 66 24 .37
19 20.68 43 23.09 67 24.44
20 20.77 44 23.16 68 24,55
21 20.93 45 23.20 69 24,70
22 21.00 46 23.25 70 24.83
23 21.09 47 - 23.37 71 24.70
24 21.22 48 23.42 72 25.08

NGC 2681--1 pixel = 0.575 arcseconds:

1 16.55 25 21.29 49 23.34
2 16.68" 26 21.43 50 23.45
3 16.92 27 21.57 51 23.50
4 17.22 28 21.71 52 23.60
5. 17.55 29, 21.81 53 23.70
6 17.86 30 21.90 54 23.76
7 18.13 31 21.97 55 23.93
8 18.35 32 22.02 56 24,01
-9 18.56 33 22.05 57 24.10
10 18.74 34 22.15 58 24 .42
11 18.92 35 22.19 59 24,44
12 19.10 36 22.19 60 24 .43
13 19.42 37 22.30 61 24 .48
14 19.67 38 22.44 62 24,51
15 19.95 39 22.57 63 24.59
16 20.22 40 22.66 64 24.61
17 20.43 41 - 22.70 65 24,52
18 20.56 42 22.80 66 24.90
19 20.68 43 22.89 67 24.92
20 20.69 44 22.97 68 24.92
21 20.72 45 23.02 69 24.63
22 20.78 46 23.05 70 24,76
23 20.90 47 23.08 71 25.01
24 21.07 48 23.19 72 24,85
NGC 2775--1 pixel = 0.575 arcseconds:
1 17.67 25 21.20 49 23.34
2 17.84 26 21.33 50 23.42
3 18.11 27 21.47 51 23.49
4 18.31 28 21.59 52 23.53
5 18.53 29 21.66 53 23.62
6 18.76 30 21.72 54 23.71
7 18.97 31 .72 55 23.80

21



Table 9.--Continued Elliptically Averaged Major Axis Profiles

100

Point Surface Point Surface Point Surface
no. brightness no. brightness no. brightness
8 19:.16 32 21.79 56 23.85
9 19.31 33 21.82 57 23.92
10 19.44 34 21.86 58 24.00
11 19.55 35 21.84 59 24,10
12 19.68 36 21.87 60 24.18
13 19.81 37 21.93 61 24.21
14 19.95 © 38 22.07 62 24,24
15 20.07 39 22.13 63 24.34
16 20.20 40 22.22 64 24,42
17 20.37 41 22.37 65 24,49
18 20.47 42 22.53 66 24,53
19 20.55 43 22.66 67 24.57
20 20.67 44 22.75 68 24.68
21 20.77 45 22.89 69 24,71
22 20.89 46 23.03 70 24,83
23 20.97 47 -23.16 71 24,87
24 21.07 48 23.26 72 24.89
NGC 2841--1 pixel = 1.151 arcseconds:
1 17.03 25 21.30 49 23.33
-2 17.41 26 . 21.31 50 23.46
3 17.59 27 21.42 51 23.54
4 17.95 28 21.47 52 23.71
5 18.15 29 21.57 53 23.86
6 18.35 30 21.60 54 23.92
7 18.61 31 21.65 55 24,11
8 18.74 32 21.67 56 24,16
9 19.03 33 21.70 57 24.26
10 19.11 34 21.72 58 24,36
11 19.28 35 21.81 59 24,49
12 19.43 36 21.85 60 24.52
13 19.59 37 21.98 61 24.68
14 19.82 38 '22.01 62 24,73
15 - 19.95 39 22.13 63 24.90
16 20.12 40 22.22 64 24,98
17 20,31 41 22.38 65 25.04
18 20.51 42 22.47 66 25.22
19 20.54 43 22.68 67 25.14
20 20.71 44 22.62 68 25.43
21 20.87 45 22.87 69 25.25
22 20.91 46 22.98 70 25.56
23 21.08 47 23.06 71 25.47
21.13 48 23.22 72 25.60

24
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Table 9.--Continued Elliptiéally,Averaged Major Axis Profiles
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Point Surface Point Surface Point Surface
no. brightness no. brightness no. brightness
NGC 2855--1 pixel = 0.575 arcseconds:
1 18.62 25 22.16 49 24.45
2 18.71 26 22.25 50 24.54
3 18.85 27 22.34 51 24.66
4 19.05 28 22.40 52 24.70
5 19.21 29 22.48 53 24,75
6 19.42 30 22.58 54 24.83
7 19.64 31 22.67 55 24.96
8 19.84 32 22.72 56 24.96
9 19.96 33 22.83 57 25,11
10 20.10 34 22.87 58 25.27
S 11 20.23 35 22.95 59 25.30
12 20.38 36 23.04 60 25.42
13 20.57 37 23.17 61 25.57
14 20.81 38 23.30 62 25.54
15 20.96 39 23.41 63 25.73
- 16 21.15 40 23.55 64 25.67 "
17 21.33 41 23.67 65 25.71
18 21.49 42 23.77 66 25.86
19 21.61 43 23.88 67 25.93
20 21.76 44 24.02 68 26.08
21 21.88 45 24,11 69 26.10
22 21.96 46 24.19 70 26.07
23 22.04 47 24,32 71 26.08
24 22.08 48 24.40 72 26.05
NGC 2967—-1 pixel = 0.575 arcseconds:
1 19.83 25 22.02 49 25.30
2 19.97 26 22.10 50 25.50
3 20.13 27 22.20 51 25.72
4 20. 32 28 22.30 52 25.99
5 20.48 29 22.39 53 26.14
6 20.59 30 22.51 54 26.41
7 20.69 31 22.60 55 26.44
8 20.80 32 22.73 56 26.72
9 20.90 33 22.82 57 26.48
10 20.98 34 22.90 58 26.91
11 21.06 35 22.97 59 27.40
12 21.11 - | 36 23.02 60 26.86
13 21.18 b 37 23.19 61 26.82
14 21.24 38 23.38 62 26.78
15 21.30 39 - 23.58 63 27.32
16 21.39 40 23.82 64 26.99
17 21.46 41 24, 65

26.91
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Table 9.--Continued Elliptically Averaged Major Axis Profiles

Point Surface Point Surface Point Surface
no. brightness no. brightness no. brightness
18 21.55 42 © 24,34 66 26.59
19 21.62 43 24.52 67 27.05
20 21.66 44 24.70 68 26.81
21 21.69 . 45 - 24.87 69 27.34°
22 21.75 46 24,91 70 27.11
23 21.83 47 25.02 71 27.26
24 - 21,91 48 25.08 72 26.79

NGC 3147--1 pixel = 0.575 arcseconds:

1 17.52 25 21.43 49 23.43
2 17.66 26 21.47 50 23.46
3 17.96 27 21.55 A 51 - 23.48
4 18.25 28 21.60 52 23.55
5 18.48 29 21.66 53 23.71
6 18.75 ' 30 21.72 54 23.86
7 19.01 , 31 ' 21.85 55 23.87
8 19.26 32 21.92 56 - 24.07
9 19.43 33 o 21.91 ' 57 24.20
10 19.57 34 22.05 58 24.34
11 19.72 35 22.07 59 24.49
12 19.85 36 22.13 60 24.75
13 - 19.97 : 37 . 22.11 61 24.72
14 20.29 38 22.08 62 24.84
15 . 20.37 39 22.26 63 24.82
16 20.58 40 22.44 64 24.99
17 20.73 41 22.59 65 24.93
18 20.81 ' 42 : 22.75 66 24.89
19 20.87 43 22.82 67 25.48
20 20.98 44 . 22.93 63 25.08
21 21.11 45 23.06 69 25.21
22 21.21 o 46 23.20 70 25.13
23 21.29 47 23.26 71 25.55
24 21.33 48 23.30 72 25.79

NGC 3277--1 pixel = 0.575 arcseconds:

1 18.19 ' 25 22.26 49 24.75
2 18.26 26 22.38 50 24.84
3 18.48 27 ' 22.49 51 25.04
4 18.75 28 22.63 52 25.11
5 19.03° 29 22.67 - 53 25.10
6 ©19.30 30 22.81 54 25.04
7 19.57 31 22.98 55 25.17
8 19.76 _ 32 23.09 56 25.20
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Table 9.--Continued Elliptically Averaged Major Axis Profiles

Point Surface Point Surface ~ Point Surface
no. brightness no. brightness - no. brightness
9 19.87 33 23.21 57 25.28
10 20.01 34 23.26 58 25.46
11 20.12 35 23.38 : 59 25.49
12 20.24 36 . 23.50 60 25.44
13 20.35 37 23.64 e 61 25.48
14 .20.52 : 38 23.79 62 25.42
15 20.62 ‘ 39 . 23.88 : 63 25.60
16 20.80 40 23.97 : 64 25.62
17 21.00 41 24.06 65 . 25.90
18 - 21.23 42 24,18 66 25.78
19 21.40 43 24.27 67 25.77
20 21.54 44 - 24,38 68 25.91
21 21.74 45 24,49 69 25.77
22 21.88 46 24.58 .70 25.81
23 22.05 47 24.67 71 26.03

24 22.15 48 24.74 _ 72 25.95

NGC 3368--1 pixel = 1.151 arcseconds:

1 17.47 25 - 21.30 49 23.70
2 17.80 26 21.37 . 50 23.75
3 18.16 27 21.44 51 23.79
4 18.35 : 28 21.50 52 23.95
5 18.63 29 21.53 53 23.99
6 18.78 ' 30 - 21.62 54 24.06
7 18.96 31 21.68 55 24.12
8 19.15 32 21.75 56 24.16
9 19.34 33 21.81 - 57 24,22
10 19.48 34 21.87 : 58 24.39
11 19.62 : 35 22.00- 59 - 24.43
12 19.75 36 22.12 60 24.52
13 19.91 37 22.39 61 24.63
14 ©20.07 o 38 22.64 62 24.60
15 20.25 - 39 . 22.82 63 24,84
16 20.40 40 22.99 : 64 24.88
17 20.50 . 41 23.13 65 24.96
18 20.62 42 23.22 66 25.06
19 . 20.73 43 23.35 67 25.09
20 20.84 44 23.44 68 25.18
21 20.93 : 45 23.50 69 25.22
22 21.05 46 23.57 70 25.32
23 21.10 - 47 23.57 ‘ 71 25.36

24 21.19 438 23.65 72 25.55
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Point Surface Point Surface Point Surface
no. brightness no. brightness no. brightness
NGC 3642--1 pixel = 1.151 arcseconds:
1 18.35 25 23.08 49 25.13
2 18.76 26 23.19 50 25.04
3. 19.46 27 23.31 51 25.14
4 19.90 28 23.47 52 25.16
5 20.20 .29 23.60 53 25.23
6 20.47 30 23.77 54 25.24
7 20.68 31 23.88 55 25.30
-8 20.80 32 24.03 56 25.34
9 20.91 33 24,20 57 25.45
10 21.00 34 24,38 58 - 25.64
11 21.09 35 24.43 59 25.77
12 21.21 36 24,48 60 25.89
13 21.44 37 24,51 61 25.82
14 21.63 38 24,54 62 25.76
15 21.80 39 24.57 63 25.95
16 -22.00 40 24.62. 64 25.74
17 22.19 41 24.68 65 25.89
18 22.30 42 24.67 66 25.89
19 22.40 43 24.73 67 25.85
20 22.50 44 24.89 68 26.10
21 22.64 45 25.08 69 25.94
22 22.77 46 25.08 70 26.05
23 22.91 47 25.13 71 26.00
24 22.96 48 25.24 72 26.14
. NGC 3898--1 pixel = 0.575 arcseconds:
1 17.42 25 21.32 49 23.66
2 17.54 26 21.42 50 23.72
3 17.62 27 21.58 51 23.79
4 17.78 28 21.66 52 23.83
5 17.92 29 21.75 53 23.93
"6 18.12 30 21.87 54 23.92
7 18.31 31 21.91 55 ©24.13
8 18.58 32 22.00 56 24.15
9 18.70 33 22.11 57 24,24
10 18.87 34 22.13 58 24.35
11 19.06 35 22.24 59 2444
12 19.24 36 22.30 60 24,53
13 19.41 37 22.36 61 24.49
14 19.68 38 22.55 62 24.53
15 19.81 39 22.62 63 24,59
16 20.00 40 22.70 64 24,78
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Table 9.--Continued Elliptically Averaged Major Axis Profiles

Point Surface Point Surface Point Surface
" no. brightness no. brightness no. brightness
17 20.20 41 22.83 65 24.79
18 20.38 42 22.93 66 24.90
19 20.47 43 23.00 67 24.92
20 20.68 bt 23.11 68 24,93
21 20,78 45 23.23 69 25.06
22 - 20.94 46 23.32 70 24.91
23 21.01 47 23.38 71 24.94
24 21.18 48 23.48 72 25.12

‘NGC 4378--1 pixel = 0.575 arcseconds:
1 18.58 25 22.12 49 24,37
2 18.62 26 22.25 50 24.36
3 18.78 27 22.38 51 24,33
4 18.93 28 22.50 52 24,32
5 19.05 29 22.62 53 24.33
6 19.22 30 22,71 54 24.39
7 19.40 31 22.79 55 24.50 -
8 19.58" 32 22.88 56 24.65
9 19.74 33 22.94 57 24,84
10 19.87 34 23.02 58 25.10
11 20.00 35 23.06 59 25.32
12 20.15 36 23.18 60 25.45
13 20.36 37 23.32 61 25.49
14 20.61 38 23.46 62 25.64
15 20.81 39 23.62 63 25.82
16 20.94 40 23.79 64 26,11
17 - 21.09 41 23.89 65 26.04
18 21.23 42 23.99 66 25.96
19 21.38 43 24.05 67 25.93
20 21.52 44 24.06 68 26.04
21 21.67 45 24,14 69 26.26
22 - 21.74 46 24,22 70 26.23
23 21.87 47 24,28 71 26.41
24 21.99 48 24,33 72 26.71
NGC 4594, morth half of minor axis—1 pixel = 1.151 arcseconds:
1 16.28 25 21.37 49 23.57
2 16.73 26 21.51 50 23.73
3 17.21 27 21.55 51 23.83
4 17.55 28 21.68 52 23.88
5 17.92 29 21.79 53 24.08
6 18.30 30 21.94 54 24,03
7 18.54 31 21.98 - 55 23.99
8 18.75 32 22.05 56 24,23



Table 9.~~Continued Elliptically Averaged Major Axis Profiles

106

Point Surface Point Surface Point Surface
no. brightness no. brightness no. brightness
9 18.80 - 33 22.07 57 - 24.45
10 19.08 34 22.16 58 24,29
11 19.16 35 22.29 59 24,34
12 . 19.27 36 22.30 60 24.34
13 19.56 37 22.43 61 24,51
14 19.79 38 22.55 62 24.59
15 19.91 39 22.70 63 24.69
16 20.20 40 22.84 64 24.85
17 20.40 41 22.94 65 24.81
18 20.54 42 23.01 66 24,67
19 20.69 43 23.02 67 . 24,80
20 20.77 44 23.16 68" 24.86
21 20.85 45 23.30 69 24.91
22 21.03 46 23.41 70 24,94
23 21.15 47 23.49 71 24.69
24 21.27 48 23.52 72 24.77
NGC 4725--1 pixel = 1.151 arcseconds:
1 17.23 25 21.71 49 23.03
2 17.52 26 21.77 50 23.09
3 17.89 27 21.89 51 23.15
4 18.23 28 21.97 52 23.28
5 18.66 29 22.02 53 23.43
6 18.82 30 22.09 54 23.58
7 19.11 31 ~22.18 55 23.79
8 -19.33 32 22.24 56 23.89
9 19.48 33 22.31 57 24.00
10 19.78 34 22.32 58 24.10
11 19.90 35 22,37 59 24,11
12 20.06 36 22.43 60 24,27
13 20.26 37. 22.48 61 24,34
14 20.45 38 22.51 62 24.39
15 20.62 39 22.47 63 24,42
16 20.82 40 22,44 64 L2447
17 20.92 41 22.47 65 24.52
18 21.06 42 22.45 66 24,42
19 21.13 43 22.46 67 24.57
20 21.21 44 22.52 68 24,47
21 21.32 45 22.57 69 24.53
22 21.39 46 22.73 70 24,58
23 21.50 47 22.86 71 24.56
24 21.58 48 23.00 72 24.66
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Surface

23.00

Point Point. Surface Point Surface
no. brightness no. brightness no. brightness
NGC 4736--1 pixel = 1.151 arcseconds:
1 15.69 25 20.14 49 23.11
2 16.13 27 20.30 50 23.26
3 16.33 27 20.54 51 - 23.34
4 16.49 28 20.66 52 23.46
5 16.72 29 20.87 53 23.56
6 16.97 30 21.08 54 23.71
7 17.27 - 31 21.23 55 23.83
8 17.56 . 32 21.42 56 23.93
9 17.70 33 21.53 57 24.05
- 10 17.90 34 21.66 58 24.16
11 18.06 35 21.78 59 24.29
12 18.25 36 21.88 60 24.38
13 18.48 37 21.99 61 24 .45
14 -18.81 38 22.13 62 24.53
15 19.10 39 22.20 63 24.56
16 19.33 40 22.29 64 24.62
17 19.44 - 41 22.35 65 24,65
18 19.54 42 22.39 66 24.70
19 19.66 43 22.49 67 24.69
20 19.78 44 22.58 68 24.73
21 19.89 45 22.68 69 24.71
22 20.03 46 22.79 70 24.70
23 19.96 47 22.88 71 0 24.72
24 20.00 48 22.99 72 24,81
NGC 4941--1 pixel = 0.575 arcseconds:
1 18.61 25 22.30 49 24.25
2 18.74 26 22.37 50 24,35
3 18.86 27 22.42 51 24.45
4 19.12 28 22,47 52 24.53
5 19.34 29 22.53 53 24.63
6 19.64 30 22.61 54 24.62
7 19.87 31 22.64 "55 24.63
8 20.09 32 22.64 56 24.73
9 20.26 33 22.68 57 24.75
10 20.50 34 22.66 58 24,81
11 20.63 35 22.70 59 24.93
12 20.88 36 22.72 60 24,94
13 21.07 37 22.72 61 25.01
14 21.26 38 22.77 62 25.03
15 21.40 39 22.83 63 25.16
16 21.53 40 22.92 64 25.35
17 21.69 41 65 25.35
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Table 9.--Continued Elliptically Averaged Major Axis Profiles

Point Surface Point Surface Point Surface
no. brightness no. brightness no. brightness
18 21.77 42 23.14 - 66 25.54
19 21.87 43 23.26 67 25.65
20 21.95 44 1 23.44 68 26.05
21 21.99 45 23.63 69 25.92
22 22.08 46 23.82 70 26.06
23 22.15 47 23.94 71 26.10
24 22.24 48 24.07 72 26.31

NGC 5194~-1 pixel = 1.15]1 arcseconds:

1 16.96. 25 21.40 49 22.33
2 17.43 26 21.57 50 22.37
3 18.12 27 21.64 51 22.37
4 18.55 28 21.67 52 22.35
5 18.77 29 21.72 53 22.40
6 18.93 30 21.69 54 22.42
7 19.05 31 21.67 55 22.65
8 19.13 32 21.67 - - 56 -22.85
9 19.21 33 21.68 57 23.09
10 19.29 34 21.73 58 23.19
11 19.34 . 35 21.75 59 23.24
12 19.36 . 36 21.78 60 23.55
13 19.58 37 21.74 61 23.82
14 19.75 38 21.57 62 24,16
15 19.89 39 21.63 63 24,42
16 20.22 40 21.62 64 24.65
17 20.30 41 21.59 65 24.89
18 20.54 42 21.68 66 24.96
19 20.71 43 21.82 67 24.98

© 20 20.82 44 21.91 68 25.12
21 20.91 45 21.93 69 25.14

S22 21.14 46 22.11 70 25.25
23 21.23 47 22.19 71 - 25.25
24 21.30 48 22.25 72 25.18

NGC 6340-—1 pixel = 0.575 arcseconds:

1 '18.55 25 22.10 49 24.35
2 18.70 26 22.14 50 24 .47
3 18.84 27 22.27 51 24.59
4 19.06 28 22.31 52 24,65
5 19.27 29 22.39 53 24.75
6 19.45 30 22.45 - 54 24,90
7 19.64 31 22.52 55 24,97
8 19.83 32 22.61 56 25.07
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Point - Surface Point Surface ~ Point Surface
no. brightness no. brightness no. brightness
9 20.00 33 22.62 57 25.16
10 20.17 34 22.73 58 25.17
11 20.33 35 22,77 59 25.28
12 20.45 36 22.83 60 25.35
13 20.68 37 22.91 61 25.49
14 20.86 38 23.00 62 25.55
15 21.01 39 - 23.12 63 25.56
16 21.15 40 23.23 64 25.47
17 21.28 © 41 23.34 65 25.60
» 18 21.36 42 23.47 66 25.84
19 21.47 43 23.59 67 26.09
20 21.55 44 23.69 68 26.04
21 21.63 45 23.86 69 26.01
22 21.71 46 24.03 70 26.16
23 21.84 47 24.15 71 26.00
24 21.97 48 24.26 72 26.00
NGC 7217--1 pixel = 0.575 arcseconds:
1 17.92 25 21.17 49 22.87
2 18.20. 26 21.25 50 22.96
3 18.45 27 21.32 51 23.07
4 18.75 28 21.37 52 23.18
5 18:89. 29 21.42 53 23.34
6 19.01 30 21.48 54 23.51
7 19.15 31 21.52 55 23.69
8 19.31 32 21.59 56 23.86
9 19.44 33 '21.68 57 24.00
10 19.52 34 21.75 58 24.12
11 19.58 35 21.85 59 24.25
12 19.68 36 21.92 60 24,31
13 19.84 37 22.05 61 24.38
14 19.99 38 22.19 62 24.49
15 20.19 39 22.34 63 24.56
16 20.30 40 22.46 64 24.60
17 20.43 41 22.58 65 24,71
18 20.59 42 22.69 66 24.74
19 20.71 43 22.76 67 24.77
20 20.82 44 22.81 68 24,85
21° 20.89° 45 22.84 69 24.88
22 20.95 46 22.85 70 25.02
23 21.01 47 22.87 71 25.04
24 21.10 48 22.86 72 24.98
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Point Surface Point Surface Point Surface
no. brightness no. brightness no. brightness
NGC 7331--1 pixel = 1.151 arcseconds:
1 17.03 25 21.65 49 23.51
2 17.51 26 21.57 50 23.74
3 17.85 27 21.80 51 - 23.76
4 18.17 28 21.78 52 23.85
5 18.41 29 21.90 53 23.93
6 18.65 30 22.10 54 24.14
7 18.82 31 21.91 55 24.15
8 18.93 32 22.20 56 24,51
9 19.24 33 22.09 57 24,36
10 19.23 34 22.28 58 24.30
11 19.59 35 22.36 59 24,59
12 19.62 36 22.36 60 24,32
13 19.86 ‘37 22.47 61 24.68
14 19.92 38 22.70 62 24 .64
15 20.31 39 22.81 63 24.75
16 20.49 40 22.87 64 24.94
17 - 20.53 41 22.88 65 25.04
18 20.88 42 22.92 66 24.99
19 20.80 43 23.05 67 25.04
20 21.07. 44 23.00 68 25.08
21 21.19 45 23.27 69 25.07
22 , 21.24 46 23.27 70 25.57
23 21.32 47 23.46 71 25.52
24 21. 48 23.61 72 25.49

45
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iterative scheme rebresents a great step forward. The procedure is as
follows. First, two ranges of radii are chosen, one..in which the disk
cleérly aominates the profile, and one in which the bulge is con-
tributing most of the light. Then, the disk fitting function is fit by
least squares to the data within the disk-dominated fitting range.

This calculated disk contribution is then subtracted from the observed
data points ét all radii and thése_corrected data are fit to the bulge
fitting function in the range dominated by bulge light. This fit is
then subtracted from:the original observed profile, and the process is
repeated until it converges, usually after several iterations.

This technique has several advantages over’the obvious alterna-
‘tive methods. First, it successfully'accoﬁnts for the contribution of
the compénentiwhich’doés not dominate in each range. Second, since no
information is de%ived from the range in which neither component
strongly dominates, a comparisonlof the observed data there with the sum
of the two calculated components indicates with what success the fitting
functions can be extrapolated. Third, the iterative technique allows
different'fitting ranges to be used for the two components. This is in
contrast.to a non—lipear least squares fit of the data to the sum of
the two fitting functions.

In view of the fact that profiles haye been derived here at a
number éf different positioﬁ angles around each galaxy, a new method,
based on the iterative scheme, was invented to make use of as much in-
formation as possible. As in previous studies, the decision was made to
use a de Vaucouleurs laﬁ for the bulge and a radial éxponeﬁtial for the

disk. In terms of magnitudes the de Vaucouleurs law is given by:
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n = p,e + 8.325 ((r/re)l l)

where r, is the effective radius inside of which half of the light is
contained and pe.is:the surface brightness at T, The exponential disk
is given by:

po= “‘O + 1.0857 r/ro

where T is the scale 1enéth of the exponential and B is the central
surface brightness in magnitudes pér square arcsecond.

Now each radial profile at a different angle could be decom—
posed independent of all the rest, but we know that all the disk fits
and bulge fits must join at the center, at r = 0. This constraint
implies that Mo and b, must be the same for all profiles from each
galaxy.{ Thus, if all the profiles are used to derive the best values
for b and H,» We can then apply the iterative technique-to each profile
séparately, holding the scale surface brightnesses at the determined
values and solving only for the scale length of each component. These
scale lengths asla function of angle represent ellipses, bne for the
disk and one fér the bulge. The values can be fit to ellipses, using

the relation: -

r = V/; ,2 cosz(e-—e ) +r ..2 Sin2(8-—8 )
maj o min 0

where r . and r ., are the major and minor axis scale lengths and 6
maj min o
is the position angle of the major axis on the sky. From this fit,
-then, the face-on (major axis) scale lengths of the disk and bulge, the
inclination of the galaxy (assuming the disk to be thin and round),

and the apparent flattening of the bulge can be determined. The
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inciination of the disk and the apparent flattening.of the bulge are
-expected to be much more accurately determined than could be achieyed
by merel? measuring ratios of apparent fadii because mucb more informa-
-tion has been utilized. |

This procedure has been followed for each of the galaxies which
appears:to have an exponential disk. Specifically, the elliptically
averaged majof axis profiles have been iteratively decomposed to find
. the disk central surface brightness and the bulge effective surface
brightness for each galaxy. The disk profile, bulge profile, and sum
for each galaxy are shown on the plot of elliptically averaged major
axis profile for each galaxy (Figure 12). Then, each single radial
ﬁrofile was combined with the profile 180° around the éalaxy, and the
18 resulting profiles were iterativeiy decombosed, holding the scale
surface brightnesses at the values previously determined. This pro-
cedure yields the parametefs listed in Table 10. The disk central
surface brighgness, now called B«Dc haé been corrected fdr galactic
extinction using the AB values given in &e Vaucouleurs et al. (1976)

and for the inclination of the disk:
= - +.2. i) .
B(O)c. By AB_ 2.5 log(cos 1)

Theldisk scale length; T ié given in kpc, using the'distgnces given
in Chapter I. For those galaxies.not,includéd in the table in Chapter
. I, the distanges uséd are given in the last column of Table 11. The
bplge éffective sufface brightnesses have been corrected for gélactic
absorption only, ana the mean bulge scale lengths (re), are £he geo-

metric means of the major and minor axis scale lengths in kpec.,
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Table 10. Parameters of Decomposed Spiral Galaxies
£o Te .

NGC B(O)C (kpe) B (kpc) Inclination - (b/a)B,TRUE P.A.
- 488 21.32 7.71 20.15 1.09 39.8 0.72 7.5
628 21.70 5.07 23.23 1.51 10.6 5.8
2268  21.07 5.10  20.92 0.92 55.3 0.89 65.9
2336 - 21.86 12.58 18.86 0.40 56.9 0.80 172.5
2344 22.28 2.35 23.06 1.51 36.9 154.7
2655 22.48 8.91 21.55 3.40 33.8 16.7
2681 21.25 3.13 19.42 0.59 21.6 160.5
2775 22.21 3.54 22.45 2.29 44 .4 0.80 163.3
2841 . 21.26 5.40 20.10 0.94 65.1 0.63 149.6
2855 22.71 4.95 22.46 1.54 44.3 0.70 128.4
2967 20.48 2.57 17.39 0.06 25.8 136.4
3147 20.75 6.25 20.74 1.72 35.9 144.4
3898 23.14 4.83 20.89 1.06 66.6 0.67 109.5
4594 23.40 14.18 0.71
6340 . 21.73 5.16 22.62 3.83 24.2 138.7
7331 67 8.61 21.32 2.55 72.0 0.46 170.8

22,
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Table 11. Derived Overall Parameters of Program Spirals
NGGC My B/D ) (B/D)
O’c ’ c

488 -20.00 0.21 -21.44 0.36

628 -17.63 0.08 -19.05 0.37

1058 -15.82 0.10 -16.96 0.54 = 10.2 mpc
2268 -18.87 0.14 -19.98 0.56

. 2336 -19.14 0.06 -20.78 0.28

2344 -16.77 0.28 ~17.71 0.73

2655 -21.07 1.24 -21.30 4.21

2681 -19.40 0.69 .=19.82 2.13 .

2775 -19.32 1.22 -19.61 3.28

2841 -19.74 0.32 =20.67 0.74

2855 -19.52 1.19 ~19.87 2.65

2967 .=16.62 0.04 -18.97 0.13 = 30.2 mpc
3147 -20.41 0.28 -21.36 0.72

3277 -18.81 1.51 -18.98 6.03

3368 -19.23 0.77 -19.81 1.71

3642 -18.84 0.16 -19.32 1.78

3898 -19.21 1.39 -19.45 3.98

- 4378 -20.79 '

4594 —22.63

4725 -19.74 0.23 -20.72 0.68

4736 . =18.35 0.28 -19.26 0.76 »

4941 -16.67 0.08 -18.92 0.14 ='15.7 mpc
5194 -15.88 0.01 -19.58 0.03

6340 -20.26 0.88 -20.65 2.33

7217 -19.50 0.39 -20.39 0.79

7331 -20.67 1.10 -20.79 8.24 =.17.0 mpc
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Inclinations are determined by the formula:
i= cos“l (b/a)D

where (bﬁé)D is the ratio of the minor to major axis of the disk, as

determined by the ellipse which has been fit to the scale lengths. The

column labeled (b/a)B‘TRUE shows the true bulge flattening, determined
b
by: _ >
: -1
. (b/a) =y//(yb/a)la,mz,s b1
: " °B,TRUE 2 .,
. ' cos 1

The position angles listed.in the table correspoﬁd to both the bulge
and the disk when they agree and only to the disk when they do not.

The angles are measured north through east. No (b/a)B,TRUE was
calculated for those galaxies in which the position angles of the bulge
and disk disagreed (NGC's 2344, 2655, 2681, 3147, and -6340) or when the
galaxy was almost face-on (NGC 628) or the bulge too small (NGC 2967).
NGC 4594 has also been included in this table glthough the procedure
applied to this almost edge-on galaxy was different. 1In this case, only
the minor axis was fit to a dé Vaucouleurs law at radii large‘enough
that the disk is expected to be insignificant. The bulge flattening
comes from a -fit to an outer isophote.

Total bulgé absolute magnitudes and bulge-to-disk ratios can be
obtained by mérely integrating the de Vaucouleurs law bulges and expo—'
nential disks for each galaxy, but one further correction is necessary.
Because we are interested in bulge-to—disk mass ratios, both for com-

parison of spiral parameters with SO parameters and for investigation

of intrinsic morphological structure, we must correct the disk
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parameters for the color‘of the disk. The stellar population of the
disk is younger, -and therefore bluer and brighter, than an older
populatiop of equal mass. Ihe adopted correction comes from_Larson and
Tinsley (1978) who calculated the UBV colors for a series of models
with varying age, star formation rate, and initial mass function.
Their findings indicate that the B magnitude of a blue disk must be
faded bx 4((B_V)bolge - (BTV)diSk) in order to convert a . bulge-to-disk
luminosity ratio to a bulge-to-disk mass ratio. Coincidentally, the :
same factor determines the amount the disk has been extinctea by dust
absorption. Thus, the correction applied compensates for both effects.
The correction is determined by asouming that all bulges have the same
oolof, B~V = 0.90. The contribution of the bulge to the total face—on
B—V‘(from de Vaucouleurs‘et al. 1976) is calculated from this value and
the uncorrected bulge-to~disk ratio for each galaxy. The remainder can
be interpreted in terms of theAface—on B-V for the disk. The correction
is then calculated from the formula given above. The corrections range
" from 0.6 to 2.2 magnitudes and are fairly sensitive to the total face-
on B-V Values.A A

After the disk magnitudes have been corgected they are used to
calculate new toﬁal magnitodes and bolge~to—disk ratios. Table 11 lists
the bulge absolute magnitudes, the uncorrected bulge-to—disk ratios, the
corrected total magnitﬁdes, and the correoted bulge~to-disk ratios.

The galaxieo which have disks whose profiles appear to depart_
significantly from exponentials.were analyzed in a somewhat different

manner. In almost all cases the peaks and dips in the profiles corre-

spond to regions of exceptionally active star formation and spiral
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structure. These dips and peaks will be discussed in detail later. In
several galaxies there is evidegce that the disk pfofile is exponential
in regions away from this bright spiral structure. Consequently, we |
consider the non-exponential disks to ‘have bright regions superposed on
an underlying exponential disk., In some cases, we have fit an expo-
nentiél to the faintest points in the disk-dominated parf of the pro-
file, and after sgbtractiné this exponential from the observed profile,
fit a de Vaucouleurs law to the inner regions. In other cases we have
fit an exponential to the disk regions closest to the center and.
extrapolated this fit to the nucleus, then fit.the remaining central
light to a de Vaucouleurs law, In either case, the aim waé to get a
bulge magnitude only. This bulge magnitude was thén subtracted from-
the total face~oﬁ magnitude listed in de Vaucouleurs e£ al. (1976) to
give the disk magnitude. The disk correction was applied to these
galaxies in an identical way as to those galaxies with exponential
disks aﬁd>the derived parameters are listed in Table 11. 'Algo, the
bulge profiles are shown in Figure 12, although the individqal
parameters may have little significance. The overall parameters, the
disk-to-bulge ratio and the bulge luminosity, ére_almostfas well deter-
mined as in those galaxies which could be accurately decomposed;
Following is a discussion of the decomposition of each galéxy

individually.

NGC 488
This galaxy has a disk which is quite well fit by an expo-

nential. There is no evidence that the profile departs from the sum of
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the disk and bulge fits in the region between 23 and 70 arcseconds,

which has not been used in the determination of either component.

NGC 628

Thig gﬁlaxy has an exponential disk, which is a little sur-
prising considering the patchiness of the arms over which the profile
has been integrated. The profile diﬁs slightly below the sum of the
components inside of about 6Q arcsecénds; this may‘be evidence for
either a disk with a hole in thé middle 6; a bﬁlge which, in ité outer
regions, falls faster than a de Vaucouleurs law. VThe inclination is

poorly determined because the bright spiral structure severely affects

the individual profiles.

NGC 1058

" This gal&x& has a very patchy, disordered structure. Its.disk
departs from gxponential'in a way which illustrates the problem of
understanding non—exponeﬁtial disks. Three straight sections are
evident, and it is unclear whether the disk gets fainter at small radii
thén the‘extrapolation of its exponentigl fit (Ffeeman's Type 2 pro-—
file), or if the profile between about 6 and 80 arcseconds represents
a-brightening due;;o active star formation on an underlying exponential
disk, or, in fact, if the disk is best described as a series of steps,
each roughly exponential with different scale lengths. Ihe decomposi-
tion was made‘by;iteratively fitting theiinner part of the disk and the

bulge to obtain the bulge magnitude.
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NGC 2268

The disk of this galaxy departs from an exponential in that the
inner parts (r = 25 to 65 arcseconds) are brighter than the exponeﬁtial
fit. .Thié region is visible on the photograph as a dérk‘areararound
. the nucleus. Some structure is visible in this region so it is more
likely to be an area of enhanced star formation than a smoOtﬂ lens

component.

NGC 2336

In this galaxy, the arms arise from a ring at a radius of about
35 arcseconds. A faint bar is seen within this ring at a position .
angle of about 120°. The profile dips below the exponential disk at
vsmallrradii (< 70 arcseconds) and this feature seems unquestionably

associated with the disk rather than the bulge.

NGC 2344

This profile is very interesting. The region between 25 and 80
arcseconds which is brighter than the fit corresponds to -the entire
optical»disk visible in the picture. Clearly, the disk extends to
fainter level; although there may be no spiral structure in this outer

part.

NGC 2655
This is a very bulge—dominated system, and the disk parameters

are not well determined.
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NGC 2681 °

This is a peculiar galaxy although the-profile shows little. It
has a very bright nucleué, arfaint bar with a position angle of abogt
80° terminating in two short arms. Outside of this there is a faint
disk with a faint bar at a position angle of about 30° with a ring or
low surface brightness arms around it. The profile looks quite normal
except for the bump at abéut 17 arcseconds. This is caused by the
" short inner arms. The inner bar produces a large shift in the measured

position angle of the bulge relative to the disk.

NGC 2775
This gdlaxy, in spite of prominent filamentary spiral struc-

ture, is bulge-dominated. A better picturé'of it can be found on page
10 of Sandage (1961). The profile shows two regions which depart from
the model. The outer region (r = 30 to 65 arcseconds) is the area in
which the spiral structure is most easily visible. Again, it is clear
 that the exponential disk does not produce a fit to the outer parts of
the galaxy, even though spiral features are absent or much reduced in

amplitude.

NGC 2841

This galaxy is the prototype of tﬁeffilamentary armed Sb class
(Sandége 1961). 1t fits the sum of the two components qqite well
except for a régién in the inner parttof thé disk which is fainter than
the model. There is known to be a hole in the HI disk (Bosma 1978)

which begins at a slightly larger radius than. this possible optical hole.
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NGC 2855

This dis a vefy early type spiral and is bulge-dominated.

NGC 2967

This galaxy has very short scale lengths, both for the bulge
and disk. Because it is disk-dominated and the exponential fits well
over many sScale lengtﬂs, the disk parameters-are quite well determinéd.
The bulge paraﬁeters are very poorly determined because only a few

points affect the bulge fit.

NGC 3147

This galaxy's profile is well fit:-by the model. ‘The slight
bump above the disk git at abouf 45 arcseconds is due to the spiral arm
visible on the north‘sidé of the galaxy. The position angles of the

bulge and disk, both quite well determined, are dlmost 90° apart.

NGC 3277

This galaxy is‘extremely bulge dominated. The only evidence of
spiral structure is a string of H II regions extending from south to
west of the galaxy. The disk is poorly determined, so the profiles
were not decomposed; but tHe bulge fit was used to calculate the bulge
luminosity. This ‘was subtracted ffom the total lumihosity to get the

disk luminosity.

NGC 3368
This galaxy is one of a group with a complicated morphological
structure. There is an inner disklwith bright spiral arms (to r = 85

arcseconds) and an outer pair of arms or a ring which arise from the
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outer edge of the innér;disk. The outer arms are faint and diffuse.

The profiles of the disks of ‘galaxies with these properties are never
exéonential. In this caée, it appears that the outer disk is fit
passably by an exponential.. The inner disk does not dominate over a
region large enough to use in a decomposition. The bulge luminosity

has beeﬁ determined by using for the disk the sc¢ale length meaéuredvfrom
the outer region and increasing the central surface brightness until the
" disk profile passes through the inner disk poiﬁts. Then the remaining

central light was fit to the bulge.

NGC 3642

This galaxy appears at first glance to have a’large bulge and
a very faint disk. Closer examination, howéver, reveals that much of
the bulge region shows spiral structure and is actually a section of the
disk with a shorter scale length. On the»profile, this is the region
between 15 and 50 arcseconds. The faint outer disk is the region out-
side of 50 arcseconds. The bulge magnitude %as determined by iterative

decomposition limited to the inmer disk and bulge regions.

NGC 3898
This galaxy fits the two component model well, and because of
its high inclination, 67°, the bulge flattening, b/a = 0.67, is quite

well determined. !

NGC 4378
This galaxy has been extensively studied by Rubin et al. (1978).

It has a prominent bulge and a disk whose profile is dominayed by a
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large bump at r = 90 arcseconds, due to a broad spiral arm. This pro-
file could not be decomposed, so an exponential was approximated by the
outer part of the profile, and thevbulgé was fit to the remaininé

luminosity.

NGC 4594

Clearly, any attempt to measure the photometric properties of
the disk in this edge—on system is hopeless. Instead of a decomposi—.
tion, the bulée luminosity was determined by fittingrthe outer iegions
of the minor axis (r = 76 to 205 afcseconds) to a de Vagcouleurs law.
As expected, thé de Vaucouleurs léw'becomes too faint at small radii

where the disk contribution is non-negligible,

NGC 4725
This galaxy has a nonexponentiai disk whose slope is dominated

by a ring of bright spiral structure. On the picture, this fing appears
to be brightest at fhe points where it joins to a faint bar at position
angles 30° and 210°. On the profile, this structure prodﬁces the
extended bump from 90 to 185 arcsecénds. .The profile was decomposed by
forcing an exponehtial through the points on either side of the bump,
sﬁbtractiﬁg this from the observed profile; and fittiﬁg the bulge_to

the remaining central light. - . ‘

NGC 4736
This galaxy, like NGC 3642, has an inner disk with a shorter
scale length than the outer regions. The picture does not show all the

structure in this galaxy well, as the inner portions are quite
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saturated. This galaxy also has 'a large noncircular ring barely

visible in this picture, but shown clearly in Sandage (1961).

NGC 4941

This gal axy was inciuded in the sample because Sandage (19615
uses it .as an example of an object with conflicting classification
criteria. The arms are tightly wound as in an Sa, but the bulge is
‘small aé in an Sc (thé galaxy is classified Sa). The profile shows
'that this is another objéct_with én inner and oﬁter component to the
disk. The outer part is visible as a noncircular ring in the picture.
The bulge luminosity was determined by fitting an exponential to the

“-outer part of the inner disk.

~ NGC 5194

This galaxy also shows a nonexponential disk. In computing the
averaged profile, the region around the companion, NGC 5195, was
excluded. The profile is interpreted as follows: The outer disk, from
r = 52 to 200 arcseconds is fairly flat (it has a large scale length)
and ends abruptly at its outer boundary. inside of this there is an
inner disk with a short scale length, and a very small bulge. The

inner disk and bulge were iteratively decomposed.

NGC 6340
This galaxy fits the two component model well. It is close to

‘face—on and the bulge and disk position angles disagree.



126
NGC 7217
This galaxy has an obvioué ring of intense spiral structure
which is responsible for the lump in the profile at about 150 arc—
seconds. The arms aléo become bright inside of 70 arcseéonds and pro-
duce the smaller bﬁmp visible in the profile. The bulge luminosity was

determined with the same pfocedure as in NGC 3368

NGC 7331
This gaiaky has an exponential disk and a surprisingly‘large
bulge-to—-disk ratio. The small b/a found for the bulge may be a result

of strong dust absorption on the west side.

Discussion

The data describéd in the previous section contain a tremendous
amount of informafion, both on the individudl galaxies and on the
properties of spiral galaxies in general. To attempt tovanalyze all
aspects of this information is a project beyond the scope of this
study, the prime motive for which was to quantify the large scale
structure for a sample of spirals. In kéeping with that aim, we will
limit the discussiop to two areas. First, we will attempt a qualitative
explanation of the properties of the profiies. Secqnd, we will examine
the correlations among thé parameters derived in this study and
qualitdtive classification systems.

The profiles fall .into two categorieéﬁ those for which the.de
Vaucouleurs law plus expﬁnential-model fits the data points and those
which show large departures from the model. Fifteen of the 26 galaxies

have profiles which approximate the models closely enough to be
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decomposed itératively, as described in thg previous section. Nine of
the galaxies have large bumps or dips which we have interpreted as non-
exponential disks. Two of the galaxies could not be decomposed for
other reasons, NGC 3277 because iﬁ is so bulge~dominated that disk
parameters could not be accurately determined, and NGC 4594 because of
its inélination. i

Those galaxieé wﬁich fit the model reasonably well show smaller
departures of two types. Three of the galaxiés, NGC's 628, 2336, and
2841, have observed profiles which dip below the sum of the bulge plus
disk models just outside the crossover point where bulge and disk
contribute equally. In NGC 628 and NGC 2841, the observed profile never
félls-below the disk mbdel alone, so it is impossible to determine
whether the effect is due to a hole in the disk, .as hypothesized by
Kormendy (1977c) for compact S0's, or to an outer region in the bulges
of these galaxies.where the luminosity falls off faster than the de -
Vaucoﬁleurs law. This latfer explanation may be slightiy difficult to
understand on theoretical grounds as two effects are thought to be able
to flattep_bulges in the z-direction, the opposite to what ié seen,
First, while eliipticals are apparently not supported by rotation
(Illingworth,l977), preliminary evidence indicates that bulges do'
rotate (Kormendy and Illingworth 1980). Second, while ellipticals
fight only against their own self-gravity to maintain their shape,
bulges must fight the additiomnal flat potential of the disk, which may
dominate, These two effects should make bulges more extended in the
plane of the disk thaﬁ an elliptical -of the same luminosity and central

concentration,
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The other departure from exponential disks is seen in those
profiles which have extended regions brighter than the models. These,
with the possible exception of NGC 2775, are invariably gssociated with
spiral Strucfﬁre in the galaxy. NGC's 2268, 2344, and 2681,all show
this effect clearly. This correlatioﬁ suggests that all positive de-
partures from exponential.disks (observed profile brighter than modei
profile) are a result of a region .of enhanced star formation. This.idea
is supported by the galaxies in which the departures are much larger
also. VNGC'S 4378 and 4725 show bumps corresponding to obvious regions
of vigorous stéf formation. In galaxies with innner aﬁd outer disk
structure such és NGC's 4736, 4941, and 5194, the brighter inmer parts
always show more inﬁense spirai structure.

This is npt a sfart;ing idea as it is easy to imagine that if
one starts with an exponential disk and then makeés stars on top of it
in spiral or other patterns, those regions will appear Brighter. How-
ever, it is interesting to note that some galaxies show obvious star
formation, and yet noideparturgs from the exponential disk are visible.
NGC 488 is a good example of this.. Tighfly wound sbiral structure is
“easily wvisible in the picture from 45 to 90 arcseconds radius, but the
irprofile shows no departure‘from a smooth éxponential. The most obviOQS
interpretation of this féct is that the increase in b;ightness obtained
by averaging the arms into the underlying disk is a ﬁractibn which is
constant or varies linearly with radius. Thus, one sees an exponential
disk whether one looks at the uﬁderlying disk between the arms or the

peaks of star formation at the centers of the arms.
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The explanation for those galaxies which have apparently non-
exponential disks follows simply from this idea. The spiral structure
or star formation in these éystems is constrained to or gnhanced in
certain ranges of radii in the disk. Thus, we see systems like NGC
7217 Whigh have rings of star formation and therefore bumps in their
profileé, or we see systems like NGC's 4941 and 5194 which have brighter
inner disks with active star formation. Iﬁ appears that scale lengths
" can either be the same or different (usually sfeeper) in the ?egions of
enhanced star formation. For example, NGC 5194 and NGC 3642 have inner
disks much steeper than their outer disks, while NGC 3368 and NGC 4941
have inner disks with scale lengths not very different from their
outer disks.

A final comment is on the. cause of these regions of enhanced
star formation. Of the 9 galaxies which show strongly nonexponential
disks, one (NGC 1058) is in a tight group, one (NGC 4725) has a bar,
one (ﬁGC 5194) has a companion, and three (NGC's 3368, 4736, and 4941)
show oval outer rings. Of the galaxies which show exponential disks,
the frequency of such perturbing morphological features is very much
1ower, The evidence certainly suggests that these features drive or
are at.leaSt correlated with the regions of enhanced star formatiom.

The second ﬁoint we will discuss is the interpretation of the
variations of physical parameters in terms of qualitative morphological
classification. This is important both because we would like to know
which physical properties affect the appearance of spiral galaxies, and
because we woula then like to use the easily determined qualitative

classification to learn about the variation of basic physical



130

parameters. TheAtwo classification systems we will examine are the
Hubble system and the Yerkes system. The Yerkes system, or really, the
one dimension of it in whicﬁ we are intérested, is a sequence in the
degree of centfal concentration of luminosity (Morgan and Mayall 1957;
Morgan 1958, 1959). The Yerkes types of the gaiaxies in this Sample run
from-af, a disk-dominated éystem with very little central concentration,
to k, a system dominated by a smooth, amorphéus central component., We
expect these types to be closely related to our quantitative bulge-to-—
~disk ratios. The Hubble system is .somewhat more complex, using three
criteria to claséify galaxies (Hubble 1938, Sandage 1961). These, in
order of decreasing importance, are the tightness'of'the winding of the
spiral arms, the_texfure bf thé arms (smooth vs. patchy and resolved),

. and the bulge-to-disk ra#io. These are-usually well correlated, but
occasionally (NGC 4941), the criteria will conflict. The Revised

" Morphological Type s?stem (T types) is based on the Hubbie system, and
types in this system and the Yerkes system have been obtained from de
Vaucouleurs et al. (1976).

Figure 13 diplays plots of the 102 of the observed énd corrected
bulge~-to-disk ratios against T types and Yerkes types. As expected, the
tightest cofrelation with the observed bulge—to—disk ratios is the'
Yerkes types. The T types also show a gbod correlation with observed
log B/D ratio.r Because the primary paﬁameter of the Hubble'classifica—
tion scheme is the pitch angle of the arms WhiCh»iS thought to depend on
the central’mass concentration of the galaxy (Roberts, Roberts, and Shu
1975), it is a littie surprising that the corrected B/b ratios do not

reduce the scatter.
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Figure 13.

T Y

The relations between bulge-to-disk ratios and qualitative
classifications — The logarithms of the bulge-to-disk mass
ratios (upper panels) and the logarithms of the bulge-to-
disk luminosity ratios (lower panels) are plotted against

T types (left panels) and Yerkes types (right panels). An
estimated error bar for the bulge-to-disk ratios is shown
in the upper right.
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In order to determine whether the observedlscatter in the plot
ef observed log B/D against T type is due to a combination of measure-
ment and classifieation uncertainties,.we estimate these errors.- The
B/D ratios are distanee independent and thus, their accuracy depends
only on the decompesition of the profiles. We judge that, in geﬁeral,
the maximum error fossible'inrour determination of bulge luminositiee
is about 1/2 magnitude. This translates to-an uncertainty in the log
B/D of 0.15. The classification uncertainty quoted by de Vaucouleurs
et al. (1976) is 1 for the T types. Thus classification errors
ﬁominate. We cén fit a line to the log'B/D —- T type relation assuming
all errors to be in the T types, and then use a chi-square determination
to test the possibiiity thgt the observed scatter is due to classifi-
cation errors alomne. Tﬁis test indicates a probability of only about
0.52 that ‘the observed scatter is due to uncertainties in the classi-
fications if we have eseimated these uncertainties propetly.

We next attempted to find another physical parameter which
correlates with the residuals in the log (B/D) vs. T type diagram. In
particular, we found no correlation between these residuals and (1)
absolute magnitudelcorrected for disk color (2) absolute magnitude
relative to other galaxies of the same T type, ¢3) disk scale length,
and (4) Be - B(O)C. In the belief that the residuals @ight be asso-
ciated with some measure of the disk's ability to maintain prominent
spiral arms; we seerched the literatgre for H I measurements of the
galaﬁies in the sample,  Table i2 lists H I flux integrals, masses, and
the logarithm of the ratio of H I mass to disk luminosity in solar

units. The disk luminosity in the last of these has been corrected

.
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Table 12. H I Properties of Program Spirals

Flux H IgMass : a

NGC integral (10 MO) log (MH I/LD)C . Reference
488 14.0 4.1 -1.02 F

628 533.0 -18.7 0.60 G,C
1058 59.0 1.4 0.36 F
2268 25.1 8.5 -0.06 F,G
2336 42.5 13.6 -0.27 F
2344 ‘ 12.7 0.7 -0.19 C
2655 . <7.3 <1l.1l <-0.98 ‘B
2681 31.8 1.8 -0.37 B,C '
2841 103.0 6.0 -0.44 A,C,F
2855 <8.7 <1.3 <-0.48 D
3368 62.0 1.5 - -0.51 B,C,F
3898 37.0 2.2 0.07 F
4725 78.0 5.6 -0.51 F.
4736 90.0 0.6 -0.89 E
4941 . 9.3 0.5 -0.97 B,C
5194 120.0 2.1 " -0.69 F .
6340 ’ 12.1 3.1. -0.44 A,B,C
7217 20.1 0.8 -1.17 B,C
7331 225.0 5.1 0.16 C,G

8References: A = Bottinelli et al. (1970); B = Balkowski et al.
(1972); C = Balkowski (1973); D = Gallagher, Faber, and Balick (1974);
E = Bosma, van der Hulst, and Sullivan (1977); F = Dickel and Rood
(1978); G = Shostak (1978).
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to reflect a mass estimate. Referencesrfor the flux integrals are aléo
listed.

Figure 14 shows the log (MH I/L ) values ploted against the
reéiduals. A correlation is clearly present (significant at the 99.5%
vlevel) and a line has been fit with the residuals as the dependent
variable. One ﬁust be a little bit careful with this correlation be-
cause there is another possible réasonifor it. Since both axes depend
on the disk luminosity, an error in this quantity will ténd to extend
the distribution of points in the direqtion of the line in Figure 14.
We caﬁ only argue that if this is the case and we have made the correla-
tion from what was originally a scatter diagram, then the average error
required is about a.factor 3 in the bulge—to—disk ratios. We do not
believe an erior this large éould have been made. |

We can now define a Quantitative classification based on two -

parameters, the observeq B/D ratio and the log (MH I/LD)C‘

T 1e = 2-26-1.91 log(B/D) +1f78 log(My /1)

A chi-square test now indicates a probability of 24%Z that the distri-

butibniof differences between our T and the tabulated T types could

calc
be explained by the classification uncertainties. We understand this
quaﬁtification of the Hubble sequenceAin thg following way. The_three
classification criteria, as_stated above, are sﬁiral arm'pitch angle,
spiral arm texture, and bulge—to—disk_rétio. According to the demnsity
wave theory of spiral‘strﬁcture (Robérts et al. 1975), the pitch angle

of the arms is essentially determined by the bulge-to-disk ratio or

degree of central concentration of the galaxy. Thus, the bulge-to-disk
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ratio term accounts for the first and thifd criteria, The 1030311/LD)C
term might reasonably-be expected to determine the textgre of the arms,
in that a disk with a relatively small fraction of gas in it may not
produée stars as vigorously as one in which there is a much larger gas
content. .For this reason, at a given bulge—to-disk ratio and pitch
angle, a galaxy with lower contrast arms due to a relative déficiency
of hydrogen gas will be classified earlier than one with arms which can
easily be seen on top of the underlying disk. 1In sﬁppOrt of this
interprgtation, we find that the log(MH I/Lﬁ% parameter is very well
correléted with the (B-V) color of the disk, in the sense that high gas
content disks are bluer in color.

Finélly,‘we examine the distribution of two of the parameters
we ﬁave obtaineé from our decomﬁosition, disk central surfacerbrightness
and bulge‘flattening. Freeman (1979),‘in his pioneering work on disks
of spiral galaxies, found that 28 of the 36 galéxies he examined had
disks with a central surface brightness of 21.65 %+ 0.30 Bu.- Kormendy
(1977¢) has pointed out that:this result could be an artifact of thé
decomposition procedure that Freeman used. Thus, it is of interest to
compare fhe distfibution of B(O)C, which has been defined in the same
way as Freeman (1970), with the distribution found by freeman. Figure
15 showé a comparison of these two distributions. ?t is obvious that
although_the present distribution is ceﬁtered at roughly tﬁe same
surface brightness, the contrast of the spike is much lower than in
Freeman's distribution. The present distribution suggests that 21.65
is not a "preferred" value but is in the middle of the range of easiiy

observable surface brightnesses.
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Figure 16 shows the distribution of‘(b/a)true values for the
nine galaxies in the sample for which this quantity could be determined.
The measurement for NGC 7331, shéwn as a dotted line, is éonsidered
unreliéble becaﬁse of strong dust absorption on one side of the bulge.
Superposed on this histogram is the distribution of elliptical
flattenings derived By Sandage, Freeman, and Stokes (1970). Aithough
fhe number of objects in this sample is‘admittedly small, the bulges
appear to be, if anything, more spherical than the elliptical galaxies.
This is curious for the reasons discussed earlier in this cﬁapter;
rotation,énd the disk gravitational potential should make the bulge
flatter than the elliptical galaxies. The flattening due to the
presence of tﬂé diék has.been quantified by Momet, Richstone, and
Schechter (1980).' These authors find that a spherical massless bulge
is converted into an oblate ellipSOid with b/a = 0.5 in the potential
of an infinite disk. This calculation ignores the.effects of rotation,
which is suspected of playing a role in the dynamics of spiral'bulges,
and anisotropic velocity di;persions, whigh are thought to be important
in ellipticals. Both effecté would increase thg flattening. Thus, the
data suggest that either bulges aré, in general, isotropic and not
rotating, or the gravitatiomal poteﬁtial is dominated byAa more
spherical mass distribution than that of the disk. A simple test of
the effect of the disk potential.is to examine the relation between the
bulge flattening and the bulge-to~disk mass'ratio. These two variables
shbw no significant correiation, suggesting that the gravitational
field of the disk>is not the dominant factor inldetermining the bulge

shape, but a larger sample is needed for a definitive test.
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Figure 16. The distribution of true bulge flattenings in this study —

The column representing NGC 7331 is dashed because it is
suspected that this measurement is anomalously low because
of strong dust absorption on one side of the galaxy. The
smooth curve is the distribution of flattenings for oblate
elliptical galaxies determined by Sandage et al. (1970).
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Conclusions

We have -obtained and studied. photographic surface bfightness
distributions for 26 spiral galeﬁies. Fifteen of these gelaxies show
exponential disks and have profiles which could be iﬁeratively decomposed
into bulge and disk components. The remaining ebjects were decomposed
by estimatiﬁg the bﬁlge magnitude from the profiles. The following
parameters were derived for all but two of the galaxies: bulge lumi-
nosity, bulge-to—-disk ratio, total absolute magnitude corrected to a
B-V color of 0.90, and bulge—to—disk ratio after this eorrection has
been applied. Additionally,-for the galaxies with well behaved pro-
files, the disk central surface brightness, B(O)c; the disk scale
length,'ro; tﬁe bulge effective surface brightness, Be; the bulge
effecﬁive radius,'re; and the inciination of the galaxy were determined.

For nine objects, the true bulge flattening is calculated.

<

Inspection of the profiles suggests that departures from
exponential disks arise when the star formation is enhanced in certain
regions. This enhancement seems to be often related to the presence of
morphological features such as bars, rings, and companions which may
be responsible.

It has been shown that the Hubble sequence 1is correlated with
bulge-to-disk ratio, but with surprisingly large scatter, and that the
residuals in this relation are correlated with the ratio of neutral
hydrogen mass to disk luminosity. These pwo quantities define the
revised morphological type to within the classification uncertainties.
We also find that the disk cenfral sgrface brightness distribution is

not highly peaked at 21,65 magnitudes per square arcsecond as found by
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Freéman (1976), but that this value is roughly at the center of the
distribution. Finally, we note that the bulge flattenings are incon-~
sistent with the idea éf bulges being like elliptical galaxies but
further flattened by thé disk potential. Further observations are
required to distinguish between the possibilities that the gravitational
potential of a disk galaxy is dominated by a spherical mass distribu-
tion, or the bulges are not flattened by anisotropic velocity

. distributions as elliptical galaxies are.



CHAPTER IV

i

THE METALLICITY-LUMINOSITY RELATION
FOR SPIRAL GALAXIES
-As detailed in Chapter I, the metallicity;luminosity relations
for galéxies of various types may provide information on physical con-
ditions at the time of galaxy formation. Comparison of these relations
for different types of galaxies may indicate in what aspects the
formation of ellipticals, SO's, and spirals differed. The details of
the metallicity-luminosity relations may discriminate between various
ééenarips of galaxy formation as well as the several proposed mecﬁanisms
for éstablishing sucﬁ relations.

Wekbegin by re&iewing'the theoretical expectations and ﬁreViOus
observational results. The four theofetically justified possible
relations are:

1. A correlation betweep metallicity and bulge luminosity identical
to the ﬁetallicity—lﬁminosity relation for ellipticalé.

2, . A correlation between metallicity and total luminosity identical
to the.metalliéity—luminosity relation for ellipticals.

3. A correlation between metallicity and bulge luminosity offset to
lower metallicity than the elliﬁtical relation and a correlation

- between this offset and bulge~to-disk ratio (lower metallicity

for émaller B/D). |

4, A correlation between metaliicity and Egﬁél_luminosity offset

to lower metallicity than the elliptical relation and a

142
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correlation between this offset and bulge-to—-disk ratio (lower

metallicity for smaller B/D).

The observational evidence is mostly rélevant to SO galaxies.
A colorﬁmégnitude study by Visvanathan and Sandage (1977) and a line-
strength study by Burstein (1979a) indicate that for SO galaxies, the
metallicity-total luminosity relation follows that for ellipticai,
galaxies, with slightly increased écatter. Since almost all SO
galaxies ténd-télhave bulge—ﬁo—disk ratios close to unity (Burstein
1979b), this result could be interpreted as a metallicity—bulge
lﬁminosity correlation in which the bulge of ah SO has a higher metal-
licity (by an amount corresponding to 0.75 magnitudes in the elliptical
métallicity—luminésity relatiqn) than an elliptical of equal luminosity.
This seems unlikely as theoretical arguments maintain that if the
metallicity—luminosityArelation for disk systems is offset from that of
elliptical galaxies, it should be toward lower metalliciﬁies, not
higher, |

Color—magﬁitude observations of early type spirais have been .
obtained by Visvanafhan and Griersmith (1977). They find for these
spirals the same result as for SO's: that the metallicity-total
luminosity relation is indistinguishable from the elliptical relatiom.
This study can be criticized, however, because the colors measured are
sénsitive to reddening effects and the unknown population mix.

We now have the data‘to construct the metallicity-luminosity
relation fdr spiral galaxies using the results of Chapters II and IIT.

We list in Table 13 the relevant quantities. For each galaxy we give
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Table 13. Metallicity-Luminosity Data for Program Spirals

T T

NGC (Mgb)C My (_MO)c MBulge 1og(B/D)C
224 .295 ~20.47 -19.90 -18.63° -.35
488 - .240 -21.91 -21.44 -20.00 A
628 .195 -20.95 -19.05 -17.63 -.43
2268 .218 -21.34 -19.98 -18.87 -.25
2336 . .200 '~22.34 -20.78 -19.14 -.55
2344 .226 ~-18.52 -17.71 -16.77 -.14
. 2655 .209 : -21.50 -21.30 -21.07 0.62
2681 .221 -20.19 . - -19.82 =19.40 0.33
2775 .264 -20.00 -19.61 -19.32 0.52
2841 .322 -21.40 -20.67 - -19.74 -.13
2855 . 249 -19.97 -19.87 -19.52 0.42
3031 .277 -20.54 -20.20 -19.16 -.21
3147 .194 . =22.00 -21.36 -20,41 -.14
3277 .272 -19.36 -18.98 ~-18.81 0.78
3368 .170 -20.21 -19.81 -19.23 0.23
3642 .199 -20.83  -19.32 -18.84 0.25
3898 ..302- -19.71 -19.45 -19.21 0.60
4378 .271 -21.10 -20.79
4594 .339 - =22.35 -22.63
4725 .263 -21.56 -~20.72 ~19.74 -.17
" 4736 .228 ~-20.00 ~-19.26 -18.36 - =12
5194 .238 -21.08 ~-19.58 -15.88 -1.52
6340 .269 -21,14 -20.65 -20,26 0.37

7217 .332 -20.89 -20.39 -19.50 -.10
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its (Mgb)c index, that is, a metallicity indicator corrected for the
effects of a young component of the population. from the photometric
parametérs measured and calculated in Chapter III, we list a bulge
magnitude, a total face-on magnitude corrected for the color of thé
disk, and a bulge~to—-disk ratio, also corrected for the color of the
disk. We also list-totai face-on uncorreéted magnitudes, using the
BZ values tabulated in de Vaoucouleurs et al. (1976). Distances used
are lisfed in Chapter I. TFor NGC 224 and NGC 3031, we have derived
parameters in a manner similar to the other galaxies, using bulge
luminosities given by Whitmore, Kirshner, and Schechter (1979).

We will use several statistical procedures and tests in the
analysis of these data. It is clear that:the elliptical galaxy ;ample
and the spiral galaxy sample explore somewhat different regions in the
metallicity—lumindsity diagram. For example, the mean Mgb index of the
elliptical sample is 0.272, while for the spiral sample it.is 0.248.
Similarly, since we will consider both bulge luminosities and total
luminosities in comparison with the elliptical sample, we can be sure
that one, if not both of these parameters will have a mean value sig-
nificantly aifferent from the ellipticals (see Figure 18, p. 155). The
implication of this is that we cannot directly compare the distribution
of elliptical data points in the metallicity~luminosity diagram with the
distribution of spiral data points. We must instead assume a functional
form for one distribution, extrapolate it to the region oecupied by the
other distribution, and see if it is compatible.

i This type of comparison will be performed usipg a standard.

least squares technique to fit a straight line to each data set.
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Several properties of this type of fitting scheme should be kept in
mind. Least squares minimizes the sum of the squares of the deviations

from a line in a direction parallel to one axis. Thus, the implicit

assomption is made that one variable is independent and has no un-
certainties in its measurements, and that the other variable is de-
pendent and scatter around the best fit line represénts inaccuracies in
the determination of thisivariable.. This assumption is invalid in two
respects for the analysis to be considered here. First, there are un-—
certainties associated with the determination of both the metallicities
and the luminosities. The metallicities suffer both from observational
errors (+ 10% as deduced io Chapter II) and random and systematic errors
inérinsio to the correction for the dilution by the young component of
the stéllar population. These may be due to the uncertainty in the
‘position of the metallicity line in the CN39-Mgb diagram used in Chapter
I, or to variations in the age of the-young component of the stellar
populations in different spiral galaxies. They may also be propor—k
tional to the amount of correction required. 'The uncertainties in the
luminosities arise from two effects. If the distance moduli used are
iocorrect due to departures from the Hubble flow not accounted for,

then the lumioosities wiil be in erfor. The other_uncertainty, a factor
for the spiral galéxies only, is the decomposition; 2erofpoint‘errors,
errors in the density-to-intensity conversion, or in the actual pro-
cedure of decomposition propagate to the bulge luminosities. A further
uncertainty, wﬁich affects the total corrected luminosities, is related

to the correction for the disk color, which is dependent on-bqth the
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accuracy of the decomposition and the correctness of the-aSSumed
~expression for the magnitude of the correction..

The other intrinsic problem involving the use of.the least
squares fitting technique is that a straight line may not be the proper
funcfional form with which to fit the distribution of points in the
metallicity-luminosity diagram. It is known that the scatter afound
the best fit line in the metallicity-luminosity diagram for elliptical
galaxies is larger than would Be consistent with observational errors
(Faber 1977). Thus,’the best fit line is not expected to be extremely
well defined, and a goddness—of—fit test may yield what woul&-otherwise
be only a:marginally significant result. )

‘FOur simple statispical formulae will be used in the folléwing
analysis. For completeness and éccuracy, we list and explain them hefe.
A more detailed discussion of these tests and their uses may be found
in Bevington (1969). 1In the following, x represents the independent
variable, y the dependent variable, and N the number of data points in
the sample. It is assumed that the uncertainties of all points in each
sample are equal; i.e., the points are weighted equally. The intercept
of the least squares fit line (the y-value at x‘= 0) is given by;

ZX;ZZy, - XX IX.Y.
i i O

a =
NIx.Z - (Zx.)°
1 RN

The slope is given by:

Ninyi - inZyi

2 2
Nin -(in)
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The correlation coefficient, r, measures the effect of ex—
changing the dependent and independent variables. It is defined:

NIx: -
Xiyi inZyi

r = .
- Ox B vy P - oy B

This-parameter is distributed in a well defiﬁed-way between ~-1 and +1
for an uncorrelated sémple. Thus, -the value of r for a sample can be
expressed in terms of the probability that an uncorrelated sample would
produce a correlation coefficient as large as that aetermined.

Finally, the X2 parameter is defined:

. 2 y., —a - in

X = L )
i

2

X2 is a measure of the accuracy with which the line fits the data in
comparison with the measurement uncertainties, Oi. Its value is
expected to be about N-2Z if the fit is satisfactory. N-2 is the number
of'degrees of freedom in this case. Actually, what we will be con-
cerned with in regard to the_x2 parameter 1is a meésuye of the un-

* certainties in tﬂe slope and intercept of the line %e have fit to the
data; According to the decomposition theorem (see Margon et al.

1975 and refergnces therein);Athe difference between X2min’ that is,
the X2 for tﬁe least squares fit line, and the XZ at some other values
of the parameters a and b is distributed as X2 with 2 degrees of free-
dom. Now, since the szin;is quite a bit larger than N-2 because of
the fact, discussed above, that the straight line is not a very good

. . . . s . 2
approximation to the true distribution, we normalize the X values:
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) .
2 X
, X excess ( 2 D @-2)
min
2 o .
This X axcess’ evaluated at any values of a and b, should be distributed

as XZ with two degrees of freedom, and thus, gives a probability that
a point as fér from the least squares solution as a and b could be the
true solution. Be'gvaluating a grid of a and b values around the
least squares_solution, weican draw 1 sigma ellipses (corresponding to
Xzexcess = 2.30) in the a—-b plane.

There are two sorts of questions we wish to ask about the
relation between central metallicity and luminosity in spirai galaxies.
First, is there.a statistically significant correlation? Secénd, is
the distribution of poiﬁts consistent with any of the fbur hypothetical
relations we listed at the beginning of this chapter? The.first ques-—
tion can be answered in a'straightforward way. In Table 14 we list the
correlation coefficients and significance levels for several pairs of
variables: (1) the elliptical galaxy metallicity-luminosity relation,
~i.e., total absolute magnitude vs. Mgb index; (2) the spiral galaxy
metallicity%hg;gg luminosity relation, i.e., bulge absolute magnitude
vs. Mgb index.corrected for dilution by the young component §f-thé
'populatién; (3) the spiral galaxy metallicity%gg;gl_luminosity relation,
i.e., total absolute magnitude corrected to be a mass estimate com—
parable to elliptical galaxies vs. corrected Mgb index; and (4) the
spiral galaxy metallicity-total luminosity relation, i.e., total un-

corrected absolute magnitude vs. corrected Mgb index. The quantities

used for the elliptical sample can be found in Chapters I and II; the
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Table 14. Statistical Tests
Indep. Dep. Number Conf., Inter-

Sample (x) . ) ) r level cept Slope
Ellip. T

(E) M, Mgb 19 .59  99.2% -,156  -.021
Spiral ,

(B) Mbulge (Mgb)c 22 .36 90. % 0.013 -.012
Spiral T S .

{C) (MO)C (_Mgb)C 20 .05 <50, % 0.187 -.003
Spiral T .

4] MO. (Mgb)_C 22 .04 <50. 7% 0,200 -.002
Spiral resid (B) log(B/D)C 20 .00 <50, %
Spiral resid(C) log(B/D)é 20 .16 50, %
Spiral resid(B) Dist. 22 .55 99.,17%

(Sample includes M31, M81) :
Spirél resid (B) Dist. 20 .34 88. %

(Sample does not include M31, M81)
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spiral values are listed in Table 13. NGC 224 and NGC 3031 have been
excluded from the Qalculatiéns for the spiral galaxies because their
small distances ensures that a much smaller region has been sampled

than in the other objects. In addition, NGC 4378 and NGC 4594 héve been
removed from the spiral sample for the metallicity-total corrected
luminosity t*elation beéause corrections could not be determined for
these two objects.

It can be seen that none of the relations involving the spiral
sample shows as tight a correlation as the elliptical sample. The
spiral metallicities appear uncorrelated with total luminoéity, cor—
rected or uncorrected. The bulge magnitudes are marginally correlated
with the metallicities. That the correlations are poorer for fﬁe
spirals is not surprising; both metallicities and luminosities are more
uncertain for the spiral sample than for the ellipt;cals. The metal-
licities have the added errérs contributed by the removal of the young
population contamination. Thevbulge luminosities have the uncertainties
inherent in the profileAdecomposition, and the corrected total magni-
tudes have the additional errors associated with the color correction.
Thus we do not consider the absence of a strong correlation evidence
against the presence of any of these relations, although the 90% con-—
fidence level of the metallicity-bulge luminosity relation is sugges-—
tive that this relation should be favored over the other two. -

The other question we wish to ask»of these relations is somewhat
more difficult to answer. Are any of these relations consistent with
those expected on theoretical grounds? In order to test relations 1 and

2 (as listed at the .start of this chapter), we need only fit a straight
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line to each pair of variables in Table 14 and deteimine whether the
parametersAof each line are consistent with those for the elliptical
sample. These fits-have been made assuming that the metallicity
va%iable is dependent and the luminosity variable is independent. The
slope and intercept parameters are listed in Table 14,

vAs explained above, by mapping out variations of XZ with respect
to its minimum value, we cén estimate the likelihood of any point in the
slope~intercept plane being the correct solution. Figure 17 shows 1
sigma ellipses for the elliptical relationr(labelled E), the bulge
luminosity relatiqn (labelled B), the corrected totél luminosity rela-
tion (labelled C), and the uncorrected total lﬁminosity relation (U).
i£ caﬁ be séen that the B relation is the only one which .is quite-
compétible with the E relation, although the othéfs cannot be ruled out
with a high degree of certainty. It should be kept in mind that the
ellipses represent the regions outsidé of which the true parameters
will fall approximately 32% of the time. Thus, while there is a con-
siderable joint probabilit& ;hat both C and E relations'have parameters
falling outside-theirAl sigma ellipses, the probability that they both
fall in the small region where the ellipses are close is someﬁhat
smaller. We hesitate fo make a more quantitative statement of the
results, but we conclude that relation 1l is consistent with our data
and relation 2 is marginally'inconsisteﬁt.

We turn to relations 3 and 4 and investigate the possibility
that there ié a bulge~to—disk ratio dependence in the residuals of the
B or C relations. Listed in TableA14 are correlation coefficienfs

between the residuals of these two relations and log(B/D)c. No
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One sigma error ellipses showing possible values of slope

and intercept for the first four pairs of variables listed
in Table 14.
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significant correlation is seen; Note that the expected offset in
intercept in fhese relations should have no effect on the ‘expected

‘correlation, since it changes all of the residualéiby a constant amount.
Thﬁs, we believe that relations 3 and 4 cén be ruled out. Plotted in
Figure 18 are the elliptical data points and the adopted metallicity-
luminoéity relation, and the spiral points in relétion B.

Lastly, we invesﬁigate the evidence for radial metallicity
gradients by examining the relation between .the residuals in the spiral
metallicity-bulge luminosity relation and the distances to the indi-
vidual galaxies. Since a smaller area is sampled in a closer galaxy,
it is expected that the metallicity in a nearby -galaxy wi;l appear
gfeatéy»than in a distant galaxy with identical properties. This'effect
isvseén in Table 14 in tﬂe final 2 rows, where the residuals in the B
relation have been compared with the distanceé in megaparsecs as listed
.in Chapter I. When M31 and M81 (NGC'S»224 and 3031) are included, this
effect is quite strong because the sample is strohgly influenced by
these nearby 6bjects. When they are removed, the significance of the
correlation is reduceé. Thus, there is evidence for_radial gfadients,
although this evidence is weak, apart fromlthe two very close objects.
This might be interpretéd as an indication that the gradient is very

steep at small galactocentric radii and gets flatter further out.

Discussion
The conclusions of the preceding sections are: (1) although the
evidence is not extremely strong, it appears that central metallicity in

the bulges of spiral galaxies is more closely related to the bulge
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luminosity than to the total luminésity or total mass of the galaxy, and
(2) there is no additional dependence on the bulge-to-disk ration of the
galaxy. How can thése results be interpreted in.terms dﬁ the theo-
reticai expectations présented in Chapter 17

Bot :the lack of correlation with bulge-to-disk ratio and the
preference for the bulge magnitudes over total magnitﬁdes éoint towafd

} .

the idea that the ceﬁtral metallicity in the bulge is set up without
much influence from the disk or the material which will become the
disk.' This can be interpreted as evidence for one of two different
ﬁypes of scenarios. One possibility is that ;he presence of the diék
is incapable of affecting the processes which are responsiblelfor the
metaiiicity—luminosity relation. A specific example of this idea migﬁt
be a picfure in which éhé central metallicity is determined by the
epoch at wﬁich supernova-driven winds can blow the remaining gas out of
the bulge region of the forming galaxy. The difference between this
scenario and the application of supernova-driven windé to elliptical
galaxies (Larson 1974b) is that in the proto-spiral, the star formation
is not coeval. If the timescales are such that the disk‘has not yet
begun intense star formation when the bulge blows out its gas, this
gas could settle into the éxisting diék. The réquirement that disks
not undergo an early period of very active star formation is reasonable
in light of the fact thét thé disks of spiréls retaiﬁ gas today. 1If
early star formation in disks wasfas‘yigqrqus as in ‘bulges or elliptical
galaxies, we might expect that they would have removed their gas as

well.
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Aﬁ equally valid situation which would produce the observed
metallicity—bulge luminosity relation is one in wbich the disk material
has not yet aécreted on to the galaxy at the time that the central
metallicity is determined. It is obvious that any scenario in which
the disk forms after the metallicity-luminosity relation is established
will produce the right answer. Wé illustrate this with a picture in
which the bﬁlge'is formed by mergers of small subsystems of stars, in
which residual gas forms stars after each merger. As detailed in
Chapter I, it can be shown that the efficiency of star formation_might
reasonably be expected to depend on the amount of compression fhat the
gas undergoes in the merger. This compression is related to the total
mass of the system, and so armetallicity—luminosity relation arises;
Now, if spiral bulges form in this manner, and disks are actreted
afterward from low density outlying intergalactic gas clouds, the
observed result would be expectéd.

Because many different specific pictures can be imagined to
explain the result, it may be more instructive to ask what sorts of
models are ruled out. The implication of the spiral metallicity-bulge
luminosity relation is that pictures in which the disk material is
undifferentiated from the bulge material at the time that the relation
nis set up are excluded. That is, the gas which is in the merging sub-
systems.in those models cannot be the material which becomes the disk,
for instance. Also, the parameter which determines the bulge-to-disk
ratio of the galaxy, the density in the.collapse models, cannot have an

important effect on bulge star formation or central metallicity.
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It is clear that the scenarios which have been proposed for
galaxy formation are very complex and fairly ill defined. Furthermore,
it is likely that in reaiity,.the processes are e&en more complex than
-the modéls. Therefore, one of the most straightforward aspects of this
study is a comparison of what might be two very similar types of
systems, spirals and SO's., It has been found, in work described at the
beginning of this chapter and in Chapter I, that when large aperture
color or line strength measurements of SO galaxies are considered, their
relation with the total luminosity of the galaxy is indistinguishable
ffom what we have called the elliptical metallicity-luminosity relation.
That finding is in contrast to this study of spiral galaxies, and the
qualifications énd implications of this distinction should be considered.
Tﬁere are two limitations to a comparison of the results of this
study with similar studies of SO galaxies. The first of these is
. related to bulge-to-disk ratios. It mighﬁ be imagined that small bulge-
‘to—disk spirals could hgve somewhat different bulge pfoperties than
lgrge bulge-to-disk spirals. Clearly we would'like to compare spirals
and SO's with the saﬁe bulge-to-disk ratios. Figure 19 shows histograms
of'the bulge-to—~disk mass ratios for spirals studied here and for S0's
as measurgd by Burstein (l979b). Selection effects are expected to
play an important rblé in the distribution of bulge-to-disk ratios for
each sample, and in fact, it is thought that the selection effects bias
the samples in opposite directions. Burstein states that he tried to
include SO's with.particularly small bulge—to—disk ratios; in this study
the trepd was toward spirals with largelbulge—to—disk ratios. -It is

important to note also that large bulge-to-disk ratio SO galaxies are



Figure 19 .

log(B/D)

Histograms of the observed distributions of bulge-to-disk mass ratios for spirals
(from this study) and for SO’s (from Burstein 1979Db).

6GT



160
especially difficult to distinguish from elliptical galaxies, particu-
larlylif the galaxy is pole-on. In the light of the obvious effects we
interpret the‘bulge—to—diék ratio distributiéns as follows.' In both
épiral and SO samples there is a broad peak in the distribution
centered at a bulge-to-disk ratio of about unity. In the SO sample,
the deficiency of bulge-to-disk ratios to the right of the center of the
peak is most_likelf due to the'selection effects discussed above. The
spiral sample clearly persists to much lower bulge-to-disk values than
the SO sémple, and no. doubt the extent and amplitude of this "tail" has
béén underestimated because of the bias toward bulge-dominated systems.
It can be seen, however, that aside from the three very small bulge-to-
disk sﬁirals,.the-distribution of bulge-to-disk ratios for spirals and

SO's in these samples is quite similar.

The second qualificatioh we must consider in comparing the
spiral and SO results is the results of radial gradients. It was stated
earlier that the SO measurements were obtained through iarge apertures
while the spiral measurements represent nuclear metallicities. Is it
possible, considering this aifference, to find a situation_which allows
thelspirals and.SO‘s to have the same properties and yet produce the
observed distinction? Yes, éuch a picture is poséible although it
requires a rather speciél coincidental difference between gradients'in
the bulges of disk systems and elliptical galaxies, If the rédial
gradients in bulges are not as steep as in elliptical -galaxies, then,
when the nuclear métallicities are the same, a larger aperture will find
a higher:mean metallicity in the,bulge‘tﬁan in the elliptical. .If,

moreover, the difference in the gradients is precisely right, the amount
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by which the mean metallicity in bulges exceeds that in ellipticals for
the'same nuclear value cOﬁld corresbond to the factor of two difference:
between the bulge luminosity and the total luminosity imn SO's. This
scenario would egplain the apparently different metallicity-luminosity
relations for spiral and SO galaxies. Although, of éourse, this
explanation is a possibility, fhe fact that it requires the two effects,
difference in gradient and bulge-to-disk ratio, to conspire to agree,
suggests to us thaf it -is unlikely.

If in fact the metallicity—luminosity relations for spirals and
SO's differ in the way that the evidence suggests,-this discrepané?
constitutes fairiy solid proof that SO galaxies were not at one time
spiral galaxieé} as has been proposed. Specifically, it implies that
in contrast to the spiral result, the metallicity at the centers of SO
galaxies ig.influeﬁced~by the disk material. This requires a wholly
different picture of the processes at the time of galaxy formation. In
particular, this.result might be interpreted as evidence that star
formatiOn in the disks of SO's takes place earlier than in spirals, or
_even thaﬁ the material in SO disks takes ﬁart in the protogalactic
collapse, whereas the material in spiral disks does not. However, the
gradient question is still an uncertainty, and a detailed comparison of
the metallicity-luminosity relation for spiral and SO galaxies will
have to await the measurement of nuclear metallicities in a sample of
SO galaxies.

In summary, we have shown that the.nuclear metallcities in the
bulgés of spiral galaxies are related to the bulge luminosities in the'

same way that nuclear metallicity is related to total luminosity in
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elliptical galaxies. This is interpretéd as evidence that the disk
material has little influence on. the processes which affect star forma—
tion in the bulge. Specifically, formation scenarios wh;ch predict
this result‘are those in which the buige and disk are physically
separate or in which the disk material has not yet accreted on to the
galaxy at the time when the nuclear metallicity is determiﬁed. This
result is contrasted with studies of SO0 galaxies, and, unless radial
gradient effects conspire in an unlikely way, the difference between
the metallicity-luminosity relations-stréngly suggest different origins

for these two types of galaxies.
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