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ABSTRACT

The ultimate goal of this thesis is to better understand the large-scale motions
in the universe on scales beyond the Local-Supercluster, and also to better under-
stand the Tully-Fisher relation as a distance indicator. Sixteen clusters of galaxies
in redshifts range from 3000-10000 kms™lare studied as test points of the large-
scale velocity field, using the I-band Tully-Fisher relation as distance indicator. A
complete observational procedure and techniques of measuring cluster distance us-
ing the Tully-Fisher relation is investigated in detail, which involves many general
topics in the photometric studies of galaxies. Major fiiscussions and results in the

thesis are summarized as:

1. CCD surface photometry is described in detail. Errors and various effects (ex-
tinction, cosmological and seeing) on surface photometry are discussed. I-band

surface photometry is carried out for some 280 galaxies in the thesis sample.

2. The problem of internal absorption in spiral galaxies is investigated; new mag-

nitude and isophotal-diameter corrections for internal absorption are derived.

3. Different techniques for deriving cluster distances using Tully-Fisher relation are
compared; distance bias due to sample selection effects is discussed at length;
a Maximum-Likelihood method is given which is able to handle the sample

selection effects.

4. Global photometric properties of the cluster galaxies are examined; the problem
of second parameter in the TF relation is investigated; a physical explanation

for the TF relation and its dispersion is proposed.

5. The peculiar velocity field as traced by the sample clusters is found to be highly
non-random, and appears to be a coherent flow towards the general direction
of the Great Attractor, with a flow amplitude of some 400~600 kms™lat the

position of the Local Group.
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Had I been present at the creation, I would have given some useful

hints for the better ordering of the Universe.

—— Alfonso the Wise. King of Castile
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Thesis Organization

Chapter 1: presents a short review of the current status of the study of large-scale

motions in the universe, and briefly discusses the relevant practical problems.

Chapter 2: describes the galaxy sample of this thesis, the observation, and the

procedure of data reduction—surface photometry.

Chapter 3: investigates various effects on surface photometry, namely, the cosmo-

logical effects, seeing effects, Galactic absorption effects and internal absorption

effects.

Chapter 4: investigates the internal absorption problems in detail, and derives

magnitude, color and diameter corrections for internal a.bsorption.
Chapter 5: presents the final derived data of the sample galaxies.

Chapter 6: studies the Tully-Fisher (TF) relation of the sample cluster galaxies;
compares different methods for deriving distances using the TF relation; and
predicts relative distances of the sample clusters. A formal Maximum Likelihood

technique, being able to deal with sample biases, is also presented.

Chapter T7: illustrates the global photometric properties of the sample galaxies;
discusses the underlying physics of the TF relation and investigates the problem

of second parameters in the TF relation.

Chapter 8: investigates the large-scale motions in the universe as implied by the

sample clusters.

Appendix: Presents the manual of a computer program developed for the data
reduction of this thesis, which is currently a public program in the Astronomy

Department of Caltech.
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CHAPTER 1

INTRODUCTION

The formation of galaxies and large scale structures in the universe is one of
the most fundamental problems in modern cosmology. Although great efforts have
been made in the past 20 years, our understanding of the formation and evolu-
tion of galaxies and large scale structures is still very premature (Rees 1989). It
seems that the current generally adopted picture of galaxy and structure forma-
tion is a gravitational amplification of an initial small density fluctuation somehow
imprinted in the early universe. A favored theoretical scenario is that of structure
formation from scale-invariant adiabatic fluctuations in a flat (inflationary) universe
dominated by cold dark matter (Blumenthal et al. 1984). This model showed some
success in explaining the observations on small scales (Davis et al. 1985; Bardeen et
al. 1986; White et al. 1987). However, recent observations of large scale sireaming
(Lynden-Bell et al. 1988; Aaronson et al. 1989; Collins, Joseph & Robertson 1986,
Willick 1990), and also the extremely inhomogeneous galaxy distribution on scales
larger than 100Mpc (Broadhurst et al. 1990) disagree with the CDM predictions
(Vittorio & Silk 1985; Melott 1987; Blumenthal, Dekel & Primack 1988; Groth et
al. 1989; Gorski et al. 1989; Bertschinger & Juszkiewicz 1988; but see Kaiser 1988
and 1991; Kaiser & Lahav 19891. Although there are still large uncertainties in
the picture of apparent large scale motions, the tentative evidence does seem to
provide a critical constraint on the theories of formation and evolution of galaxies
and large scale structures. Cosmologists might consider constructing new scenarios
that are able to produce more power at large scales (Peebles 1987: Bardeen et al.
1987; Blumenthal et al. 1988). Observers. on the other hand. are devoring more

effort to provide more complete and accurate empirical descriptions of large scale

structures and motions in the universe.
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The term large scale motions, or peculiar velocities usually refers to the deviation
of galaxies or clusters of galaxies from isotropic Hubble expansion, or a motion
relative to the the Cosmic Microwave Background (CMB). The dipole anisotropy
in thé CMB has conventionally been interpreted as the result of a peculiar motion
of the Local Group (LG) at a velocity of about 600 km/s relative to the CMB
(Lubin, Epstein & Smoot 1983; Fixsen, Cheng & Wilkinson 1983; Lubin et al.
1985; Smoot et al. 1991). The study of peculiar motions on large scales can be
traced back to Rubin (1976a,b), however, it has become one of the most active fields
in observational cosmology only in recent years, when relatively accurate distance
measurements for distant galaxies became possible. The Tully-Fisher (TF) relation
(Tully & Fisher 1977; Aaronson, Huchra & Mould 1979) for spiral galaxies and the
D, — o relation (Dressler 1987) for elliptical galaxies are the two key secondary

distance indicators in the recent investigations of large scale motions.

Lilje, Yahil & Jones (1986) detected a quadrupolar component in the velocity
field of the LSC, which implied that the LG’s motion relative to CMB was a result
of Virgo infall motion and a bulk Local Supercluster (LSC) motion towards the
Hydra-Centaurus supercluster, presumably due to the gravitational force of this
supercluster. Aaronson et al. (1986), by measuring the peculiar velocities of 10
clusters in redshift range from 4000 km/s to 10000 km/s using the IRTF relation,
claimed that these clusters are at rest with respect to the CMB, they also concluded
that the LSC had a large peculiar motion in the direction of Hydra-Centaurus super-

cluster. Similar conclusions have also been reached by Shaya (1984) and Tammann

& Sandage (1985).

An exciting and perhaps surprising result came out of the study of the peculiar
motions of 400 elliptical galaxies within 6000 km /s using the D, —o relation by seven
astronomers (later known as “Seven Samurai”). They concluded that the large scale

motion in the local universe is dominated by a “Great Attractor” (GA) located at [

= 307°. b = 9° at distance of 4350 km/s and mass about 5 x 1016]\{3 (Dressler et al.
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1987; Burstein et al. 1987; Lynden-Bell et al. 1988). In this attractive model, the
LG has an infall velocity of about 500 km/s, and the Hydra-Centaurus supercluster
itself is also participating the infall. Later work of the 7 Samurai mildly revised the
GA model and provided additional support for it (Faber & Burstein 1988; Dressler
& Faber 1990a, 1990b; Burstein, Faber & Dressler 1990). To actually “observe”
the GA, a survey of radial velocities of elliptical galaxies in the GA region has been
carried out (Dressler 1988, 1991), and there does seem to have a large concentration
of galaxies in that direction and at about the distance predicted by the GA model.
However, Jahoda & Mushotzky (1989) concluded, from study of the X-ray emission
in the GA region, that the GA of a mass ~ 1016MO can not be composed of rich

clusters of galaxies.

Han & Mould (1990) studied the velocity field in the LSC and showed that
the CMB dipole can be well explained by a GA + Virgo bi-infall model. Staveley-
Smith & Davies (1990), from an all sky survey of spiral galaxies within 5000 km/s,
concluded that no single attractor was able to explain all the motions observed in
nearby galaxies, and the Centaurus cluster appears to have the dominant effect.
Aaronson et al. (1989) and Mould et al. (1991) measured the peculiar motions of
more clusters in the south sky; their data appears to support the general concept of
the GA. Willick (1990), using R-band TF relation, measured the peculiar motions
of 376 spiral galaxies in the Perseus-Pisces supercluster, which lies on the opposite
side of the sky from the GA. He found that the P-P supercluster has a negative
peculiar velocity of about 450 km/s, which can not be accounted for by the GA
model. A survey of peculiar velocities of spiral galaxies in the GA region was also
carried out by Mathewson, Ford & Buchhorn (1991); this survey. when combined
with the P-P survey of Willick, seems to indicate a bulk flow motion of 500 km/s
towards the direction of CMB dipole apex on scale of 20000 km/s (AMathewson.
Ford & Buchhorn 1991). Collins, Joseph & Robertson (198€: have also reported
a detection of bulk flow motion, but with even larger amplit:de and in a slightly

different direction. Lucey & Carter (1988) measured the pecular motions of several
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southern clusters, using first ranked galaxies as distance indicator, they did not see

a large scale motion.

Other than the method of directly measuring peculiar velocities using a distance
indicator, there are other approaches to understanding the large scale motions. One
of them is the study of the dipole moment of galaxy surface brightness distribution
in a (complete sky coverage) galaxy sample (e.g., Yahil et al. 1986; Lahav et al.
1988; Lynden-Bell, Lahav & Burstein 1988). These investigations do not seem, in
general, to agree well with the idea of GA model or a large scale bulk flow picture.
Another approach is that of Strauss & Davis (1989), Yahil (1989), and Strauss
(1990) (see also Rowan-Robinson et al. 1990); these authors have carried out an
extensive survey of radial velocities for all the IRAS galaxies brighter than a given
limit, which enables them to construct a self-consistent model of (gravitationally
induced) velocity and density fields, assuming IRAS galaxies trace mass. This
model agrees well with the GA model on small scales (within about 1500 km/s),
but fails to predict the large scale motions implied by the GA model (Gunn 1989;
Burstein 1990). Complementary to the idea of Strauss et al, which is basically
to predict the (gravitational) peculiar velocity field by measuring the responsible
mass distribution, Bertschinger & Dekel (1989, 1990), Dekel & Bertschinger (1990)
and Dekel, Bertschinger & Faber (1990) have developed a method which is able
to construct the 3-D potential, velocity and density fields from the observed 1-D
peculiar velocity field, by assuming the smoothed velocity field to be a potential
flow. Interesting velocity, potential and mass density fields within 6000 km/s in
the real universe have been constructed by applying this method to a sample of
galaxies which have peculiar velocities measured by the D, — ¢ and the IRTF

relations (Bertschinger et al. 1990).

In sum, I think it is fair to say that a consistent picture of large scale motions in
the universe has not yet achieved. although the GA model is seeing more popularity

(see Gunn 1988 and Burstein 1990 for recent reviews). It should also be noted
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that most of the investigations of large scale motions so far rely on the distance
indicators of the TF relation and the D, —o relation, and a generally good agreement
between these two relations has been reported by Faber & Burstein (1988), Dressler
& Faber (1990) and Aaronson et al. (1989) (but this may largely rely on those
galaxies or clusters of galaxies seen in the GA direction). The reason for the existing
discrepancies between different studies are not well understood, though one may be
able to list a number of reasons for or against a particular result. In general, we
may consider the reliability or accuracy of the measurement of large scale motions is
determined by the combination of three factors: (1) the quality of the dataset (its
completeness, and observational errors), (2) the quality of the distance indicator
(universality, intrinsic scatter), and (3) the quality of data analyzing technique
(including the justification of any specific assumptions made for the analysis). The
universality of distance indicators has been a major concern in the study of large
scale motions (Djorgovski, de Carvalho & Han 1989; Silk 1989). A number of
empirical studies, however, reveal no strong environmental dependences of either
the TF relation (Bothun et al. 1984; Mould, Han & Bothun 1989; Biviano et al.
1990), or the Dy, — o relation (Burstein, Faber & Dressler 1990), indicating that
these relations are qualified as a distance indicator. Although the TF relation and
the D, — o relation show no gross variation from place to place, they are not
perfectly tight due to observational and intrinsic scatters. On the other hand, a
real galaxy sample is alway incomplete due to selection limits. The very properties
of non-zero scatter of distance indicator and the incompleteness of a real dataset
raise another serious question in the study of large scale motions: bias. A familiar
example of such bias is the Malmquist effects (Teerikorpi 1984, 1986; Bottinelli
et al. 1986; Giraud 1987). Roth (1990) showed, using Monte Carlo experiment,
that Malmquist bias could produce a fake infall flow into an overdense region; this
effect brings complication in confirming an infall of galaxies from the back side of
GA (Burstein, Faber & Dressler 1990). In principle, these kinds of biases can be

removed by using the right data analyzing technique, which, unfortunately, is not
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an easy job in practice; the difficulty usually comes from a poor understanding
of sample completeness and the real distribution of galaxies in space. Examples of
dealing with bias in large scale motion studies are found in Staveley-Smith & Davies
(1990), and Lynden-Bell et al. (1988). A formally complete Maximum Likelihood
method for this problem has been given by Han & Mould (1990).

Further investigations are certainly needed to get a clear picture of the large
scale motions in the universe. Improving distance measurements is particularly
necessary in future studies; it is also important to enlarge observational material
and seek different approaches towards the problem. This thesis just aims to better
understa.nd the large scale motions in the universe, and also to better understand
the TF relation as a distance indicator. A sample of nearby clusters of galaxies
is taken as tracer of the large scale velocity field, and the I-band TF relation is
investigated and employed as a distance indicator. For the purpose of studying
large scale motions, using clusters as test points of the velocity field can greatly
reduce uncertainties in distance measurements, and thus yields better estimations of
peculiar velocities. The current cluster sample is a combination of those of Aaronson
et al. (1986, 1989), who investigated the peculiar motions of these clusters using H-
band TF relation. Compared with the conventional H-band TF relation (based on
aperture photometry), the I-band TF relation based on CCD surface photometry
is greatly preferred (Bothun & Mould 1987).* This is because, we are able to
measure detailed luminosity distributions of galaxies with CCD detectors, i.e., to

determine accurate total magnitude and isophotal magnitudes at any given level.

* Bothun and Mould (1987) pointed out two major disadvantages for I-band
TF relation as compared with H-band TF relation: 1) noisier sky, and 2) larger
internal extinction. However, sky background can be better evaluated using a CCD
detector than from an IR photometer. As for the second point, it will be shown

in this thesis that the conventional way of scaling the internal absorption from one

band to another, as often seen in literature, is not correct.
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Surface photometry also allows a more reliable estimation of inclination, which is
important for the edge-on correction of rotation velocity-width. Compared with
other optical bands at shorter wavelengths, the I-band is favored for the study of
the TF relation, because it is less affected by the variation of star formation rates,
and better traces the underlying disk mass. Pierce (1988) studied the I-band TF
relation of the Virgo and Ursa Major clusters and found a very small scatter in
the relation (see also Bothun & Mould 1987 and Mathewson, Ford & Buchhorn
1991). This thesis will provide the largest cluster sample thus far with detailed
surface photometry data at I-band, suitable for the study of the TF relation and

photometric properties of cluster galaxies.
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CHAPTER 1I

OBSERVATION AND DATA REDUCTION

§2.1 The Sample

The galaxy sample of this thesis is basically a combination of the northern-
sky cluster sample of Bothun ef al. (1985) and the southern-sky cluster sample of

Aaronson et al. (1989). Table 2.1 summarizes the global properties of these clusters.

Bothun’s sample is a selection of cluster spirals drawn from the UGC and Zwicky
catalogs, falling in the redshift range of 3000 - 11000 kms™1, with declination be-
tween -1° and 38° (i.e., the range of Arecibo telescope). Aaronson’s sample is a

selection of cluster spirals drawn from the ESO catalog (Lauberts 1982), and falling

in the redshift range of 2000 - 5000 kms~!.

Although the sample galaxies were originally drawn from either a magnitude-
limited catalog or a diameter-limited catalog, they all have to be gas —rich enough
to be detected at the HI 21 cm by Arecibo telescope (for the northern clusters) or by
the Parkes telescope (for the southern clusters). The sample is therefore partially
flux-limited. Effects of sample selection limits on the study of this thesis will be

discussed in Chapter 6.

Photometric observations were done in the last 3 years for some 320 galaxies
from the original two samples, and 284 of them were observed under photometric
conditions. These 284 galaxies form the sample of this thesis. In this sample, 171
galaxies are cluster members and have high quality HI 21 cm data available from
the original two samples. The HI data (21cm line-width) was reduced by the same

group of authors, and is thus a homogeneous data set.



-11.2 -

§2.2 Optical Observation

CCD images of the sample galaxies were obtained in both Cousins V and I
bandpass (Cousins 1976), in the period from December 1987 to December 1989.
The northern-sky galaxies were imaged with a TI CCD camera, in reimaging mode,
on the 60-inch telescope of the Palomar Observatory; and the southern-sky galaxies
were imaged with two very similar TI CCD cameras on, respectively, the 40-inch
telescope and the 100-inch telescope of the Las Campanas Observatory. The ex-

posure times were mostly from 10 to 15 minutes for I images, and from 5 to 10

minutes for V images.

Typically, 4 to 6 standard stars, with V' — I color covering that of a typical
spiral galaxy, were observed each night. For the Palomar runs, the Landolt (1982)
standards were used; and for the Las Campanas runs, both the Landolt standards
and the E-region standards of Graham (1982) were used. The M67 standards (Schild

1983) were also observed on a few nights.

To check the consistency between Palomar and Las Campanas observations,
7 galaxies in cluster A539 were observed at both observatories. There are also
some other galaxies observed several times at either Palomar Observatory, or Las
Campanas Observatory. Table 2.2 lists the observational information for the sample
galaxies. Column (1) gives the galaxy name: Column (2) is the date of observation in
the format of “yymmdd”; Column (3) records the telescope used for the galaxy (P60
= Palomar 60-inch, C40, C100 = Las Campanas 40-inch and 100-inch): Columns (4)
and (5) are the exposure time and airmass for the observation of I-image: Columns
(6) and (7) are the exposure time and airmass for the V-image: Column (8) is a

photometry-quality-parameter assigned for each galaxy during data reduction (see

§2.5).
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§2.3 Preliminary Reduction

The images were debiased and flat-fielded using dome flats. Each dome flat
is the average of 4 individual frames. No dark subtraction was performed. After
debiasing and flattening, the large-scale sky gradient was typically less than 0.5%,
for Palomar observations; and less than 0.8%, for Las Campanas observations. No
attempt was made to automatically correct cosmic-ray events, but in the subsequent
data reduction, as described further below, each image was visually examined on a
color graphic device, and any chip defects, including hot pixels, on or around the

program galaxy were interpolated.

The transformation from instrumental magnitudes to Cousins photometric sys-

tem was made using the following equations,
I=a+L+6V-1)—-kX (2.1a)
V—-I=c+dV;—-L)—ky_1X (2.1b)

where I; and V; are, respectively, the I and V instrumental magnitudes. The
coefficients a, b, ¢ and d were determined for each night using the standard stars
observed that night. The atmospheric extinctions were fixed at k; = 0.05 mag,
ky_1 = 0.09 mag, for Palomar observations; and k; = 0.07 mag, ky_j = 0.1 mag,
for Las Campanas observations. These values were checked on several nights, by
observing a couple of stars at different airmasses, tlze uncertainties are within 0.02

mag. Table 2.3 lists the coefficients of each observing night.

§2.4 Surface Photometry

Surface photometry was carried out on the I-band images using the ellipse-
fitting routine, PROF, of the Galaxy Surface Photometry (GASP) package devel-
oped by Cawson (1983), and a complementary routine SFOTO. written by myself.

A detailed description of SFOTO is given in the Appendix.
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The ellipse-fitting routine PROF assumes that the isophotes of the galaxy can be
roughly represented by ellipses, with intensities, centers, ellipticities, and position
angles variable with major axis. The intensity variation I (a, ) around the sampling

ellipse of semi-major axis a can then be approximated using the Fourier series:
I(a,$) = Iy(a) + A sin ¢ + Bj cos ¢ + Agsin2¢ + By cos 2¢ (2.2)

here 4 is the eccentric anomaly. For an ellipse of ellipticity ¢ and semi-major axis a,

¢ is related to the £ — y coordinates of a point on the ellipse in the following form,

T=asng

(2.3)
y=a(l—¢€)cos¢

The fitting of equation (2.2) to a galaxy image, for Fourier coefficients, is done using
the least-squares method. It is clear that if the galaxy isophotes are ellipses, the
coefficients A; and B; will all be zeros. Nonzero values of A1 and B indicate an
error in the position of the ellipse center; a nonzero A indicates an error in the
position angle; and nonzero By indicates an error in ellipticity. Any defects in the
image, such as cosmic rays, foreground stars, or star-forming regions can be masked
(using SFOTO) so that the fitting program (PROF) ignores them entirely. The
iteration at each radius ceases if the residual coefficients are smaller than a given
threshold set by the size of the ellipse and the noise in the data, or the number
of iterations is equal to the maximum number specified. The fitting starts at an
user-specified initial major axis, usually 1 pixel. After each radius fit, the axis 1s
increased by a factor, typically 1.1. and the process is repeated until one of the
following conditions is satisfied: 1) the profile intensity is sufficiently close to the
sky value, typically within 1 o of the sky noise, 2) the portion of the ellipse perimeter
in the masked region is larger than a given fraction, usually 40%, or 3) the profile
intensity starts to rise at large radii by too much. The output of PROF is a list
of mean intensities, ellipticities, position angles, and r — y centers as a function of

semi major axis.
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Below is an outline of the complete operational procedure of doing surface pho-

tometry for the galaxies of this thesis sample.

... 1) The galaxy images (after debiasing and flatfielding) are interactively processed

2)

3)

with SFOTO to produce the initial information required by PROF: the position
of the program galaxy in the image, the initial guess of the parameters of the first
ellipse (radius, eccentricity, and position angle), the sky value, and the regions to
be ignored in the fit. SFOTO also converts the original image format (FIGARO
HDS format) into the format recognized by GASP. All these are output into four
separate files, according to the demand of PROF (see Appendix for details).

PROF then reads these output files, and does the ellipse fitting job. The fitting
results, i.e., the ellipse parameters, are output to a ﬁle; NAME.PRF.

SFOTO is used again to convert the instrumental intensities of the fitted ellipses

into brightnesses (in units of mag/ arcsec?), using the photometric transforma-
tion coefficients tabulated in Table 2.3. SFOTO also performs photometry on
the galaxy through elliptical apertures, and computes the color profile and in-
clination of the galaxy. To do this, the defects in the image can not be ignored
any more, and must be carefully interpolated. Each galaxy image is visually
inspected with different stretches and magnifications on a graphic device, and
defects within the interesting area around the galaxy are interpolated. SFOTO
also superposes the ellipses onto the CCD frame on a display device for a visual
check of the goodness of ellipse fitting by PROF, and is able to repair those
which do not look like reasonable fits. It turns out that most isophotes, even
those for which the maximum number of iterations was reached without pass-
ing the residual test, seem to be good enough visually. In a few cases. the last
couple of isophotes are obviously a poor fit, due to large sky variation or sky
contamination by a nearby bright star. Such isophotes are repaired by simply
expanding the closest “good ellipse” outward to the corresponding sizes. and the

mean intensities assigned to the modified ellipses are calculated within 3-pixel
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wide annuli centered at the ellipses.

4) After performing the photometry, SFOTO displays the surface brightness profile
and ellipticity profile. The semi-major axis range corresponding to the disk of
the galaxy is then roughly estimated based on these profiles. The inclination
of the galaxy is calculated using the median ellipticity of those isophotes falling
in the specified radius-range, and assuming an intrinsic ellipticity of 0.8 (i.e.,
minor to major axial ratio of 0.2). The “disk range” is usually identified to be
the outer linear part of the surface brightness profile. Attention is also paid to
the outermost few ellipses, which would be excluded if their ellipticities are too
low due to seeing effects or low signal-to-noise ratio. For most of our galaxies,
this procedure of calculating inclination is found to be very robust to accidental
errors in individual isophotes, and to the ﬁser’s judgement on the range of

“disk”. The typical uncertainty is about 3 degrees.

The final results from SFOTO are a list of the I-band isophotal brightnesses
in units of mag/arcsec?, I-band isophotal magnitudes, differential and integrated
(V —I) colors as a function of major radius; and also the inclination of the galaxy
and a crude estimate of the I-band luminosity concentration parameters at the
levels of 20%, 30%, 50%, 70%, and 80% (more accurate concentration parameters

will be calculated using extrapolated total luminosity in Chapter 5).

For most of the sample galaxies, the I-band surface photometry can be per-
formed down to a level of 23.5 mag/ arcsec2, which corresponds to a blue surface

brightness of about 26 mag/ arcsec?. The typical rms error at this level is about

0.10 mag. The sources of error in surface photometry are discussed below.

§2.5 Errors In Surface Photometry

The uncertainty in surface photometry comes from various sources. some of them

may merely introduce noise in the data. some may cause systematic errors, while



-I11.7 -
others may distort the luminosity distribution of the object (a detailed discussion of
various sources of accidental and systematic errors in surface photometry is given by
Capaccioli & de Vaucouleurs 1983). The error or uncertainty in surface photometry
is usually reflected by the formal rms errors associated with the derived quantities
from the process of basic data reduction. In this thesis, the following sources have

been taken into account in the estimation of such formal errors.

1) Photometric transformation error: this is due to the formal rms errors in the
photometric transformation coefficients tabulated in table 2.3. These rms errors
were basically from the uncertainties in the aperture photometry of the standard

stars observed each night. These can amount an error of typically 0.02 mag.

2) Sky subtraction error: the uncertainty in estimating sky background comes
mainly from the imperfection of flatfielding, and, in some cases, the existence of
bright (or unresolved faint) stars near to the program galaxy. Intrinsic noise and
variation in the sky brightness may also be a factor (Okamura 1988). Fortunately,
all of our galaxies are small enough to leave plenty of “blank sky™” on the CCD frame,
so that the light of the galaxy itself does not bother the sky evaluation. In practice,
sky is determined in two steps, 1) sampling the sky: the image is visually checked on
a display device with suitable stretch, and the “blank sky” fields around the galaxy
are sampled with the cursor. Each sampling gives an average sky intensity within a
box of typically 10 by 10 pixels at the cursor position, denoted as s; with rms error
a;. 2) calculating the sky background: in this thesis, the sky background is simply
taken to be the median value of the above samplings, ’<Ms >. The standard deviation
O<s>. is typically only 0.2 to 0.5% of the sky level. The total error assigned to the
estimated sky level < s > is the sum of this large-scale uncertainty (o<s> ' and the

mean local rms error divided by /n, that is,

n
o
0s = 0<s> + 2—3}3 (2.4)

i=1 n

This error is more important at fainter surface brightness levels than at bright
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levels. An inaccurate estimate of the sky level would introduce a systematic error
in both the surface brightness and the isophotal magnitude. Figure 2.1 shows how
an exponential profile is affected by an inaccurate determination of sky level; this

example assumes a value of 4 for the ratio of galaxy-center intensity to sky intensity.

3) Readout noise: this is not expected to be an important source of error in
surface photometry; in our data reduction, we simply used a value of 10 e~ for

the readout noise of all detectors, and a value of 2 for the conversion factor from

electrons to the raw CCD intensity units (counts).

4) Photon statistics: this is just the Poisson statistical uncertainty in both sky

and galaxy photon detections.

5) Ellipse fitting error: this is supposed to reflect the deviation of the real
azimuthal distribution of light from an ideal ellipse, which has been assumed to
represent the true isophotes in the first place. Unfortunately, there is not a well de-
fined quantity to characterize such deviation. For simplicity, the intensity variance
around each ellipse was used as an indicator of the fitting error, regardless of other
fitting information, such as whether the fit had passed the residual criterion, or how
large were the residuals in the four Fourier coefficients of equation (2.2). This error,
like o, also has larger effects on fainter surface brightness levels than for bright

levels, but in any case, it can hardly contribute more than half of the total error in

surface brightness.

It turns out that the dominant error in surface photometry, especially at faint
levels, is due to the sky subtraction error. All the above errors, except the ellipse
fitting error, also contribute to the errors in isophotal magnitudes. Other possible

error, not reflected in the formal errors. may come from:

1) Image blurring: This could be caused by seeing effects, poor focusing and poor
telescope guiding. The FWHAI of the Point Spread Function (PSF) is typically

from 1.5 to 2.5 arcseconds for most of our images. The importance of seeing on
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surface photometry has been stressed by Schweizer (1979, 1981), and confirmed
by a number of other authors. Discussion of seeing and other image-distorting

effects will be presented in Chapter 3.

Scale conversion: a conversion of CCD scale from pixel to arcseconds has to
be made in order to measure the brightness and size of a galaxy in meaningful
units. The adopted CCD scale is 0”.640 pixel 1, for Palomar 60-inch images,
0".435 pixel ™!, for Las Campanas 40-inch images, and 0”.405 pixel ™1, for Las
Campanas 100-inch images. These are the mean scale values of several mea-
surements for each CCD. Each measurement consists of a couple of star-pairs in
either the E-regions (Graham 1982), or the M67 cluster. The scatters were at

2

about 5% level, which would translate an error of 0.05 mag/arcsec” in surface

brightness of all levels, and a 5% error in radius.

Image cleaning: Most of the galaxies in the sample have bad pixels (usually
cosmic ray events) or foreground stars superposed on them in the CCD frames.
As explained above, these bad pixels and stars had been ignored in the process of
ellipse fitting, and had been cleaned up in the process of performing photometry.
Ignoring a small portion of a bad region in the fitting process might introduce
errors in the fitted parameters (i.e., ellipse intensity, ellipticity and position
angle). But such errors can be well ignored, both because the ignored regions
are always relatively small, and because most galaxies are relatively smooth and
symmetric. Even in the case of an irregular shaped galaxy, or a heavily armed
galaxy, the errors would be dominated by the large deviations of the isophotes
from ellipses, rather than by, if any, ignoring a small portion of it. Therefore,
it is expected that the surface brightness profile and ellipticity, which were
directly converted from the fitting results, are almost free of such errors. In
the case of performing photometry through elliptical apertures, however, the
bad regions and foreground stars have to be interpolated. rather than ignored.

The interpolation mode of SFOTO has a restoring function, which allows the



- 11.10 -
user to process the interpolation for a bad region back and forth several times,
until visually satisfied. An imperfect interpolation would introduce errors in the

isophotal magnitudes and colors. Unfortunately, this kind of error can not be

precisely quantified.

In order to give an estimate of those error sources, which were not implicitly
reflected in the quoted rms errors, an alternative photometry quality parameter
(Q), is assigned for each galaxy. This parameter, ranging from 1 to 5, with 1
indicating the highest quality, is subjectively estimated according to the author’s
judgment about the overall quality of photometry. The factors considered in the
judgment are usually the reliability of image cleaning, contamination of the galaxy
by scattered light of nearby bright stars, or a low signal-to-noise ratio of the object.
It is attempted to make the parameter () approximately reflect the photometry
errors due to these factors: a value from 1 to 3 corresponds crudely toa 0 — 5
percent uncertainty, a value of 4 indicates 5 — 10 percent uncertainty, and 5 is the
worst case. There are only 5 galaxies in the sample which were assigned a value of
4 or 5 for the Q parameter; these 5 galaxies are excluded from the following studies.
In sum, the overall reliability of the surface photometry in this thesis is judged by

both the rms formal errors and the quality parameter Q.

Additional uncertainties may be introduced when correcting surface photometry
for various effects, mainly Galactic absorption and internal extinction; these effects

will be discussed in Chapter 3 and Chapter 4.

§2.6 Average Profiles of Different Measurements

There are 50 galaxies in our sample that were observed twice or three times.
using same or different devices. The results of surface photometry from different

measurements of same object are weight-averaged as described below.
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a) Rescale Profiles of Different Measurements

Let {gj(rij),? = 1,m;}, be the observed profile of a quantity g of the jth
measurement (j = 1,n), and {oj(r;;), ¢ = 1,m;} be its formal errors. Usually,
different profiles have different numbers of points m; and were sampled on different
radius-bases, especially in the case that the measurements were done with different
devices. So the first thing to do is to re-scale the profiles of different measurements to
a common radius-base (r;, ¢ = 1,m), so that the average of different measurements
can be performed on this radius-base. The common radius-base is chosen to be

that of the j(t)h measurement, if the radius of its first point, 1.e., rq j,, is the smallest

of (r1j, j = 1,n); in the case that the radius of its last point, i.e., rmjo Jo? is not
the largest of (ij,j, j = 1,n), the common radius-base is simply extended using

the measurement, which has largest radius coverage. With the common radius-base
thus defined, we then “re-measure” each g profile, i.e., calculate the value of g for
each measurement at the radii (rj, = 1,m). This is done (where necessary) by
linear interpolation of the two closest points in the original profile, and the errors
associated with these “measurements” are taken to be the mean error of the two
points used in the interpolation. For those points in the common radius-base which
lie out of the original radius-range of a measurement, ¢ is assigned to an arbitrary

value, and will be given a zero weight in the following average.

A possible concern about the profile re-measuring procedure (i.e., linear inter-
polation) as just described is that it would introduce additional errors in the profile,
or smear out some fine structures in the profile. The uncertainty thus introduced
into the profiles, however, is believed to be very small relative to other uncertainties
discussed in §2.5. Because, all our profiles were originally sampled on a radius-base
with a 10% radius spacing, this means that in the inner part of a profile (the nuclei
region), a 10% radius ranges from tenth of pixel to a few pixels. Considering other

uncertainties in the profile (e.g., seeing effects. and measurement errors). the errors
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introduced by an interpolation of the profile within such a small interval should be
negligible. The outer part of a profile is usually flat and has larger uncertainties

from other sources, thus it is also believed to be suitable for a linear interpolation

in the outer part of a profile.

Now, for each measurement, we have a re-scaled g-profile, {gj(r;), ¢ = 1,m}
with error {o;(r;), ¢ = 1,m}. In order to best estimate the g profile from the n

measurements, which have different uncertainties. We need to weight each profile

properly.

b) Weight Profiles of Different Measurements

Djorkovski (1985) discussed the problem of weighting profiles of different mea-
surements at length. In this thesis, a relatively simple weighting scheme is employed.
The factors considered for assigning a weight to a profile are, 1) errors associated
with each profile, i.e., {o;(r;), i = 1,m}; 2) seeing effects, as characterized by the
parameter s = FWHM; and 3) the overall quality of the profile Q (see §2.5). Ex-
posure time and sky brightness are not explicitly included in our weight, these two
quantities largely determine the S/N ratio at the outer part of a profile, which is

partially reflected in the formal errors of the profile (see §2.5).

The complete weight function w;(r) is assumed to be a product of three indi-

vidual weight functions, which reflect the three factors mentioned above:
wi(r) = wh(r) - wi(r) - wh(r) (2.5)
Our determination of the three weight functions below will be largely based on
subjective, but reasonable judgements, rather than on strict statistical analyses.

The function w?(r) is a contribution from the original profile errors. and is taken
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to be the inverse of o, i.e.,
1
aj(r)

wl(r) = (2.6a)

The seeing weighting function 'wg (r) is supposed to account for the relative im-
portance of seeing effects. The detailed form of such a function depends, obviously,
not only on the amount and form of seeing corrections on surface intensity as a
function of radius, but also on how we define the weighting function in terms of
such corrections. It is therefore clear that the question of “weighting seeing” itself
is not well defined, even in principle. On the other hand, }}owever, we do hope that

a measurement with smaller seeing receives a larger weight in our average. For a

real galaxy, we therefore expect the form of the seeing weight function wg is such

that at a constant radius, it is a decreasing function of seeing, and the decreasing
rate is maximum at the galaxy center (the intensity peak) and gradually drops to

zero, as radius goes to infinity. Based on this qualitative expectation, we adopt the

following for a seeing weighting function
. s -

where

is the mean seeing of the n measurements. r, and Ar are two parameters that
control the amplitude of the weight and how it varies with radius, we adopt ro =

33, and Ar = 1.235. Figure 2.2 shows the relative seeing weight functions of two

measurements with seeing s = 2/ and 3.

It will be shown in §3.4, that seeing correction on surface brightness can be

approximated by a power law of s (= FWHM), with s? being the dominant term.
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Our adopted seeing weighting function (2.6b), which varies with s72, is therefore,

more or less, inversely proportional to the seeing correction on surface brightness.

Finally, wé(r) provides a global weight to the jt.h measurement. We define wg

to be inversely proportional to the square root of the global quality parameter @,

which has been assigned to each measurement (see §2.5),

wé(r) = —\/% (2.6¢)

Recall that @ has five possible values (1 to 5), and only those measurements
with ) < 3 are included in our sample. Thus w‘é takes one of the following three

values: 1.0, 0.70, or 0.58.

Equations (2.5) and (2.6a-c) define the weighting function for each observed
profile. In applying it to our data, care has to be taken for those points in the
common radius-base (r;, ¢ = 1,m), at which not every measurement has an available

observed value. This can be easily dealt with by introducing a switching function 6{

for each point, so that 5{ =1 at observed points, and 6{ = 0 at unobserved points.

The weighting function can then be expressed as

57

wj(r;) = —’{1 + —— = =1,m; j=1n (2.7)
JJ(TZ)\/@J'A 1 +e Ar

(%)2-1], 2

c) Average the profiles

Given a weight w;(r) for each g;(r), the final average of the g-profile is

Yoy wiri) gj(ri)

ri) = i=1, 2.8
o(ri) = 2 m (2:8)
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The formal error of the averaged profile is conservatively estimated in the same

manner.

crg(rz')=Zj:lnw:(:,)(:,j)(ri), i 1m (2.9)
j=1 wi(ri

This weighting method is applied to the observed profiles of those galaxies with
more than one measurements. For color profiles, the seeing weighting function is
taken to be the product of both the I-band and V-band seeing functions. The aver-
aging process is carried out using an interactive computer program, which displays,
on a graphic device, each of the original observed profiles and the mean profile given

by equation (2.8), and allows the user to modify the result.
Some notes on the average of different profiles:

1) Surface brightness profile: the agreement between different measurements are
generally within the formal error bars. But in some cases, the innermost profile
of different measurements can differ by more than several sigmas, due to seeing
effects; and the outermost one or two points sometimes can also have large
difference, presumably due to low S/N ratio or minor sky subtraction errors. In
the case that the innermost or the outermost couple of points were not sampled
by all the measurements, the value of surface brightness given by equation (2.8)
at these points sometimes show a noticeable shift relative to the mean trend of
the profile. A slight modification were then made on these points to make them

follow the mean trend.

2) The growth curve: the agreement between different measurements in the outer
part of the profile is generally good to within 1 o (i.e., $ 0.05 mag). The inner
parts sometimes show large differences, which are also caused by seeing effects.
As we did for the surface brightness profile, in the case that the last few points
were not sampled by all the measurements and a small shift is noticed between

these points and the mean profile: a small modification was then applied to
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make the whole profile smoother at these points.

Color profile: large disagreement between different measurements also occurs
in the inner part of the profile, which reflects the relative importance of seeing
effects. As mentioned before, in weighting the (V — I) color for seeing effects,
I simply use the product of the seeing weighting functions for both I and V
bands. Minor modifications were also applied on the innermost or outermost
points, where necessary. It is interes‘ting to note that quite a number of galaxies
show a reddening effect of typically 0.1 mag in the outer parts of color profiles.
This is not believed to be caused by possible sky subtraction errors for two
reasons: (1) no significant blue effect is seen, and (2) the outer part of color
profiles from different measurements are generally in good agreement. Poééible
explanations are, (1) galaxy disk is usually more extended at I-band than at V-
band (sharp V disk cut off ?), and (2) the S/N ratio at the outer part of galaxies
is lower for V images, because V images were always taken with shorter exposure

times than I images.

The ellipticity profile: as for other profiles, the ellipticity profiles are also aver-
aged according to equation (2.8), and agreement in the outer part of the profiles
(interesting range for inclination estimation) is always very good (within typi-
cally 3°). The inclination of a multi-measured galaxy was simply taken to be

the mean value of the individual inclination estimates.
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Figure Captions for Chapter 2

Figure 2.1: Effects of sky subtraction error on the surface brightness profile of a

pure e—disk galaxy.

Figure 2.2: Relative seeing weighting functions (eq. [2.6b]) for two measurements

with seeing (FWHM) of 2 and 3 units, respectively.
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Table 2.1

Cluster l b Ve + Vs + R
Pisces .. 125.8 -32.5 5274 (1 58) 5329 (111) -1
A400 ... 1703 -44.9 7154 (90) 7855 (134) 1
A539 ... 195.7 -17.7 8561 (123) 8502 ( 97) 1
Cancer .  202.5 287 4790 (89) 4376 (99) -1
A1367 .. 234.8 73.0 6427 (73) 6511 (140) 2
Coma .. 57.2 87.9 6931 (45) 7019 (193) 2
7274-23 .. 349.6  65.5 6025 (153) 6369 (181) -1
A2151 .. 317 445 11077 (97) 10657 (233) 2
Pegasus . 878 -48.4 4078 (78) 4319 (155) -1
A2634 . 103.5 -36.0 8783 (115) 8693 (215) 1
Antlia .. 273.0 200 2667 (84) 2662 (68) -1
Cen30 .. 302.5 21.5 2804 (52) 3160 (180) 0
Cend5 ..  302.5 21.5 4337 (35) 4478 (140) O
E508 ... 309.2 39.2 2728 (60) 2715 (63) -
Hydra . 269.6  26.5 3455 (85) 3476 (140) 1
N3557 ..  282.0 22.0 2702 (79) 2753 (64) -

[, b = galactic coordinate.

ve = cluster mean velocity in the LG frame.

vs = sample mean velocity in the LG frame.

R = richness class.
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Table 2.2

Observation of the Sample Galaxies

Name Date Telescope ET; X; ETv Xy Q
(1) (2) (3) 4 G  © @ (8)
PISCES

N295 87DEC10 P60 300 1.03 300 1.04 3
N296 87DEC10 P60 300 1.05 300 1.04 1
N444 88DEC09 P60 900 1.01 600 1.02 1
N452 88DEC09 P60 500 1.09 500 1.04 2
N536 88DEC09 P60 500 1.04 300 1.05 3
N582 88DEC09 P60 600 1.09 400 1.10 1
U525 88DEC10 P60 600 1.15 300 1.17 3
U540 88DEC10 P60 600 1.22 300 1.25 2
U556 88DEC10 P60 500 1.31 300 1.27 2
U557 88DEC10 P60 800 1.40 500 1.45 2
U575 89NOVO02 P60 600 1.79 300 1.69 2

89DEC22 P60 700 1.25 500 1.21 1
U633 89NOV02 P60 600 1.86 300 1.93 2

89DEC22 P60 600 1.50 300 1.54 1
U673 89NOV02 P60 600 2.10 300 1.95 2

89DEC22 P60 600 1.27 400 1.31 1
U679 89DEC21 P60 600 1.23 300 1.20 1
U732 89DEC21 P60 500 1.26 300 1.29 1
U841 88DEC10 P60 500 1.43 350 1.38 1
U987 88DEC10 P60 300 1.49 200 1.52 1
U1033 89DEC21 P60 300 1.39 300 1.43 2
U1066 89DEC22 P60 300 1.30 150 1.27 2
7501021 89DEC21 P60 450 1.53 300 1.47 1
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Table 2.2 — continued

Name Date “ Felescope ETr X; ETv Xv Q
(1) (2) (3) “4) ) (6 (O (8)
A400

U2285  88DEC09 P60 600 1.9 400 1.21 2

88SDEC10 P60 500 1.54 300 148 1
U2364  87TDECI0 P60 300 141 300 1.38 1
U2367  890CT27 P60 600 1.33 300 1.29 2

89DEC20 P60 300 112 300 1.12 1
U2375  890CT27 P60 600 1.39 300 143 2

89DEC22 P60 600 140 300 1.35 1
U2405  890CT27 P60 600 1.56 300 1.49 2

89DEC22 P60 600 148 300 1.52 1
U2414  S7TDEC10 P60 300 126 300 127 1
U2415  87DEC10 P60 300 129 300 127 1
U2454  87TDEC10 P60 300 1.30 300 1.32 1
U2509  88DEC10 P60 500 1.60 300 1.65 1
7415055 89DEC21 P60 200 138 150 1.35 1
7415058 89DEC21 P60 300 142 250 145 2

A539

U3219  87DECI0 P60 300 1.3 300 1.14 1
U3220  87DEC10 P60 300 1.15 300 1.14 1
U3236  87DEC10 P60 300 1.16 300 1.18 2
U3248  87TDECI0 P60 300 125 300 1.23 1
U3269  87DEC10 P60 300 123 300 1.24 1
U3270  87DEC10 P60 300 125 300 127 1
U3275  87DEC09 P60 300 1.31 300 1.29 1

89DEC20 P60 900 112 500 1.12 1
U3282  89DEC20 P60 900 1.5 450 118 3

890CT27 P60 900 120 300 1.14 3
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Table 2.2 —— continued

Name Date Telescope ET; Xp ETy Xy Q
(1) (2) (3) 4 ) () (0 (8)
U3291  87DECI10 P60 300 1.27 300 125 1
7421011 87DEC09 P60 300 1.33 300 1.36 1
7421012 87DECI10 P60 300 1.40 300 1.37 1
7421030 87DEC09 P60 300 1.42 300 1.39 1
CANCER

12288 87DEC01 P60 300 1.02 300 1.02 1

89DEC20 P60 600 1.09 400 1.07 1
12348 87DECO1 P60 300 1.03 300 1.03 1
N2535  88DECI10 P60 600 1.06 400 1.05 3
N2545  89DEC21 P60 200 1.15 200 1.14 1
N2570  87DECOI P60 300 1.03 300 1.03 1
N2575  S9FEB10 P60 300 1.01 250 1.02 3
N2582  88DECI0 P60 400 1.03 250 1.03 1
N2595  89DEC22 P60 300 1.03 300 1.03 3
N2596  87DECO1 P60 300 1.05 300 1.05 1
U4299  87DECO1 P60 300 1.06 300 1.05 1

89DEC22 P60 600 1.02 300 1.02 1
U4329  87DECO1 P60 300 1.07 300 1.08 1

89DEC20 P60 600 1.05 400 1.07 1
V4344  89DEC20 P60 600 1.12 300 1.09 1
U4361  87DECO1 P60 300 1.10 300 1.08 1
U4386  87DECO1 P60 300 1.12 300 1.14 1
U4399  87DECO1 P60 300 1.16 300 1.14 1

89DEC20 P60 700 1.04 400 1.03 2
U4400  87DEC02 P60 300 1.49 300 145 1

89DEC20 P60 900 1.05 500 1.06 2
U4405  87DEC02 P60 300 1.36 300 1.39 i
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Name Date Telescope FET; X; FETy Xy Q
(1) (2) (3) 4 6y (6 (@ (8)
U4424 87DEC02 P60 300 1.35 300 1.32 1
89DEC20 P60 1000 1.03 600 1.04 1
U4444 89DEC21 P60 200 1.25 200 1.26 1
U4446 87DEC02 P60 300 1.23 300 1.25 2
789001 89DEC22 P60 400 1.07 300 1.06 1
7119019 88DEC10 P60 600 1.03 400 1.05 1
7119044 87DECO02 P60 300 1.17 300 1.15 2
7119047 890CT27 P60 600 1.06 300 1.07 2
89DEC20 P60 900 1.13 400 1.17 1
7119051 87DEC02 P60 300 1.12 300 1.14 1
7119053 87DECO02 P60 300 1.11 300 1.10 2
7119066 88DECI10 P60 600 1.10 400 1.12 3
7119095 87DEC02 P60 300 1.05 300 1.04 1
72119107 87DEC02 P60 300 1.03 300 1.03 2
A1367
1742 87DEC09 P60 300 124 300 1.26 1
N3697 87DEC02 P60 300 145 300 141 1
89DEC21 P60 200 1.20 150 1.19 1
N3701 87DEC09 P60 300 1.14 300 1.12 2
N3832 88APRO09 P60 300 1.02 300 1.02 1
N3840 87DEC02 P60 300 141 300 1.46 1
N3861 87DEC02 P60 300 1.38 300 1.35 1
N3883 87DEC09 P60 300 1.14 300 1.16 1
N3933 87DEC09 P60 300 1.16 300 1.15 1
N3947 87DEC09 P60 300 1.10 300 1.11 1
N3951 87DEC02 P60 300 1.29 300 1.31 1
U6509 89DEC22 P60 300 1.06 300  1.05 1
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Table 2.2 — continued

Name Date Telescope FET; X; ETv Xy Q
(1) (2) (3) 4 6 () () (8)
U6586 87DEC10 P60 300 1.27 300 1.25 1
U6686 87DEC02 P60 300 1.21 300 1.23 1
U6743 88APR0O9 P60 300 1.11 300 1.10 1
U6821 87DEC10 P60 300 1.19 300 1.17 1
U6837 87DEC02 P60 300 1.20 300 1.8 1
U6876 87DEC10 P60 300 1.14 300 1.16 1
U6891 87DEC02 P60 300 1.16 300 1.18 1
797005 88DECI10 P60 800 1.20 500 1.17 2

89DEC22 P60 600 1.04 400 1.05 1
797033  88DECI10 P60 600 1.11 400 1.13 1
797058 89FEB10 P60 300 1.43 250 1.40 3

89DEC20 P60 300 1.06 250 1.07 1
797062 89FEB10 P60 600 1.28 400 1.32 3
797068 88DEC10 P60 300 1.07 300 1.08 1
797152 89FEB10 P60 300 1.‘17< 300 1.15 1
797180 89FEB10 P60 700 1.10 500 1.12 1
797185 89FEB10 P60 600 1.09 400 1.08 1
7126083 89DEC21 P60 300 1.16 300 1.17 1
7126104 88APRI11 P60 500 1.10 300 1.09 2
7127005 89FEB10 P60 700 1.02 500 1.03 1
7127049 89FEBI10 P60 600 1.03 400 1.02 2
7127056  89FEB10 P60 600 1.03 400 1.02 1
7127082 89FEB10 P60 600 1.03 400 1.04 2

89DEC21 P60 400 1.15 300  1.14 1
7127083 88APRI11 P60 500 1.08 300 1.09 1
1821 89FEB12 P60 250 1.01 200 1.01 2
1842 89FEB11 P60 300 1.01 300 1.01 1

89DEC22 P60 600 1.10 300 1.09 i
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Table 2.2 —— continued

Name Date Telescope ETr X; FETy Xy Q
(1) (2) (3) 4 6) () (@ (8)
13949 89FEB12 P60 350 1.01 300 1.01 2
14040 89DEC20 P60 600 1.04 300 1.06 1
14088 89FEB11 P60 300 1.00 250 1.00 1
N4966 89FEB11 P60 300 1.01 300 1.00 3
89DEC22 - P60 300 1.07 250 1.08 3

N5065 89FEB11 P60 400 1.00 300 1.01 1
N5081 89FEB12 P60 300 1.05 300 1.05 2

COMA

U7754 89DEC21 P60 400 1.13 300 1.11 1
U7978 89FEBI11 P60 400 1.08 300 1.07 1
89DEC21 P60 300 1.19 250 1.21 1

U8013 89DEC20 P60 800 1.08 400 . 1.07 1
U8017 89FEBI11 P60 400 1.12 300 1.13 1
U8161 89FEB11 P60 300 1.16 250 1.14 1
- U8195 89FEB12 P60 600 1.20 450 1.24 1
U8229 89FEB12 P60 300 1.34 250 1.32 1
UB244 89FEB12 P60 700 1.16 500 1.14 2
2160058 89FEB12 P60 600 1.06 400 1.08 2

774-23

N5409 89FEB10 P60 400 1.11 250 1.10 1
N5416 89FEB10 P60 350 1.10 200 1.10 1
U8918 88APRI11 P60 500 1.40 300 1.44 1
U8927 88APRI11 P60 500 1.36 300 1.33 2
U8948 88APRI11 P60 500 1.22 300 1.25 3
U8950 8SAPRI11 P60 500 1.19 300 1.17 1




- 11.26 -

Table 2.2 — continued

Name Date Telescope ET; Xr FETv Xy Q
(1) (2) (3) 4 6 (6 @ (8)
U8951 88APRI11 P60 500 1.14 300 1.16 1
U8967 88APRI11 P60 500 1.09 300 1.09 1
U9023 89FEB10 P60 650 1.14 450 1.16 1
09027 88APRI11 P60 500 1.08 300 1.09 1
774012 88APRI11 P60 500 1.11 300 1.10 1
774035 88APR11 P60 600 1.14 400 1.15 1
A2151
11155 89FEB12 P60 500 1.28 350 1.26 4
11173 89FEB10 P60 400 1.18 300 1.17 1
N6050 89FEB10 P60 600 1.11 400 1.13 1
U10085 89FEB12 P60 600 1.15 400 1.18 2
U10190 - 89FEBI12 P60 800 1.10 600 1.08 2
U10195 89FEB12 P60 300 1.06 200 1.06 1
72108108 89FEBI10 P60 500 1.09 280 1.07 1
7108140 89FEB10 P60 400 1.05 300 1.05 2
7108158 89FEB12 P60 450 1.37 350 1.42 3
PEGASUS
11474 87DECO02 P60 300 1.21 300 1.22 1
15309 87DEC02 P60 300 1.34 300 1.20 2
N7536 87DEC02 P60 300 1.32 300 1.35 1
N7591 87DEC02 P60 300 1.50 300 147 1
N7593 89DEC20 P60 500 1.38 300 135 3
N7631 87DEC02 P60 300 1.50 300 1.54 1
U12382 89DEC21 P60 400 1.32 250  1.34 2
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Table 2.2 —— continued

Name Date Telescope ET; X; FETv Xv Q
(1) (2) (3) @ 6 © O (8)
U12423 89DEC21 P60 450 1.38 300 1.34 4
U12451 89DEC21 P60 500 1.45 300 1.51 2
U12467 89DEC22 P60 600 1.22 400 1.20 1
U12494 89DEC22 P60 600 1.25 300 1.27 1
U12547 89DEC22 P60 500 1.35 300 1.32 1
U12555 89DEC22 P60 600 1.40 300 1.44 1
U12561 89DEC22 P60 600 1.47 300 141 2
U12571 89DEC22 P60 400 1.46 300 1.50 1
A2634

N7747 88DEC10 P60 300 1.01 200 1.01 1
U12631 88DEC10 P60 500 1.03 300 1.02 1
U12678 88DEC10 P60 600 1.05 400 1.06 2
U12701 88DEC10 P60 900 1.10 600 1.07 1
U12721 88DEC10 P60 600 1.12 400 1.14 1
U12746 88DEC10 P60 600 1.20 400 1.16 1
U12755 88DEC10 P60 500 1.22 300 1.25 1
7476112 89DEC21 P60 500 1.24 300 121 5
7477024 89DEC21 P60 600 1.25 300 1.27 2

89DEC22 P60 600 1.40 350 1.44 1
7477033 89DEC21 P60 600 1:36 350  1.30 1
7498012 89DEC21 P60 600 1.47 300 1.51 1

ANTLIA

318-4 88JAN25 C40 900 1.09 600 1.12 1
437-14 88JAN24 C40 900 1.28 600 1.35 1
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Table 2.2 —— continued

Name Date Telescope FET; Xr FETv Xy Q
(1) (2) (3) 4 ¢ 6 O (8)
437-18 88FEBO8 C100 300 1.16 200 1.18 1

88JAN27 C40 600 1.78 720 1.64 3
437-56 88JAN29 C40 900 1.23 600 1.28 1

88FEB09 C100 300 1.00 200 1.00 1
12531 88JAN24 C40 900 2.09 600 1.89 1
12556 88JAN26 C40 900 1.98 600 1.82 3

88FEB10 C100 300 1.05 200 1.06 2
12559 88JAN26 C40 900 1.56 600 1.69° 1
12560 88JAN24 C40 900 1.66 600 1.79 2
N3223 88JAN23 C40 900 1.51 600 1.64 2
N3347A 88JAN27 C40 600 1.23 400 1.26 2
N3347B 88JAN27 C40 800 1.18 600 1.14 2
N3449 88JAN27 C40 500 1.42 300 1.37 1

CEN30

268-44 88JAN24 C40 900 1.13 600 1.10 2
268-46 88JAN24 C40 900 1.06 600 1.08 1
269-28 88JAN27 C40 900 1.40 600 1.32 2
269-52 88JAN28 C40 900 1.24 600 1.28 1
322-42 88JAN23 C40 900 1.35 600 1.41 2

88FEBO09 C100 300 1.05 200 1.06 1
322-85 88JAN29 C40 900 1.23 600 1.19 1
323-27 88JAN26 C40 600 1.46 400 1.40 1
323-72 88JAN27 C40 900 1.17 600 1.14 1
381-14 88JAN24 C40 900 1.14 600 1.17 1
N4603 88JAN24 C40 900 1.27 600 1.23 2
N4603A  88JAN23 C40 900 1.27 600 1.22 1
N4672 88JAN25 C40 900 1.05 600 1.04 3




- 11.29 -

Table 2.2 —— continued

Name Date Telescope ET; X; ETyv Xy Q
(1) (2) 3) 4 G © (O (8)
CEN45
268-37 88JAN25 C40 900 1.09 600 1.11 2
322-48 88JAN23 C40 900 1.15 600 1.18 2
323-25 88JAN29 C40 900 1.12 600 1.16 1
323-39 88JAN28 C40 900 141 — — 2
323-73 88JAN27 C40 900 1.23 600 1.27 1
N4679 88JAN23 C40 900 1.10 600 1.08 1
E508
443-79 88JAN26 C40 900 1.10 600 1.08 3
507-41 88JAN27 C40 900 1.60 600 1.70 1
507-42 88JAN26 C40 800 1.24 500 1.20 2
507-67 88JAN26 C40 900 1.13 600 1.17 2
508-11 88JAN27 C40 900 1.09 600 1.11 2
508-19 88JAN27 C40 900 1.03 600 1.04 3
508-51 88JAN28 C40 900 1.10 600 1.08 2
508-7  88JAN26 C40 900 1.03 600 1.05 2
576-11 88JAN23 C40 900 1.08 600 1.10 1
576-32 88JAN28 C40 900 1.16 600 1.21 2
576-40 88JAN28 C40 900 1.04 600 1.06 2
14237  88JAN28 C40 700 1.03 400 1.02 1
N5022 88JAN24 C40 602 1.05 600 1.04 1
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Table 2.2 —— continued

Name Date Telescope FET; X; FETv Xy Q
(1) (2) 3) 4 6 © (@ (8)
HYDRA

437-30 88JAN27 C40 700 1.46 500 1.53 1

88FEB13 C40 397 1.08 300 1.07 1
437-34 88JAN29 C40 900 1.77 600 1.57 2

88FEBO08 C100 300 1.01 200 1.01 1
437-4 88JAN24 C40 900 1.55 600 1.46 1
437-54 88JAN29 C40 600 1.46 600 1.36 . 1

88FEB08 C100 300 1.00 200 1.00 1
501-1 88JAN25 C40 900 1.20 600 1.16 2

88FEB09 C100 300 1.02 300 1.01 1
501-2 88JAN28 C40 900 1.97 600 1.87 3

88FEBO0S C100 400 1.16 300 1.12 1
501-68 88JAN28 C40 900 1.54 600 1.42 1

88FEBO0S8 C100 4060 1.27 300 1.21 1
501-82 88JAN26 C40 900 1.69 600 1.59 1
501-86 88JAN28 C40 900 1.21 600 1.17 1

88FEBO0S C100 300 1.39 200 1.36 1
N3463 88JAN26 C40 900 1.15 600 1.19 1

N3557

319-11 88JAN24 C40 900 1.16 600 1.14 3
377-21  88JAN23 C40 900 1.26 600 1.21 1
377-31 88JAN25 C40 900 1.05 600 1.07 2
377-34 88JAN24 C40 900 1.32 600 1.26 2
377-40 88JAN28 C40 600 1.17 600 1.21 1
378-11 88JAN26 C40 Q00 1.03 400  1.04 2
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Table 2.2 —— continued

Name Date Telescope ET; Xy ETv Xy Q
(1) (2) 3) @ 6 6 O (8)
378-3  88JAN25 C40 900 1.04 600 1.02 1
N3533 88JAN26 C40 900 1.36 600 1.55 1
N3568 88JAN23 C40 900 1.35 600 1.42 4
N3573 88JAN26 C40 400 1.31 300 1.27 2
South sky galaxies without HI measurement

263-51 88JAN23 C40 900 140 600 134 2
321-10 88JAN29 C40 400 1.01 200 1.01 2
321-16 88JAN29 C40 400 1.01 200 1.02 2
321-18 88FEBO09 C100 300 1.02 200 1.01 3
322-9  88FEBO09 C100 150 1.03 100 1.03 1
323-42 88JAN26 C40 900 1.30 600 1.35 1
324-23 88FEBI11 C40 600 1.02 400 1.02 1
377-17 88JAN29 C40 900 1.17 600 1.22 3

88FEB10 C100 600 1.10 400 1.10 3
380-14 88FEBO8 C100 400 1.01 300 1.02 1
380-29 88FEBI10 C100 300 1.12 200 1.14 1
380-34 88FEBI10 C100 400 1.20 300 1.18 2
380-8  88FEBO09 C100 300 1.01 200 1.01 2
382-32 88FEB10 C100 300 1.02 200 1.02 1
382-4  88FEBI10 C100 300 1.07 200 1.08 2
382-41 88FEBI10 C100 300 1.01 200 1.01 1
382-45 88FEBI10 C100 300 1.01 200 1.01 3
382-58 88FEB13 C40 600 1.55 400 1.60 1
383-2  88FEBI1 C40 600 1.06 400 1.05 1
383-27 88FEBI12 C40 300 1.04 300 1.03 1
383-44 88JAN29 C10 600 1.18 — @ —- 2
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Table 2.2 —— continued

Name Date Telescope ET; X; FETyv Xy Q
(1) (2) 3) 4 6 © O (8)
383-48 88FEBI12 C40 300 1.53 200 1.59 1
383-60 8SFEBI12 C40 400 1.37 300 1.33 2
383-72 88FEB12 C40 500 1.14 400 1.12 1
383-88 88FEBI12 C40 300 130 300 1.33 2
384-2  88FEBI12 C40 900 1.01 600 1.00 3
437-31 88JAN28 C40 900 1.25 600 1.32 1

88FEB08 C100 500 1.00 300 1.00 1
442-28 88FEBI10 C100 600 1.10 300 112 - 3
443-21 88FEBI10 C100 300 1.09 200 1.08 1
443-42 88FEBI10 C100 200 1.19 150 1.18 1
443-59 88FEBI10 C100 300 1.05 200 1.04 1
443-83 88FEB10 C100 300 1.03 200 1.02 1
444-47 88FEBI10 C100 250 1.01 150 1.00 2
445-14 88FEB12 C40 ’ 300 1.17 300 1.19 2
445-26 88FEBI13 C40 600 1.51 400 1.45 1
445-58 88FEBI12 C40 300 1.27 300 1.25 1
445-81 88FEB12 C40 400 1.03 300 1.04 2
507-62 88FEB09 C100 200 1.03 100 1.02 1
510-7  88FEBI13 C40 900 1.32 600 1.40 1
11657  88JAN28 C40 600 1.58 500 1.51 1
13290  88FEBO09 C100 150 1.03 100 1.02 1
14214  88FEBI10 C100 120 1.00 60 1.00 1
14299 88FEB12 C40 400 1.77 300 1.70 1
14351  88I'EB13 C40 400 122 300 1.19 1
N4112 88JAN29 C40 400 1.02 200 1.02 2
N4219 88JAN29 C40 300 1.04 150 1.04 1
N424 88JAN27 C40 600 1.72 900 1.61 1
N4980 8SFEBO0S C100 400 1.02 300 1.02 1
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Table 2.2 —— continued

Name Date Telescope FET;r Xr FElyv Xy Q

(1) (2) 3) 4 (6) (6 (7) (8)

N5121A 88FEB11 C40 900 1.08 600 1.11 2

N5161 88FEB11 C40 900 1.23 600 1.30 1
88FEB13 C40 600 1.00 400 1.01 1

N5188 88FEBI11 C40 400 1.03 200 1.03 1

N5302 88FEB12 C40 400 1.09 300 1.10 1

N5398 88FEB13 C40 900 1.12 600 1.15 2

Col. 1: galaxy name.

Col. 2: observing data (yymmdd).

Col. 3: telescope (P60=Palomar 60"; C40, C100=Las Campanas 40", 60" .

Col. 4: I-band exposure time in seconds.

Col. 5: [-airmass.

Col. 6: V-band exposure time in seconds.

Col. 7: V-airmass.

Col. 8: photometry quality parameter (see text).



-11.34 -

Table 2.3

Photometric Thansformation Coefficients

Date a b c d kg kv_g
(yymmdd) (mag) (mag) (mag/airmass)
Palomar / 60 inch telescope / CCD-scale = 0.640"pixel !
87DECO01 21.505 £0.010 -0.050 +0.010 1.680 £0.030 1.110 £0.020 0.05 0.09
87DEC02 21.500 +£0.020 -0.030 +£0.030 1.635 £0.030 1.100 £0.020 0.05 0.09
87DEC09 21.503 +£0.029 -0.019 +£0.040 1.670 £0.017 1.107 £0.018 0.05 0.09
87DEC10 21.498 +0.008 -0.018 £0.010 1.653 £0.010 1.096 £0.008 0.05 0.09
S88APR09 21.429 4£0.011 -0.020 +0.010 1.588 £0.005 1I1.067 £0.005 0.05 0.09
88APR11 21.384 +£0.008 -0.022 £0.012 1.574 £0.027 1.042 £0.022 0.05 0.09
88DEC09 21.420 +£0.027 -0.051 £+0.025 1.644 +0.011 1.064 £0.011 0.05 0.09
88DEC10 21.424 +£0.019 -0.017 £0.015 1.634 £0.010 1.042 +£0.008 0.05 0.09
89FEB10 21.223 £0.012 -0.023 £0.010 1.594 +0.014 1.055 £0.012 0.05 0.09
89FEB11 21.223 £0.012 -0.023 +0.010 1.594 £0.014 1.055 £0.012 0.05 0.09
89FEB12 21.223 £0.012 -0.023 £0.010 1.594 +0.014 1.055 £0.012 0.05 0.09
89DEC20 21.460 +£0.017 -0.020 £0.016 1.530 +0.018 1.040 £0.016 0.05 0.09
89DEC21 21.465 £0.020 -0.020 £0.020 1.590 £0.020 1.070 £0.020 0.05 0.09
89DEC22 21.490 £0.019 -0.034 £0.016 1.598 +0.018 1.079 £0.018 0.05 0.09
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Table 2.3 —— continued

Date a b c d kr kv_r
(yymmdd) (mag) (mag) (mag/airmass)
Las Campanas / 40 inch telescope / CCD-scale = 0.435"pixel™!
88JAN23 22.098 £0.018 0.050 £0.017 0.763 £0.005 0.952 £0.007 0.07 0.10
88JAN24 22.112 £0.025 0.032 £0.031 0.756 £0.007 0.966 £0.015 0.07 0.10
88JAN25 22.100 £0.030 0.040 £0.030 0.760 £0.020 0.966 £0.020 0.07 0.10
88JAN26 22.151 +£0.001 0.036 £0.002 0.806 £0.008 0.970 £0.018 0.07 0.10
88JAN27 22.190 +£0.007 0.025 £0.011 0.807 £0.010 0.953 £0.020 0.07 0.10
88JAN28 22.183 +£0.008 0.044 +0.011 0.829 +£0.013 0.979 £0.030 0.07 0.10
88JAN29 22.191 £0.008 0.050 £0.014 0.830 £0.006 0.973 £0.010 0.07 0.10
88FEB11 22.030 +0.014 0.060 £0.015 0.731 £0.010 0.982 £0.010 0.0v 0.10
88FEB12 22.026 +0.018 0.080 £0.023 0.731 £0.008 0.982 £0.020 0.07 0.10
88FEB13 22.044 £0.006 0.050 £0.007 0.793 £0.014 0.964 £0.027 0.0v 0.10
Las Campanas / 100 inch telescope / CCD-scale = 0.405"pixel ™!
88FEB08 23.176 £0.020 0.040 £0.020 1.137 £0.020 0.965 £0.020 0.07 0.10
88FEB09 23.178 £0.019 0.038 £0.031 1.141 £0.017 0.967 £0.020 0.0v 0.10
88FEB10 23.194 £0.015 0.020 £0.024 1.162 £0.021 0.982 £0.027 0.07 0.10
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Figure 2.1
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Figure 2.2
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CHAPTER III

VARIOUS EFFECTS ON SURFACE PHOTOMETRY

§3.1 Instruction

What we expect from surface photometry of a galaxy is its true or intrinsic
two dimensional light distribution. Unfortunately, the light of a galaxy has suf-
fered a number of effects (e.g., absorption, scattering and refraction) on its way
to an astronomical detector, so that the apparent light distribution, i.e., the sur-
face brightness profile derived in the previous chapter, does not represent the real
energy distribution of the galaxy. In order to make use of these distorted profiles
for further investigation about galaxies, we either need to “restore” the true profile
by correcting the apparent profiles for various effects, or at least to have a good
estimate of th; errors caused by the effects in the interesting pa.i‘ameters extracted

from the distorted profiles.

There are basically two kinds of effects that distort the true light distribution of
a galaxy. The first kind of effects are those which the light has suffered after leaving
the parent galaxy. These effects are not directly coupled with the properties of
the galaxy itself, and can be named as ezternal effects, which include. for example.
Galactic absorption, cosmological effects (K-correction, cosmological dimming) arad
seeing effects. The second kind of effects come out of the intrinsic properties of the
program galaxy itself, which can be named as internal effects. These are basically
due to the extinction and scattering of galaxy light by the dust particles within the
galaxy. To calculate these effects requires not only the detailed knowledge about t e

total amount and the 3-dimensional distribution of dust particles and their physic al
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properties, but also the amount and intrinsic 3-dimensional light distribution of the
program galaxy, which is exactly what we are trying to learn. This complication
plus the insufficient knowledge about dust in galaxies make it almost impossible to
accurately correct for the internal effects. Yet these effects, if not suitably accounted

for, may greatly mislead our understanding about galaxies.

Before any specific correction is estimated, it is helpful to outline the formal
correction formula for surface brightness profile. Let J(r) = the true surface in-
tensity profile, I(r) = the apparent intensity profile, G = the Galactic absorption
factor, C = the cosmological effects, and E = the internal extinction factor. Let
f(r) = point spread function (PSF). The apparent intensity profile is expected to
be the convolution of the PSF with the residual true profile, i.e., J, after going
through all other effects:

I=[G-C-E-J]*f. (3.1.1)
Because of the convolution, the above equation can not be expressed in the form of
logarithm addition (i.e., in units of magnitude), unless G, C, and E are constant
across the surface of the galaxy. Correction for seeing effects (i.e., deconvolution
of equation 3.1.1) is not a trivial problem, and will be discussed in §3.4. At the
moment, pretending there is no seeing effect (i.e., set f(r) = é(r)). equation (3.1.1)

can then be expressed in units of magnitude
p(r) =n(r) + Ag + Ac + Ai, (3.1.2)

where p(r) is the observed surface brightness profile, in the absence of seeing ef-
fects; n(r) is the intrinsic surface brightness profile that we are intended to recover.
Ag, Ac, and A; are, respectively, the Galactic absorption, the cosmological term,
and the internal absorption term. Strictly speaking. the three correction terms all
depend on radius r, implying that both the zero point and the shape of the surface

brightness profile are changed by these effects.
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The Galactic absorption correction term, Ag, and the Cosmological correction,
Ac, in equation (3.1.1) will be estimated in §3.2 and §3.3, respectively. The seeing
effects will be discussed in §3.4. The internal extinction term, A;, because of its

special importance for the study of this thesis, will be separately discussed at length

in Chapter 4.

3.2 The Galactic Absorption

The light of an external galaxy, before being detected on earth, had to go
through the processes of absorption and scattering by the dust particles in our
galaxy, namely the Galactic absorption. The Galactic abso-rption problem has been
comprehensively studied by Burstein and Heiles (1978) using the intervening neutral
hydrogen density. In this thesis, the predictions of Burstein and Heiles are employed
for the galactic absorption correction of our sample galaxies. For the northern-sky
galaxies in the sample, absorption values were taken from the extinction list of
Burstein and Heiles (1984); and for the southern-sky galaxies, absorption values
were kindly provided by Dr. Burstein. There are a number of galaxies in the thesis
sample that lie in the “Great Attractor” region (i.e., 230° < I < 310°, —-22° <
b < 22°); for these galaxies, the reddenings were reduced by a factor of 2 from the
original Burstein and Heiles predictions, based on the information recently learned
during the 7-Samurai survey (Burstein 1990). The extinction given by Burstein
and Heiles is expressed as 4E(B — V). Applying the van de Hulst extinction curve
No. 15 (Johnson 1968), and the transformation between Johnson and the Cousins
systems given by Fernie (1983), we estimated the extinctions at Cousins 1" and [
bands were, respectively 75% and 44% of the extinction value 4E(B — V) as given

by Burstein and Heiles.
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§3.3 The Cosmological Effects

Surface brightness is simply a measure of the integrated light per unit area
on the surface of an object, while, in an expanding universe, both light (photons)
and area (apparent size), as practically measured by astronomers, are subject to
cosmological effects. Therefore, surface brightness is expected to be subject to

cosmological effects as well.

In an isotropic and homogeneous universe, the general form of the metric is the

Rebertson-Walker metric

2
dr? = 2dt? — R2(¢) [—ﬁ +r2d8? + r2sin? 9d¢2J (3.3.3)

Let t and ¢, be, respectively, the emission and reception time of an object at

comoving radial coordinate r. Then we can write

to cdt r dr
— = | ——. 3.34
t R(¢) /o V1 —kr? ( )
By introducing the Hubble constant H, = %2, and the parameter g, = %H -2,

the above equation yields the relation between comoving coordinate r and the red-
shift of the object, z = %‘7— — 1 (see, e.g., Weinberg 1972)

r= DL (3.3.5)

(1+2)R,’

where Dy is the luminosity distance,

Dy = qu 902 + (g0 = (/1 + 2002 — 1)]. (3.3.6)

The metric distance at the time of emission is given by

d=rR = = — (3.3.7)
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If Az is the physical size of the object at the time of emission, then the apparent

size of the object would be

Az Az 9
- _ = . 3.3.
A8 7 D, (1+=2) (3.3.8)

The cosmological effects on luminosity can be estimated as follows (see, e.g.,

Gunn and Oke 1975; Schneider, Gunn and Hoessel 1983). Define,

N()\) = The number of photons of wavelength X in the unit interval of dt dA, emitted

by the object at time t.

n(\) = The number of photons of wavelength A received per unit interval of dt dA,

per unit area, at time t,.

Because the expansion of the universe will red-shift a A photon to a (1 + 2)A
photon, and expand a time interval dt to (1 + z)dt, the relation between n(A) and
N(A) is thus,

A
1+ 2

1
4rd?

A d\ dt 1
)

A)dtdA = = A 3.
n(A)dtd N(1+z 1+z1+z 47TD%N( )dtd (3:3.9)

Now, assume the object is observed with a photon counting device, through a

filter of transmission function s(\). The apparent luminosity will be

o= [ nO) s dr = L A 1) s(2) dA

47:D% 142
1 0 [ N($5) s(A)dA] ..
= —— A (MV)s z 3.
[4@‘[{/@ () (A)d)\” N D | (3.3.10q)
13
= % (3.3.100)

where, 19 is the apparent luminosity free of cosmological effect (the first bracket of

equation 3.3.10a), and Kj is defined as the K-correction (the inverse of the second
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bracket of equation 3.3.10a). The subscript s indicates the s filter. If expressed in

magnitudes, the above equation becomes

ms = —2.5logls = —2.5log 12 + 2.5log K5 = mg + ks. (3.3.11)

The k-term now is

_ JSCN(A)s(A)dA ] _ [ X F(A) s(A) AdA
ks =2.510 = 2.510 z , (3.3.12
olos J° N(15) s(A) dA Plog| (14 )f<§’°F(1—iz)S(/\)/\d,\ ( )

where F(\) = be(/\), is the energy flux of the object.

If the object is observed with a flux-measuring detector instead, the k-term
would become -
Joo (M) s(A) dA

ffoF(-f_’\F—z)s(/\)dA . (3.3.13)

ks = 2-510g (1 + Z)

Equations (3.3.8) and (3.3.10) show, respectively, how the apparent size and
the apparent luminosity of a distant object are affected in an expanding universe.

Combining these results, one has the apparent surface brightness,

19-D2
_b & B (3.3.14)
A2 T (1+2)4Ks (14 2)%Ks e

B;
g0 . o . :
where B? = XI—QL, is obviously the intrinsic surface brightness of the object. Ex-

press (3.3.14) in magnitudes, we have

ps = —2.5log Bs = —2.5log By + 10log(1 + z) + 2.51log A's

= ul +10log(1 + 2) + ks. (3.3.15)

This implies that the surface brightness correction for cosmological effects. that we

are seeking for, is given by

Ac = 10log(1l + z) + ks. (3.3.16)
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The first term in (3.3.16) partly accounts for the cosmological stretching-effect
on the angular size of a distant galaxy, as described by equation (3.3.8). The same
stretching-effect stretches the coordinate scale (i.e., semi-major axis) of the surface
brightness as well, and should be corrected. A stretching factor of (1+ z)? implies a
6 percent stretch for a galaxy at redshift 0.03, the edge of the current sample. Note
that the luminosity distance Dy, in equation (3.3.8) is also a function of redshift (see
equation [3.3.6]); this redshift dependence of Dy should be taken into account, in
order to completely remove the redshift dependence of angular diameter (Lynden-
Bell et al. 1988). To do this, however, one need to know the value of g in equation
(3.3.6). In this thesis, a correction for the factor (1 + z)2 will be simply applied on

the semi-major axes.

Given the energy spectrum of the object F(\), and the filter transmission func-
tion s()), the k-correction can be numerically calculated at any z. We carried out
such calculations for different types of galaxies, at both Cousins I and V bands. In
these calculations, the energy distributions of different types of galaxies were taken
from Pence (1976); and the I and V filter transmission functions were taken from
Bessel and Wickramasinghe (1979), and Azusienis and Straizys (1969), respectively.
The I-band and V-band k-corrections for different types of galaxies in the redshift
range from 0 to 0.05 are plotted in Figure 3.1 and 3.2. respectively. The solid curves
represent the k-corrections for a photon-counting device [i.e., equation (3.3.12)], and
the dashed curves are the k-corrections for a ﬂuz-meds;),;"ing device [i.e., equation
(3.3.13)]. The I and V bands photon-counting k-corrections, denoted as ky and
LV respectively, for different types of galaxies in the redshift range from 0 to 0.03,

within which all my thesis galaxies lie, can be well approximated by

ki(T,z) = (0.5876 — 0.1658T) = (3.3.17a)

ky(T,z) = (1.9728 — 0.4109T) = (3.3.17b)
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where T is the morphological code of galaxies according to the RC2 catalog.

Strictly speaking, the energy distribution of a galaxy varies with radial coor-
dinates, and the k-correction on,surface brightness profile is thus a function of
radius. The k-terms calculated above can be regarded as averages of the complete
k-correction over the face of a mean galaxy for each type, since the calculation
was based on integrated energy distribution (Pence 1976). From the trend of k-
correction for different galaxies shown in Figures 3.1 and 3.2, and the fact that a
spiral galaxy is usually bluer at outer part than at the center, it is expected that
the k effect is not only to change the zero-point of a profile, but also to reduce the
slope of the profile. An upper limit of this slope-shallowing effect can be roughly
estimated using the difference of k-corrections between an E galaxy and a Sdm
galaxy at the same redshift, which is less than 0.03 mag at I-band for galaxies
within redshift 0.03 (Figure 3.1). In this thesis, a constant k-correction given by

equation (3.3.17) will be applied to all the profiles.

§3.4 The Seeing Effects

Since the discussion of seeing effects on surface photometry by Schweizer (1979,
1981), the problem has been reinvestigated by a number of authors (e.g., Lauer
1985; Djorgovski 1983; Kormendy 1984; Bendinelli, Parmeggiani & Zavatti 1986;
Franx, Illingworth & Heckman 1989). The general conclusion is that the luminos-
ity distribution of a galaxy, primarily its central part, can be greatly smeared by
seeing. Correction for these effects. however, is not straightforward, and is usu-
ally performed using numerical methods, which can be computationally expensive.
Techniques for explicitly performing the correction include, for example. 1) the Fast
Fourier transform method (see, e.g.. Lauer 1983; Djorgovski 1983): 2) the numerical

method of Bendinelli, Parmeggiani & Zavatti (1986); or, 3) the iterative technique
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developed by Lucy (1974) for general deconvolution problems.

Analytical treatment, by contrast, usually requires a form of the intrinsic lu-
minosity profile, which is not known a priori. But the analytical approach is very
useful for model analysis, and may help to reveal more about the seeing problem
in general. Below, I consider the effects of a circular symmetric PSF on the surface
brightness profile, and derive a general analytical expression for the seeing correction

on the surface brightness profile and the ellipticity profile.

a) Analytical Analysis

The PSF is assumed to be circularly symmetric, and denoted as f(r). The nth

moment of f is defined as
2
F, = A 3 dé /(;Oo f(r) rn+1 dr = 27 v[)oo f(T‘) r"+1 dr. (341)

The normalization of f requires that Fy = 1.

Let j(z,y) represent the true intensity distribution of a galaxy, and assume that
the isophotes are concentric ellipses with constant ellipticity €y. Denote the major

axis intensity profile as J (a2), where a is the semi-major axis. Then
J(a®) = j(z,y) (3.4.2)

and

a? =22+ qg y2, (3.4.3)

where gg = (1 — 60)—1 is the major-to-minor axial ratio of the ellipses.

The observed intensity distribution i(x,y) is given by the convolution of j(z,y)

with the PSF. Making use of the circular symmetry of the PSF. we have.
) 27 © .,
i(z,y) = /0 d0/0 Jj(@ y ) f(r)rdr

o - (3.4.4)
:/0 d6/0 J(a%)f(r)rdr,
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with
o =z 47 cosb
(3.4.5)
y =y +rsinf
and
a% =% 4 qg y'2 = (z +r cos 6)2 + qg (y +r sin 6)2. (3.4.6)

The variation of the observed intensity i(z,y) with eccentric anomaly ¢ along a

pre-defined ellipse

a® = 22 + ¢%y? (3.4.7)

is obtained by replacing ,y in equations (3.4.4), (3.4.5) and (3.4.6) with the fol-

lowing (i.e., equation (2.3))

T =a cos ¢

(3.4.8)
y =a/q sin¢
and we get
2w 00
i(a, ) = /0 de /O J(ad) f(r)r dr (3.4.9)
with
a% =a’+ A(a,r,0,9) (3.4.10)
and

2 2
Aa,r,0,94) = (g—%—l)a2 sin? ¢+2a r (cos 6 cos q$+ﬂql sin 6 sin <;$)-}-r2(cos2 9+q§ sin? )

(3.4.11)
Now assume J (a%) can be expanded around a? as power series in A,
2 2, o= L (n), 2y An
J(ag) = J(a*) + >, —~7 (a®) A™. (3.4.12)
n=1""
Equation (3.4.9) then becomes
S 2
i(0,8) = J(a®) + Y —JM(a?) [ de [T an gy (3.4.13)
!

Where the condition for normalization of PSF| i.e., Fy = 1, was used. J(")(a?‘) is the

nth derivative of J (a2) with respect to a2. If the ellipse defined by equation (3.4.7)
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represents a real isophote of the observed intensity distribution i(z,y), then equation
(3.4.13) would be independent of ¢, and would give the observed 1-dimensional
intensity profile I(a?). Operationally, I (a?), and the isophotal ellipses are found by
fitting equation (2.2), so that the harmonic coefficients A1, Ag, B}, and By vanish

(see the discussion in §2.4). This fitting procedure is equivalent to requiring

1 r2n .
n= ;/0 i(a,¢)sinngdp = 0; n=12 (3.4.14q)
B, = %/0% i(a,¢) cosngdp = 0; n=12 (3.4.14b)
1 27
I(a?) = 5 /0 i(a, $)d. (3.4.14¢)

Equations (3.4.14a) and (3.4.14b) define the isophotal ellipse, and (3.4.14c¢) gives
the observed intensity profile. Approximating i(a, @) to the second order in A in
equation (3.4.13), and performing the integration in equations (3.4.14a-c), we found
that A;, Ay, and B; are naturally zero as expected, because these coeflicients are
only sensitive to the center and the position angle of the ellipse, which have been
fixed in equation (3.4.7). The requirement of By = 0 defines the observed ellipticity,

e =1—1/q, as such that,

’

2
ag _ 1)2 [-3{— 1 32]?-(1—1 22 — 1) = 0. 4.1
Sl [ G onrd-on=0 (@419

Ignoring the first term in the above equation, which is of second order in (q% /4% — 1),

we then have, -

2(1 — g2
@/t =14+ —2 qO) . (3.4.16)
1 + 3(]0 + ]“Fz

Finally, after performing the integration in (3.4.14c). and making use of equation

(3.4.16), we have the observed intensity profile, to second order in A.

1 .
I(a?) = J(a?) + [ 25" +( +q0) ]F +—(1T 3q0 = gi)J Fy. (3.4.17)
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The above derivation for I (a2) follows the procedure of practical operation, and
illustrates the concept of the ellipse fitting technique discussed in §2.4. As a matter
of fact, one can directly integrate equation (3.4.13), and calculate I (a?) to any order
in A. It is noted that, by setting ¢ = 0, equation (3.4.13) just gives the observed

intensity distribution along the major axis, i.e.,

I(a?) = i(a, 0)
= J(a®) + Z J(")(a2) / d6 / [2ar cos8 + r¥(cos? 8 + gf sin® O)]" f(r)r dr
(3.4.18)
The integration over 6 in the above equation can be done by using the Cauchy

Residue Theorem. The final result is,
I(a?) = J(a®) + Z J(">( 2 / F(r)r™tL gn dr, (3.4.19)
where the coefficients 8§ is given by the following iterative relation
ntl E Bi BT _ _ (3.4.20a)

k=-2

with
1 _ T 2
= Q1
Bo ‘.Za( + 45)

At =L =1 (3.4.200)

Bh = By = -(1—ad)

It is seen that A is basically a polynomial function of r. the 1-D integration in
equation (3.4.19) is therefore a sum of the moments of the PSF as given in equation
(3.4.1). As long as the PSF is known, equation (3.4.19) can be used to estimate
I (a2) to any order. It is not difficult to verify that, if approximated to the second

order in g, equation (3.4.19) just reduces to (3.4.17).

The above analytical treatment of the seeing effects is useful for model analysis

of the effects, but is not appropriate for the purpose of practical correction for
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seeing, because we have to invert (3.4.19) to find J, which is not easy to do (see,

e.g., Bendinelli, Parmeggiani & Zavatti 1986).

b) Numerical Simulation

Numerical simulation was performed using equation (3.4.9), for a pure expo-
nential disk galaxy, i.e., an intrinsic intensity profile of the form exp(—r/rg), and
with a Gaussian PSF, f(r) = (2702)~Lexp(—r2/202). It is easy to verify that the
FWHM of a Gaussian PSF is equal to 2.360. The simulation was done with four
different inclination angles of the model galaxy: 0°, 45°, 75° and 90°, and with
four values of FWHM: 0.1, 0.3, 0.5 and 0.7, in units of rg. The change of surface
brightness profile of the model galaxy is shown in Figure 53.3 and 3.4, which group
the results according to inclination and FWHM, respectively. We can also estimate
the seeing effects on ellipticity by performing the simulation along both major and
minor axes. Figure 3.5 shows the relative change of ellipticity with semi major axis

for different FWHM'’s and for different inclination angles of the model galaxy.

The major conclusion drawn from Figures 3.3, 3.4 and 3.5 is that seeing can
have significant effects on the intensity and ellipticity of the inner region of a disk
galaxy, and such effects strongly depend on galaxy inclination. For our sample
galaxies, the estimated value of FWHM/r, peaks around 0.2. and in the worst case
it could be as large as 1. However, a large value of FWHM/r, is always due to
small value of r,, which means that a galaxy with larger fi\’HM /ro also has larger
apparent radius measured in units of r, (see Chapter 4) The effect of seeing on the

outer part of SB profile (of interest in this thesis, see Chapter 4). for the galaxies

of our sample is estimated, in the worst cases, to be around 0.2 mag/ arcsec?, and

is expected to be under 0.1 mag/ arcsec? for most of our galaxies.

It is interesting to compare the simulation results with the prediction given by
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the second order approximation of equation (3.4.17). The comparison is made for a
disk model galaxy at different inclination angles and using different FWHM values.
The seeing corrections on surface brightness profile, given by equation (3.4.17) and
the simulation are presented in Figure 3.6a,b. The dashed lines represent the pre-
diction by equation (3.4.17) and the solid lines are the simulation just performed.
Figure 3.6a shows how the agreement varies with FWHM/r, for a disk galaxy at
constant inclination 45°, and Figure 3.6b shows the dependence of the agreement
on inclination for a constant FWHM/r, of 0.3. Clearly, the prediction by second
order approximation of equation (3.4.17) becomes worse at smaller radii, especially
in the case of large inclination angle and large FWHM /r, value. This“ is  primarily
owing to the mathematical properties of an exponential profile — it is not well
approximated by a Taylor series of equation (3.4.12) near r = 0 (at r = 0, the

derivatives become infinite).

We did the same experiment using a model galaxy with Hubble profile, i.e.
J(r) ~ (1 +7r2/r2)~1, which is better behaved than an exponential profile in terms
of a Taylor expansion. Figure 3.7 compares the second order approximation (3.4.17)
with a simulation for such a model galaxy at inclination = 45°, and using three

values for FWHM/r,. The agreement is much better now.

Again, it should be noted that our discussion above illustrates the importance
of seeing effects on surface photometry of disk galaxies of different inclination and
size, but does not give any correction formulae directly applicable for real galaxies.
In the following discussions in this thesis, I will choose not to make corrections for
seeing effects, and will only consider those integrated properties of galaxies which

are less affected by seeing and are just what we need for the purpose of this thesis.
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Figure Captions for Chapter 3

Figure 3.1: I-band k-corrections, for different types of galaxies and different

detectors, as a function of radial velocity.

Figure 3.2: V-band k-corrections, for different types of galaxies and different

detectors, as a function of radial velocity.

Figure 3.3: Simulation of seeing effects on the surface brightness profiles of e-disk
galaxies: each panel shows the effects of different seeing (FWHM) on a galaxy

viewed at a given inclination angle.

Figure 3.4: Simulation of seeing effects on the surface brightness profiles of e-
disk galaxies: each panel shows the effects of a constant FWHM on a galaxy of

different inclination angles.

Figure 3.5: Simulation of seeing effects on the ellipticity profile of e-disk galaxies:
relative ellipticity change is plotted against semi-major axis (in units of disk-scale

length), for galaxies of different (true) inclinations, and for different seeing values.

Figure 3.6a: Effects of seeing on surface brightness profile — compare the results
of simulation (solid line) and the second order approximation (dashed line) given

by eq. (3.4.17), for an e-disk galaxy at inclination 45°, and with four different

values of seeing.

Figure 3.6b: Effects of seeing on surface brightness profile — compare the results
of simulation (solid line) and the second order approximation (dashed line) given
by eq. (3.4.17), for an e-disk galaxy at four different inclinations, and with a

constant value of seeing.

Figure 3.7: Effects of seeing on surface brightness profile — compare the results
of simulation (solid line) and the second order approximation (dashed line) given

by eq. (3.4.17) for a galaxy with Hubble-profile. and at inclination of 45°.
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Figure 3.1
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Figure 3.2
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Figure 3.3
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Figure 3.4
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Figure 3.5
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Figure 3.6
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Figure 3.7
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CHAPTER 1V

THE INTERNAL EXTINCTION IN SPIRAL GALAXIES

§4.1 Introduction

From the optical point of view, a galaxy can be regarded as being composed of
two kinds of matter: stars, which emit optical light; and dust, which absorbs and
scatters the optical light. To study the photometric properties of galaxies in the
optical range, it is essential to remove the effects of dust. The direct observational
information we obtain from surface photometry of a galaxy is its apparent light
distribution (i.e., surface brightness profile), and also the apparent mégnitude and

apparent size. We need to know how these properties are changed by the dust in

the galaxy.

Since the studies of Holmberg (1958, 1975), it has been generally accepted
that spiral galaxies are optically rather thin. However, this conventional view has
recently been challenged by a number of investigators. Disney, Davies and Phillipps
(1989) first showed that the data used by Holmberg could be equally well explained
by optically thick models, and there were no good observational data against the
hypothesis that spirals are optically thick. Valentijn (1990). using a very large
sampl'ea of about 16000 galaxies, provides evidence for optically thick spiral disks.
If the discs of galaxies are indeed optically thick, much of our understanding about
spiral galaxies will have to be reviewed (Davies 1990; Disney. Davies and Phillipps
1989). It is interesting to note that our own Galaxy is not optically very thick, at

least at the position of the solar system.

The optical light absorbed by dust ought to be reemitted in the far infrared

region; therefore, a detailed investigation of the effects of dust on the photometric
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properties of galaxies has to involve the study of far infrared properties of galaxies.
However, we do not yet have a complete picture of galaxies in the FIR, although
the IRAS data, which is sensitive only to the warmer component of dust, provides
part of the information. A complete study is thus awaiting for further extensive
observations in the sub-millimeter region, which best measures the radiation of
cooler dust. The infrared perspective on dust in galaxies has been reviewed by

Joseph (1988), based on the IRAS data.

Studies of the extinction problem from optical bases have also been conducted.
van Houten (1961) considered the dust influence on the observed light distribution
of galaxies using simple models and derived expressions for the intensity of scattered
light in optically thin layers. Elmegreen (1980) studied individual dust complexes
in face-on spiral galaxies. Kylafis & Bahcall (1987) and Byun & Freeman (1990)
have investigated the extinction problem for simple models of the dust and stellar
distributions, by explicitly solving the radiative transfer problem including both
scattering and pure absorption. A less model-dependent approach to the galactic
extinction problem is to statistically study the dependence of the apparent optical
properties of galaxies on inclination for a large galaxy sample, because dust extinc-
tion is supposed to make a galaxy look different when viewed at different inclination
angles. This is a cheaper way to investigate the dust effects. However, as pointed
out by Disney, Davies and Phillipps (1989), this method is not sensitive to the total
absorption, but it is suitable for studying the absorption relative to a face-on view.
A number of authors have utilized this method to study the extinction problem and
derived magnitude corrections relative to the face-on case (Holmberg 1958: Holm-
berg 1975; Heidmann, Heidmann and de Vaucouleurs 1972; Tully and Fouque 1985;
Kodaira & Watanabe 1988).

Although a great deal of effort has been made in understanding the dust effects
on optical properties of galaxies, the subject still remains very controversial, and

does not seem to get enough attention in general. For example. the commonly
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adopted magnitude correction for internal absorption in the literature largely relies
on the RC2 catalogue and the Revised Shapley-Ames Catalogue of Bright Galaxies
(Sandage & Tammann 1981), which in turn lean heavily on the study of Holmberg
(1958) and Heidmann, Heidmann & de Vaucouleurs (1972). The amplitude of such
corrections as employed by different investigators can differ by a factor of 2 or more,
and there is even an obvious mistake often seen in literature in the case of applying
the magnitude corrections for internal absorption (see discussion in §4.4). Below, I
re-examine the dust effects on optical properties of spiral galaxies using the surface
photometry data of the galaxies in the sample of this thesis. An empirical correction
for diameter is derived using a new statistical method; corrections for magnitude

and color (to the face-on case) are also derived, and relevant problems are discussed.

§4.2 Effects of Dust on Surface Brightness Profile and Isophotal Diameter

It is expected that a spiral galaxy, observed at different inclination angles, would
show different apparent surface brightness profiles, owing to the effects of projec-
tion, i.e., pure geometrical brightening, and to internal dust extinction. Let pi(r)
be the apparent major surface brightness profile of a galaxy at inclination 1, and
19(r) be its face-on surface brightness profile. In general, Au(i,r) = pi(r) — pO(r)
is a function of both ¢ and r. For a dust free disk galaxy,

Ap=—-25logR (4.1)

where R is the (major to minor) axis ratio. It is interesting to see what Ap(i,r)

would be for real spiral galaxies.

In order to study the dust effect on SB profiles, one certainly needs to filter
away all other possible effects, which distort the profile. As we learned in Chapter
3, the seeing smearing effect could significantly distort the SB profile, especially in
the inner part of the profile. and it strongly depends on inclination. This suggests
that the seeing effects have to be properly handled in our analysis using the in-

clination approach. In principle, seeing effects could be well corrected (see section
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§3.3 for more discussion), and the study of dust effects on the SB profiles should be
performed after the seeing effects have been corrected for. In this thesis, however,
I bypass this approach, and perform some simple tests on the outer part of SB

profiles, where the seeing effects are small.

To study of the systematic behavior of the outer part of the SB profile with
inclination, one needs to quantify the (outer part) profile in some uniform manner.
The fact that most of the profiles show extended “flat tails” in their outer part

suggests an analytical function of the e-disk form, i.e.,

pi(r)=ph+a'r (4.2)
for the flat part of the profiles. It should be pointed out that this form is just
for a convenient mathematical representation of the shape of the SB profile at the
outer part, and it is not the concern here as to whether or not it coincides with
the physical disk component. All we need is a reasonable assumption that the form
of this representation is invariant with inclination; in other words, the outer flat
part of the SB profile of a galaxy remains flat when viewed at different inclination
angle, but with different zero-point and slope (uh and a'), due to dust extinction

and geometrical projection.

The flat part of a profile can be easily defined by visually inspecting the profile
for each galaxy (see Figure 5.1). Most of the sample galaxies show very well be-
haved flat tails. Equation (4.2) is fitted to the identified flat part, which gives the
parameters o' and ,uf) for each galaxy. The variation of these two parameters tells

us how the SB profile in the outer part is affected by dust.

Because o' is a distance-dependent parameter, its dependence on inclination is
subject to large noise from distance variation in the sample galaxies. Ideally, one
could scale o using a suitably defined metric scale (which must be independent of
inclination), and then study the dependence of such scaled a on inclination. This

will remove the scatter introduced by distance, and may also reduce the intrinsic
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galaxy-to-galaxy variation of a due to different luminosity distributions in galaxies.
However, it is almost impossible to define such a (inclination-independent) metric
scale from the photometric data (e.g., the SB profile itself) which is subject to
inclination effects. To see how a' varies with inclination, I simply scaled the a' val-
ues of cluster member galaxies using mean cluster distances adopted from Aaronson
(1986, 1989). Figure 4.1 shows the plot of such scaled « against inclination; no clear
correlation is seen in the plot. The preliminary conclusion is thus: the dust effects
on the slope of outer part SB profile of a galaxy is not sensitive to the inclination

angle of the galaxy.

In contrast, the parameter pf), which is distance independent, shows strong

dependence on inclination. In Figure 4.2, p6 is plotted against the logarithm of
axial ratio (those galaxies with log R >0.7 are plotted at log R = 0.7, same below),

The best linear fit to the data is given by,
ph = 20.03(£0.24) — 1.90(£0.22) log R. (4.3)

This equation implies that the outer flat part of the SB profile of a galaxy becomes
brighter with increasing inclination. However, comparing equation (4.3) with (4.1),
we find that the rate of this brightening (i.e.. the slope of the equation) is about 75%
of that expected for a sample of dust-free galaxies, and the difference is significant
at 3 o level. This is explained by the effect of dust absorption; that is, at least
in the outer part of a disk galaxy, the amount of absorption relative to its face-on
value is, on average,

Apg(i,r) =0.6log R. (4.4)
It should be noted that this equation is based on the outer part of the SB profiles,
typically beyond two thirds of the apparent size of a galaxy, and thus may not apply
in the inner part of disk. It would be interesting to further study the behavior of
Apg at the inner disk. which, as pointed out above, requires the seeing effecté being
well removed. A complete knowledge of Auy(7,7) at all radii r, would allow us

to calculate the total light absorption relative to face-on, Am(:). For example,
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if equation (4.4) applies at the inner part of a galaxy as well, then the internal
absorption to the total light (at I band), relative to the face-on case, would also be
Am(z) = 0.6log R.

It is naturally expected that the Auy — log R (or u(i) — log R) relation should
also have some dependence on galaxy type. The galaxies in the current sample are
mostly of type 3 to 5; type dependence of the pf) —log R relation is indeed noticeable,
though with large uncertainty. This is demonstrated in Figure 4.3, where the best
fitting slope for galaxies in a range of different types is plotted against the number
weighted mean type value. The trend of this variation indicates that early type
galaxies are more affected by dust than late type galaxies in the outer part of
the disk. Based on Figure 4.3, I will adopt the following formula for inclination

corrections of the (outer part) SB profiles of spiral galaxies,

Ap(i,r) = C(T) logR (4.5a)
with
-18, 0T <3
C(T)=< —-20, 4<T<5 (4.5b)
-23, T>6

Once we know how the surface brightness of a galaxy changes with inclination,
we can then use it to predict the change of isophotal radius of a galaxy with inclina-
tion. If A’ is the radius, corresponding to a constant SB level. of a galaxy observed

at inclination ¢, and A0 is its face-on value, then equation (4.5) implies,

—1.65logR, 0<T <3
_—’10 _Ai .
S = 092C(T)log R={ ~1.93logR, 4<T <5 (4.6a)
o
—212l0gR, T >6

where r, is an equivalent disk scale-length, calculated using the slope (a') of the

surface brightness profile at a given radius, i.e., 7, = 1.086/a’. Similarly, for a
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dust-free galaxy, i.e., C(T) = —2.5, we have
ég_—_A_’. = —-23logR (4.60)
To
Note that the right-hand-side of equation (4.6a) represents the SB variation with
inclination averaged within a given galazy type range, while the left-hand-side is
a similar quantity for an individual galaxy. Direct application of this formula to
individual galaxies may yield large accidental errors, especially for those galaxies
which have extreme apparent ,’s, or for very small galaxies whose r,’s may suffer
large seeing bias. A further “polishing” is thus made by replacing A'/r, in the
equation with the median value of the corresponding galaxies in each type range.
Figure 4.4 shows the distribution of A§3.5 /7o for the sample galaxies in each of the
three type ranges (Asg3 5 refers to isophotal level of 23.5 mag/ arcsec?). The median
value of A§3‘5 /7o is found to be 4.58 for galaxies of type 0-3, 4.45 for galaxies of
type 4-5, and 3.76 for galaxies of type 6 and later. Substituting these median values
for A§3‘5 /7o in equation (4.6a), we then have,
1-0.36logR, 0T <3
— =<¢1-043logR, 4<T <5 (4.7)
1-0.55logR, T>6

This equation gives a simple correction of isophotal radius at u; = 23.5 mag/ arcsec?.

In Figure 4.5, equation (4.7) is compared with the RC2 formula,

log A% = log A* — 0.235log R (4.8)

which refers to the isophote of u B = 25.0 mag/ arcsec?, and crudely corresponds

to u7 S 23.5 mag/ arcsec? (note that the coefficient in the RC2 formula above may

depends on wavelength band). The dotted line represents the RC2 formula, and

the solid lines show the predictions of equation (4.7).

The general agreement between equation (4.7) and the RC2 formula is not

bad. The most significant difference between the RC2 formula and equation (4.7)



-1vV.8 -
might be the conceptual fact that equation (4.7) (or equation [4.6a]) depends on
galaxy type, i.e., the luminosity distribution, while the RC2 formula just predicts
the same correction for any galaxies of same inclination. It is easy to imagine that a
realistic diameter correction for inclination should be dependent on the luminosity
distribution of the galaxy. In fact, the form of the RC2 formula was based on a
theoretical formula derived for dust-free galaxies by Heidmann, Heidmann and de
Vaucouleurs (1972), in which they assumed the 3-D luminosity distribution had a
power law form r"™. The coefficient of log R in the correction formula is just given by
(n— 1)_1, which is generally not a constant, unless all galaxies have same luminosity
distribution. If, instead of making any specific assumption about the 3-D luminosity
distribution, one simply uses the empirical 2-D luminosity distribution, i.e., e~/ To,
for disk galaxies, then from the model of Heidmann, Heidmann and de Vaucouleurs
(1972), one directly gets equation (4.6b) for the diameter correction of dust-free

galaxies.

A more direct comparison between RC2 and equation (4.7) is presented in Figure
4.6, where the predicted face-on radii Ag.35 for our sample galaxies using the two

formulae are plotted one against another.

§4.3 Magnitude Correction for Internal Absorption

We define mean surface brightness as follows:
Shss =I5 + 5log Afs 5 (4.9)

where I§.3.5 and .483.5 are, respectively, the apparent I isophotal magnitude and the
face-on isophotal radius at pu; = 23.5 mag/arcsec based on equation (4.7). I§.3.5 is
corrected for Galactic absorption and k-term as explained in §3.3. In Figure 4.7,
253.5 is plotted against log R for the sample galaxies. Galaxies in the tvpe ranges

0-3.4-5,and 6 - 10 are represented with different symbols (solid circle. star, and
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open circle). A straight line fit to the data in each type range yields,

90.15(£0.07) + 0.73(£0.16)log R, 0< T <3
The s = { 20.32(£0.09) + 0.90(+0.18)log R, 4<T <5 (4.10)
20.79(£0.14) 4+ 0.51(£0.23)log R, T >6

The decrease of the mean surface brightness with inclination shown in Figure 4.7
and equation (4.10) is believed to be caused by the internal absorption of galax-

ies. Equation (4.10) thus implies a correction to the isophotal magnitude Ig3 5, for

internal absorption, of the same amount:

0.73(£0.16)logR, 0<T <3
AT = { 0.90(£0.18)logR, 4<T <5 (4.11)
| 0.51(£0.23)log R, T >6

A number of points should be noted regarding our analysis above and the results

expressed in equations (4.7) and (4.11).

1) Clearly, the basic idea in our derivation of the two equations is to construct
a photometric quantity, and then see how it varies with inclination. The sys-
tematic change with inclination is interpreted as a dust effect. In deriving the
radius correction (equation [4.7]), we defined pb as such a diagnostic quantity
(§4.2); while for deriving the magnitude correction (equation [4.11]), we chose
the mean surface brightness as such a quantity, as Holmberg (1958) and others
did. Burstein (1982) and Tully & Fouque (1985) defined a diagnostic quan-
tity as the surface brightness residual from the mean relation between surface
brightness and velocity-width. Such a quantity might be sensitive to the slope

of the relation, and also, to the errors in velocity width, which in turn depends

on inclination.

2) The underlying assumption that the apparent variation of a diagnostic quantzly
with inclination is due to the effect of dust only may not be true, if the diag-

nostic quantity is not properly constructed: because there are other effects (like
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seeing, as discussed in Chapter 3) which could make the apparent photomet-
ric properties of galaxies a strong function of inclination. To ensure equations
(4.7) and (4.11) are not biased by seeing effects, we repeated the above analyses
with the 100 smallest galaxies excluded from the sample, and derived nearly
the same (diameter and magnitude correction) equations for galaxies of the two
early type ranges; the result for the late type galaxies (T' > 6) however showed

a large deviation, which is believed to reflect statistical fluctuation due to the

small number of galaxies in the type range.

Because the relative distribution of stars and dust varies with radius within
galaxies, the amount of internal absorption should be a function of radius too.
To study the differential extinction effect of galaxies using a large surface pho-
tometry dataset, it is important to have a well defined scale length, such that 1t
is independent of inclination and best characterizes the relative distribution of
dust and stars within the galaxy. It is also helpful with such a scale length to
reduce the uncertainties in the above analyses, and to yield a better estimate of
the diameter correction (equation [4.7]) and the integrated absorption (equation
[4.11]). Unfortunately, it is difficult to define such a scale using the photometric
data alone, both because of a lack of the knowledge about the dust distribu-
tion in galaxies, and because of other effects on the surface brightness profiles,

especially those which are sensitive to inclination, like the seeing effects.

Equation (4.11) is our estimate of the correction for internal absorption in spiral
galaxies in the I bandi)ass. Although there is not a critical way of checking its
reliability, we do believe it provides a reasonable correction based on two simple
straightforward tests. First. the apparent trend of magnitude variation with
inclination is well removed by equation (4.11); second, applying this correction
reduces the scatter in the Tully-Fisher relation. Comparing oﬁr results with
other works might provide a good external check. Unfortunately. as far as 1s

known to the author, there is no similar work in the I bandpass available in the
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literature, and, as discussed below, one should not simply apply an eztinction
curve to scale the internal absorptions at different bandpasses. Equation (4.11)
implies that the internal extinction peaks for galaxies of type 4 ~ §, which is
qualitatively in agreement with the result of IRAS data (Jone & Brink 1987).

The correction given by equation (4.11) was derived for isophotal magnitude
at the level of u; = 23.5. Corrections to magnitudes at other isophotal levels
are expected to be different, due to differential dust absorption across a galaxy
disk. We will, however, extend the use of (4.11) to the total magnitude. This is
not expected to introduce errors of more than the uncertainty in the correction
itself, because the mag increment Is35 — Itot for a typical galaxy is only 0.10

mag (see Chapter 5).

As discussed in §4.2, if the surface brightness correctioh (4.5) applies in the inner
disk as well, we would predict the magnitude correction to be (C[T]—2.5)log R,
ie., 0.7TlogR for 0 < T < 3,0.5logR for 4 < T < 5, and 0.2log R for T' > 6.
Comparing these with equation (4.11), we may get an idea that early type
galaxies (T' > 3), on average, suffer almost equal dust extinction in both inner
and outer regions, while late type galaxies seem to be absorbed more in the

inner part than in the outer part.

In our study, we simply assumed the magnitude correction to face-on value
linearly depends on log R, which is the format used in RC2. There are other
simple forms seen in the literature, for examplet (seci —1) and log(sect), which
need a inclination cutoff (usually at 70° ~ 80°). Tully and Fouque (1985) used
a more complicated form based on a simple dust distribution model. Because
of the large intrinsic scatter in the photometric parameters, the actual form of
the correction formula is usually not very important, at least from a practical

point of view.
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§4.4 Color Correction for Internal Absorption

The apparent (V — I) integrated color within the isophotal radius of Agg s is
plotted against log R in Figure 4.8 for the sample galaxies. A trend of reddening
with inclination is seen, though with large scatter. The best fit to the data yields a

color correction to face-on value of
A(V —I) = 0.22(£0.09) log R. (4.12)

No clear type dependence was found, probably due to large scatter in the data. The
plot in Figure 4.8 seems to plateau, or begin to drop beyond log R = 0.5. Applying
a straight line fit with maximum cut off at log R = 0.5, will slightly increase the

slope to 0.25.

Equation (4.11) and (4.12) imply a relative extinction relation of AI/A(V—1I) =
2.3 ~ 4.1. This is compared with a value of 1.4 for the ratio as calculated using
the theoretical extinction curve of van de Hulst (Johnson 1968). The difference
reflects, apart from statistical errors, the relative distribution of dust and stars

within galaxies, as demonstrated below.

In general, the face-on correction of magnitude, at a given bandpass X, for
internal absorption within a galaxy, is a function of inclination and a typical optical

depth 7x of the absorbing material, i.e.,
AX = g(Tx,1). (4.13)

where the function ¢ depends on the detailed distribution of dust and stars within
the galaxy. For a simple screen dust model, in which a dust layer with optical depth
7y lies above all the stars (see, e.g., Disney, Davies & Phillips 1989), g is simply
given by,

g(7x,1) = 1.086 7y (sec? — 1). (4.14)

For a Sandwich dust model, i.e., a slab of stars of thickness 1, has a dust layer

of thickness ¢ (0 < ¢ < 1) and optical depth 7y embedded in its center (see, Tully
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& Fouque 1985; Disney, Davies & Phillips 1989),

. _ —Tx sect 1—e X sect N—1
g9(tx,1) = —2.5log[0 S1-g)(1+e 2‘}'9( € — )(7'—Xlsecz) ]
0.5(1—g)(1+e7™X)+4q(1 —e " X)rx
(4.15)
If x()) is the extinction law of dust in the galaxy, i.e.,
T ™ X(/\)’ (416)

an individual star in the galaxy should obey this law (i.e., the extinction of its light
is proportional to x[A]). Equation (4.14) implies that the integrated absorption of
a screen dust model also obeys this law, but that of a sandwich model does not,
as seen from equation (4.15). Actually, it is easy to prove that the only case for
the integrated absorption to satisfy the extinction law of individual stars is that all
the stars in the galaxy suffer the same amount of extinction, that is just a screen
dust model. The extinction of galaxy light by our own Galaxy, for example, can
be well scaled by the extinction law of individual stars, because dust in our Galaxy
is just like a screen for other galaxies. As for the internal absorption of galaxies,
our data just showed, however, that the integrated absorptions at V and I bands
do not follow the general extinction curve of van de Hulst; this indicates that a
screen model is not appropriate for disk galaxies, as expected, since not all the stars
in a galaxy suffer same amount of extinction as seen by an outside observer. On
the other hand, the sandwich model is able to account for the empirical relations
of both (4.11) and (4.12) reasonably well, with the two parameters ¢ ~ 0.5, and
7p ~ 1.0 (the optical depth at B band).

A general conclusion is: the integrated absorption in a galaxy does not follow
the extinction law that applies to individual stars in the galaxy: instead, the scaling
law for the former is largely determined by the relative amount and distribution of
stars and dust within the galaxy (i.e., the functional form of g). rather than the

extinction law for individual stars which scales 7y, a variable of g. This is in fact a
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quite trivial statement. Unfortunately, most investigators working on the relevant
subject have overlooked this fact, and incorrectly employed the extinction law for
individual stars to scale the integrated absorptions from one band to another. For
example, Aaronson and collaborators, in a series of papers about IR Tully-Fisher
relation, have chosen not to make any correction for the internal absorption at
H band, believing that the correction at H band is only 10 percent of that at B
band according to the extinction curve of van de Hulst (e.g., Aaronson, Huchra
& Mould 1979). This could introduce systematic errors in their data. In fact, it
is easy to show, using the Sandwich dust model, that the face-on correction for
internal absorptions at the H band can be as large as, or even larger than that at
B band. For example, for a sandwich model with ¢ = 0.5, the ratio of H magnitude
correction from 75° to 0° to the corresponding B magnitude correction varies from
0.24 to 1.37 when 7g increases from 1 to 4! It is worth noticing that the negative
detection of strong dependence of H_g 5 (as defined by Aaronson et al. 1980) on
inclination may not be taken as evidence for a negligible internal absorption at H
band; this is because the magnitude H_g 5 suffers another simple inclination effect
due to the use of a finite aperture as discussed by Christensen (1990), which, in
contrast to the absorption effect, makes an edge-on galaxy brighter than its face-on

identity.

The fact that the integrated light absorption of a galaxy depends on both in-
clination and the relative distribution of stars and dust within the galaxy may be
used to put interesting constraints on the dust distribution in galaxies. For exam-
ple, as demonstrated above, the integrated absorption at V' and I bands as implied
by our data simply ruled out the possibility of a screen dust model. In general,
for such purposes, one may need to compare and analyze the inclination variations
of some carefully defined (extinction-sensitive) photometric parameters at different

bandpasses.
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Figure Captions for Chapter 4

Figure 4.1: Slope of the outer flat part of surface-brightness profile, scaled by
cluster distance, is plotted against logarithm of axial ratio (for cluster member

galaxies only). The axial ratio is chopped at a minimum value of 0.2 (same

below).

Figure 4.2: Zero-point of the outer flat part of surface-brightness profile plotted

against logarithm of axial ratio.

Figure 4.3: slope of a linear fit to Figure 4.2 in different type range is plotted

against the number-weighted mean type value.

Figure 4.4: Histogram of the ratio Ag35/ro for galaxies in three type ranges,
a) T<3,b)4<T<5 andc) T > 6. Where r, is an equivalent scale-length

measured from the outer flat part of surface brightness profile.

Figure 4.5: Comparison between the inclination-correction formula for isophotal

radius given by equation (4.7) and that of RC2.

Figure 4.6: Face-on isophotal radii of the sample galaxies as corrected by equation

(4.7) vs the corresponding values corrected by RC2 formula.

Figure 4.7: Mean surface brightness defined by equation (4.9) is plotted against
logarithm of axial ratio. Galaxies in three different type ranges (T < 3,4< T <
5, and T > 6) are plotted in different symbols.

Figure 4.8: (V — I) color is plotted against logarithm of axial ratio for galaxies
of different types.
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Figure 4.1
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Figure 4.2
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Figure 4.3
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Figure 4.5
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Figure 4.6
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Figure 4.7
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Figure 4.8

*

(o]

@0

at ¥ O o
o
*
* ® O
(o}
® ¥*
# ¥ O Wt
@
o ¥* ¥* ¥
® 3¢ KK ®
o# o *
®0
*o e X
* ¥ O
@ X e
*

0.6

0.4

log(R)

G0



-V.1l-

CHAPTER V

DATA PRESENTATION

Various effects on surface photometry and the corresponding corrections have
been discussed in Chapter 4. After correcting for these effects, the surface photom-
etry results of all the sample galaxies are graphically presented in Figure 5.1. Each
galaxy takes four panels in Fig 5.1 with the following contents:

Panel 1: the I band surface brightness profile, corrected for Galactic absorption,

cosmological dimming, and k-term, but not for seeing and inclination effects.

Panel 2: the I isophotal magnitude as a function of semi-major axis. The mag-

nitudes were corrected for Galactic absorption, and k-term, but not for internal

absorption.

Panel 3: the integrated V — I color as a function of semi-major axis. Corrections
were made for Galactic absorption and k-term. (Note that the two galaxies 383-
44 and 323-39 do not have reliable V images, and thus have no color information.
In panel 3 of these two galaxies, a different photometric quantity irrelevant to

this thesis is presented).

Panel 4: ellipticity as a function of semi-major axis. Seeing effects were not cor-

rected.

Table 5.1 summaries the integrated photometric parameters extracted from the

profiles of Figure 5.1, which forms the fundamental data base for the discussions in

next three chapters.

Col. 1: Galaxy name.
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Col. 2: Morphological type.

Col. 3: Inclination of the galaxy, calculated assuming an intrinsic flattening of 0.2.

Col. 4: W, HI velocity width at the 20% level in units of kms™!, adopted from
Aaronson et al. (1986, 1989), and corrected for redshift and inclination. The
inclination listed in Col. 3 was used in the correction. No attempts were made to

correct for a possible non-rotational component in the velocity width (Bottinelli

et al. 1983).

Col. 5: Iy35, magnitude within isophote u;y = 23.5 mag/arcsec2, corrected for

Galactic absorption, k-term, and internal absorption. In the case that the outer-
most aperture does not reach this isophotal level, extrapolation is made from the
outermost aperture to the desired isophote, assuming the light distribution be-
yond the outermost aperture has an exponential form of that defined by the outer
part of the surface brightness profile. If b/a is the minor-to-major axial ratio, r is
the semi-major axis of the outermost aperture, I(r) is the magnitude within this
aperture, and p, and r, are the two parameters characterizing the exponential
form of the outer part surface brightness profile (i.e., “central surface brightness”
and “disk-scale length”, respectively), the extrapolated isophotal magnitude is

then given by,
b
g5 = I(r) — 25log{1+ = [a(r/ro) — (' ro) 107 04ATON, ()
where
I; = po — 5logr, —1.995 (5.2)
is the total magnitude of a pure e-disk galaxy characterized by s, and ro; and
the function ¢(r) reflects the luminosity-radius relation of such an e-disk galaxy,

g(z) = (1+z)e”", (5.3)

r! is the extrapolated isophotal radius at y; = 23.5 mag/ arcsec?, and is given by

' =(23.5 — o) Lo (5.4)
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Col. 6: I;s, the total I magnitude, extrapolated from the outermost aperture, and
corrected for Galactic absorption, k-term, and internal absorption. To extrapolate
the total magnitude, we make the same basic assumption as we just did for
extrapolating the isophotal magnitude above, i.e., the light distribution beyond
the outermost aperture has an e-disk form specified by po and ro, which are
estimated from the outer part of the surface brightness profile. Again, let r be
the semi-major axis of the outermost aperture, I(r) be the magnitude within this

aperture, and b/a be the minor-to-major axial ratio, then the extrapolated total

magnitude is given by

Lot = I(r) — 2.510g{ 1+ ;l:‘ a(r/ro) 10—0.4[&—1(1-)]}, (5.5)

Col. 7: AI;, the amount of magnitude correction for internal absorption given by

equation (4.11).

Col. 8: V — I, integrated (V — I) color within isophote u; = 23.5 mag/arcsec?,

corrected for Galactic absorption, k-term, and inclination effects.

Col. 9: Ass s, face-on isophotal radius at level py = 23.5 mag/ arcsec?, in units of

arcseconds, derived using equation (4.7).

Col. 10: Cyg, semi-major radius of the isophote which encloses 20% of the total

light of the galaxy (in units of arcseconds).

Col. 11: Cyp, semi-major radius of the isophote which encloses 50% of the total

light of the galaxy (in units of arcseconds).

Col. 12: Cgg, semi-major radius of the isophote which encloses 80% of the total

light of the galaxy (in units of arcseconds).
Col. 13: H_j 5, the H magnitude adopted from Aaronson et al.

Col. 14: Velocity of the galaxy corrected to the centroid of the LG, in units
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of kms™!. A star (*) is marked after the velocity value, if the galaxy was not
classified as a cluster member in Bothun et al. (1985) or Aaronson et al. (1989).

These non-members will not be used in the study of TF relation in next chapter.
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Figure Captions for Chapter 5

Figure 5.1: The results of surface photometry for the galaxies studied in this
thesis are graphically presented: Each page contains 4 galaxies, for each galaxy,

displayed in 4 panels from top to bottom are,

1) the profile of I-band surface brightness. py is corrected for Galactic absorption,

k-term, and cosmological dimming effects.

2) the profile of I-band isophotal magnitude. Correction is made for Galactic

absorption, and k-term.

3) the profile of (V —I) color within the isophote of y; = 23.5 mag/ arcsec?. (V—1I)

is corrected for Galactic absorption, and k-term.
4) the profile of ellipticity.

The z-axes of these profiles (i.e., semi-major axes r) are also corrected for cos-

mological stretching effect (see Chapter 4 for details).
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CHAPTER VI
THE TULLY-FISHER RELATION

AND ITS APPLICATION AS A DISTANCE INDICATOR

§6.1 The TF Relations of Individual Clusters

The Tully-Fisher relations, using both the isophotal magnitude I3 5 (Col. [5] of
Table 5.1) and the total magnitude I;o;, (Col. [6] of Table 5.1), for each cluster are
presented in Figure 6.1. Non-cluster members are not plotted in Figure 6.1. The
results of a double linear fit (i.e., average of x? fits using each axis as independent)
for each relation in Figure 6.1 are tébulated in Table 6.1; Column (1) lists the cluster
names; Column (2) records the number of cluster member galaxies; Columns (3)-(5)
give the fitting results for the Iog 5 - log W relation, i.e., the slope b, the dispersion
about the mean relation oy, and the linear correlation coefficient r; Columns (6)-
(8) list the same parameters for the I;o; - log W relation. The mean velocity width
< log W > of each cluster sample and the cluster velocity v, are also given in the

last two columns.

The variation of the TF slope (col. [3] and [6]) from Table 6.1 with cluster
redshift (col. [8]) and the mean velocity width (col. [7]) is shown in Figure 6.2,
where the Arecibo and Parkes clusters are plotted in filled circles and open circles,

respectively. From Fig 6.2 we see:

1) A weak trend of slope increasing with cluster redshift for nearby cluster (within

about 5000 km/s) and then decreasing with redshift beyond 5000 km/s.

2) A similar variation of slope with cluster mean velocity width.
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3) The Io35 and I;pt TF relations basically show similar apparent dependence on
cluster redshift and mean velocity width. But the I;o; TF relation seems to

have a smaller scatter about the mean variations.

4) In any case, the systematic variations are only marginally significant, at about

1 o level.

Aaronson et al. (1986), in their study of the H-band TF relation of the Arecibo
cluster sample, first noticed the apparent systematic variation of the TF slope with
cluster redshift, and explained it as implying a curved TF relation. Mould, Han
& Bothun (1989) showed that this slope variation can indeed be accounted for by
the curved TF relation of the Local Supercluster, and does not indicate an intrinsic
variation of the TF relation from cluster to cluster. They also pointed out that a
more direct indication of a curved TF relation is presented in the slope vs mean
velocity width plot. The sense of variation shown in Figure 6.2 seems to imply that
the (I-band) TF relation has a flatter part at both the brighter and fainter ends. If
the TF relation is universal, the reason that we see different apparent TF relations
from different clusters is certainly a combined result of sample selection effects and
the intrinsic properties of the universal TF relation (its shape and scatter). In
other words, the selection effects allow us to extract only a piece of the complete
TF relation from each cluster. Qur concern here is how we can derive the relative

distances of the sample clusters from these incomplete pieces of TF relations.

§6.2 The TF Relation As A Distance Indicator

As mentioned in Chapter 1, one of the fundamental questions about the TF
relation is the question of its universality, i.e., whether or not it depends on the
environment of galaxies. This is especially crucial when the relation is used as a
distance indicator. Considering the emergence of such a relation from the processes
of galaxy formation and evolution, it seems very likely that galaxy environment

should have some bearing on a distance indicator relation (see, e.g., Djorgovski, de
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Carvalho & Han 1989). Empirical investigations of the problem, however, indicate
that the TF relation has little dependence on galaxy environment (Bothun et al.
1984; Mould, Han & Bothun 1989; Biviano et al. 1990), suggesting that the relation

is qualified as a distance indicator.

Once we have a distance indicator, the next big question is how we are going
to make use of this indicator to derive distances of galaxies, or clusters of galaxies
from an observed dataset, which is usually subject to various selection effects. The
distance indicator may yield a biased result if the selection effects are not properly
handled. For example, when the TF relation is directly used on a magnitude lim-
ited galaxy sample, i.e., a sample selected according to apparent magnitude only,
the mean distance will be under-estimated due to the familiar Malmquist bias (see
Bottinelli et al. 1988, and references therein). A pure magnitude selection of a
galaxy sample can be well quantified, and the effects of such selection on the TF
relation have been studied by Teerikorpi (1984; 1987) from the theoretical point of
view. In fact, the selection criterion for a real galaxy sample is usually far more
complicated than just a clear apparent magnitude cut; other constraints may in-
clude, for example, the apparent size of galaxies, the HI flux of galaxies, redshift of
galaxies, surface brightness of galaxies (especially with samples drawn from plate
surveys), or even the inclination of galaxies. All these parameters, which are some-
how inter-correlated with each other, are known to have some subtle (intrinsic or
apparent) correlations with luminosity or velocity width (the two quantities in the
TF relation). Obviously, without properly treating the selection effects, one would
be very likely to get a biased result in employing the TF relation on such a sam-
ple. Unfortunately, there has not been a complete investigation about how the TF
relation would be biased by the aforementioned sample selections; this is primarily
due to a lack of knowledge about distributions of various parameters, and their
inter-correlations for a complete sample of galaxies. Deriving distances using the
TF relation is basically to perform a fit of the relation to the observed data; the

most commonly used fitting techniques in literature are either a direct or reverse



- VI4-
least-squares fit, or sometimes the average of the two. In advance of applying any
of these schemes to derive distances, we need to know how they are biased by real
sample selection effects, which are expected to be more complicated than the single

idealized Malmquist effect.

Ideally, one would like to deal with the selection effects using the Maximum
Likelihood technique. Such a technique is, however, computationally more expen-
sive than a simple x?2 fit, and also requires a reasonably good analytical expression
of the sample completeness. A formally complete Maximum Likelihood function,
for the study of the TF relation and the velocity field in LSC using a field sample
of spiral galaxies, has been developed by Han & Mould (1990). For a cluster sam-
ple, things are simpler in the sense that we do not need to assume a complicated
velocity field model to estimate the relative cluster distances. Then how should
we estimate the relative distances of clusters? If the shape of the (universal) TF
relation is known a priori, one may directly calculate the relative mean distance
moduli by applying the TF relation to the sample clusters (this is equivalent to a
x2 fitting with the shape of TF relation fixed, and will be named the x% scheme
below). This is the method employed by Aaronson et al. (1986, 1989), who used the
H-band TF relation derived from a LSC sample of galaxies (Aaronson et al. 1982a,
1982b) as the calibration relation (it should be noted that the form of the TF rela-
tion deduced from a field sample may have some subtle dependence on the adopted
velocity field model in the LSC). This scheme will not be adopted in this thesis,
both because we do not have a reliable I-band calibrating TF relation and because
this method suffers sample selection bias as shown below. Another approach is a
2 fitting scheme which fits the TF relation and relative cluster distances simulta-
neously by minimizing residuals of either magnitude (x2, scheme) or velocity width
(x%u scheme). Willick (1990) employed a X?n scheme in his study of the 10 Arecibo
clusters of Aaronson et al. (1986) using the R-band TF relation. In §6.3, I derive

a Maximum Likelihood function, which can be used to fit the TF relation and the
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relative cluster distances, with the capability of removing sample selection effects.
It is also demonstrated below, that for a galaxy sample selected according to both

diameter and HI flux, the x2 scheme and x2, scheme suffer significant bias, but the

X%, scheme is largely free of such sample selection effects.

§6.3 A Maximum Likelihood Technique

a) The Maximum Likelihood Function

For a cluster sample, we assume all the galaxies within a single cluster are at
the same distance, and that each galaxy is associated with three observed quantities
relevant to the problem, the apparent magnitude m, the velocity width log W, and
its angular distance to the cluster center r. Now, we ask, given the sample selection
limits, what is the probability for the sample galaxies to have a given distribution

in the plane of the three parameters.

Let ¢(M) be the luminosity function of the cluster galaxies and D(r) be the
surface galaxy number density of the cluster, assumed to be spherically symmetric
and r be the projected distance to the cluster center. We further assume that
the velocity width at a given luminosity is normally distributed with dispersion
Olog w» Which may include both intrinsic and observational errors. Clearly, in a
projected area rdrdf at a distance r from the cluster center, the number of galaxies
with M and log W in the intervals of (M, M + dM), and (log W, log W + dlog W),
respectively, is given by

N(M,log W,r)dM dlog W r drdf
(log W — (log W) yy)*
2 0120g w

& exp [— ]D(r) (M) dM dlog W r drds,  (6.1)
where (log W) is the mean value of log W at constant M, which is independent
of how the sample is collected (Schechter 1980). If there were not any observa-

tional constraints, we would expect that the probability of observing a galaxy with
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(M, log W) at position r is directly proportional to equation (6.1). Unfortunately,
the various observing limits and selection effects allow us only to be able to sample
a portion of the complete distribution, which is usually distorted relative to the
parent distribution. Define a sample completeness function C(M,log W), which is
the fraction of galaxies with given (M,log W) that are sampled from the complete
population. The probability of observing a single galaxy with (M,log W) at r, is
given by

_}_

- C(M,log W) N(M,logW,r), (6.2)
N

p(M,logW,r) =
where

400 400 00 27
Cy = / dM f dlog W / rdr / d6 [N (M, log W,r) C(M,log W)]
—00 —00 0 0
(6.3)
is a normalization factor. The joint probability of finding all the sample galaxies at
their (M,log W,r) is P = [1; pi(M,log W,r). The likelihood function is then given
by
L=InP =) Inpi(M,logW,r)
)

O, — ({10 2
_ _% > (log W 012“ Vi Win)” Yin [D(r)qS(M)C(M, log W)C;,l]. (6.4)
2 og ¢

To fully evaluate the likelihood given by (6.4), one has to know the following:

1) D(r): the projected distribution of galaxies in the cluster. Only the relative
distribution is required for our purpose, and it usually can be well determined

by direct observation.

2) ¢(M): the luminosity function, which can be independently determined, and
of course, has to be assumed to be independent of environment. Note that we
ignored the type dependence of ¢(M) in the above formulae, although it can be

easily included.
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3) (logW)s: the mean value of log W at constant M. This is given by the TF

relation.

4) C(M,logW): the sample completeness function. This might be the most poorly
known of all, because a sample of galaxies for the study of the TF relation is
usually directly selected according to other properties of galaxies rather than
the two parameters (M, log W), which give rise the TF relation. In principle,
if we know galaxies so well, we can certainly derive C(M, logW), given the
constraints on other properties of galaxies. For now, however, one has to seek

for other empirical methods to estimate the completeness of a sample.

Once the likelihood is reduced to a known function of some model parameters
(e.g., the parameters in the TF relation, and cluster distances), one can then derive
the most likely estimates of these parameters by maximizing L. It should be noted

that if the second term in equation (6.4) is independent of all the model parame-
ters, maximizing L is just equivalent to minimizing ¥~; (log W — (log W) w2/ 0’120g W
i.e., the ML technique reduces to the conventional X%; scheme. This also makes it
clear that if the second term of equation (6.4) is a strong function of some model

parameters, a simple x2 method would yield a biased estimate of the parameters.

b) Completeness Function of Cluster Samples

Here we propose a method to simulate, using a nearby field galaxy sample,
the completeness function of a distant cluster sample, which is selected according
to diameter, magnitude, and HI fluz. To do this, we have to assume that the
distribution of the interesting quantities (magnitude, velocity width, HI content,

galaxy size) of field galaxies is similar to that of cluster galaxies.™

* This is not true exactly, as there has been lots of evidence for the environmental
dependence of various galaxy properties (see, e.g., Binggeli 1987; Whitmore et al.

1988; Magri et al. 1988, and references therein). These environmental effects, if well
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Given a field galaxy sample, with distance to each galaxy known, one can put all
of them to a reference distance d, and scale all the quantities accordingly. This forms
an equivalent “cluster sample” at distance d, but with better completeness than we
actually observe a cluster at the same distance. Now we can use our selection cri-
terion to “observe” this simulated cluster, and see how many percent of galaxies
at (M,log W) pass our selection; this percentage is just the completeness function
of observing this simulated cluster at the given distance, if the simulated cluster
itself is complete. The field galaxy sample, or the simulated cluster, is certainly not
complete, since it is also subject to similar selection effects. So the percentage thus
obtained is really a completeness function relative to the field sample; we denote
it as C'(M, logW). Fortunately, all the quantities which constrain the selection
of a galaxy sample, are roughly positively correlated. This means that the com-
pleteness of the field sample increases with, e.g., the size, HI content, or luminosity
of galaxies; therefore, the relative completeness C'(M,log W) better represents the

true completeness, for more stringent selection limits, or for more distant clusters.

As an experiment, I use the Local Supercluster dataset of Aaronson et al.
(1982a) to derive relative completeness functions for distant “clusters”. The kine-
matic distance relative to the Virgo cluster as given by these authors is used to
scale the sample galaxies to an arbitrary distance. The parameters involved are
the H-band magnitude H_g 5, velocity width W, diameter A, total HI flux F', and
inclination ;. When simulating a cluster at distance d by pushing all the galaxies
to this distance, the parameters H_g 5, A, and F' are scaled to this distance in the
conventional way; A is also de-corrected for inclination effects according to the RC2

formula (see equation [4.8]). We then impose the following selection limits on such

understood, can certainly be accounted for in our analysis above. But this is not
investigated in this thesis. As a matter of fact, as we will show below, the Maximum

Likelihood method introduced in this thesis will not be implicitly employed to derive

cluster distances for a number of other reasons.
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a simulated cluster,
1. Apparent diameter: A > 1,
2. HI flux per channel: F/(Wsini) > 4 mJy.

These are approximately the selection limits for the cluster sample of this the-
sis, and also for most other samples currently available. It is interesting to note
the influence of galaxy inclination in sample selection: highly inclined galaxies are
more likely to be selected according to the diameter limit, since they appear bigger
due to projection effects; on the other hand, a highly inclined galaxy would spread
its HI flux into a broader frequency region, and thus makes it less easy to detect
with a radio telescope. One should also note that, in order to understand how the
diameter and flux limits affect the observed distribution of M and W, we are not
imposing magnitude limits here, which can be easily included later by multiplying a
step function with the resultant completeness function due to the selection of A and
F. To “measure” the completeness of a simulated cluster with the selection limits
above, we need to divide the sample galaxies into several 2-D bins according to
both M and log W. However, because of the small size of the sample, we choose to
make 1-D bins of the data according to M and log W separately, we thus “measure”
the 1-D integrations of C'(M,log W), denoted as Cpm(M) and Cy(log W), respec-
tively. Figure 6.3a illustrates Cyn(H), the relative completeness of H magnitudes
(hereafter, I simply use H to denote H_g5), for the simulated clusters at different
distances (in units of Virgo distance); Figure 6.3b shows Cy(log W), the relative

completeness of velocity width.

It will be useful to parameterize the completeness of H and log W as shown in
Figure 6.3. Different forms of analytical expression have been tried; the following

two provide reasonable fits to the data:

M—ozH—ﬂHlogdH—l, (6.50)

Cm(H) = [1 + exp( .
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for the H completeness function, and

— - -1
logW — awy ﬂwlogd>] , (6.55)

Cy(logW) = [1 + exp( 5

for the log W completeness function, where d is the distance of the simulated clusters

in units of the Virgo distance. Using the data of the simulated clusters with d >

2dyirgo, we find the best fitting parameters are,

ag = 16.18 £ 0.28
By = 9.87 + 0.40 (6.5¢)
Sy =092 +025

ay = -0.62 £ 0.05
Bw =-0.96 + 0.08 (6.5d)
Sw = 0.10 £ 0.01

As just mentioned, the functions Cp,(H) and Cy(log W) so derived are the 1-D
integrations of the relative completeness function C'(H,log W) over H and log W,
respectively. If Co(H,log W) denotes the completeness function of the field sample
we have used, then the “cluster” completeness function C(H,log W), that we are
seeking for, is hidden in the following relations

+oo C(H,log W)

— =400 '
Cm(H) /_ C'(H,logW)dlog W = /_ - CiF Ty Vg™ (660)

— + +
Cuw(log W) « /_ OZO C'(H,logW)dH = / © CH1og W) ;7 (6.6b)

—co Co(H,logW)

It is impossible, at least mathematically, to uniquely determine the function
C(H,log W) from these equations alone. We do not investigate these problems fur-

ther in detail. Instead, we take two most straightforward approximations, namely,

1) C'(H,logW) x Cpp(H)Cy(log W), and 2) Co(H,log W) ~ const.



-VI11 -

Note that the first approximation is indeed a solution of equation (6.6), and the
second approximation is better for more distant clusters than for nearby clusters.

We thus come to an estimate of the completeness function for a simulated cluster,
C(H,logW) ~ Cm(H)Cw(logW), (6.7)

where C,, and Cy, are given by equations (6.5a-d). Note that the cluster distance
d in these equations is in units of Virgo distance, and Cy requires an absolute

magnitude scaled to the Virgo distance.

§6.4 Test of Different Fitting Methods

An interesting test of the Maximum Likelihood scheme (and also other fitting
methods: x2, , x2, , and x% ) is to apply it on the simulated clusters as described
in §6.3b, and see how well it predicts the “cluster” distances. To do this, I set D(r)
= const in the likelihood, which is not defined for the simulated clusters, although
the detection of each galaxy in the original sample of Aaronson et al. does have
some dependence on the local density in the LSC. The completeness function for
the simulated clusters are taken to be equation (6.5), and the H band luminosity

function is taken to be that as derived by Han and Mould (1990), i.e.,
$(H) xx zPe®, (6.8)
where z = dex[—0.4(H — H,)], and 8 ~ —0.05, Hy ~ 7.4. The magnitudes are

scaled to the Virgo distance.

As a first attempt, we assume a linear Tully-Fisher relation. For the ith galaxy

n jth cluster, we then have
Hiaj =a+blog Wi,j + 5log(d/dvirgo)7 (6.9)

where H; ; is apparent magnitude, d / dyirgo 1s the cluster distance in units of Virgo,
which is to be found by the ML fitting. The parameters a and b define the TF

relation at the Virgo distance.
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We have 11 simulated clusters with distance ranging from dyirgo to 8dyirgo,
which just covers the distance range of our real cluster sample. The total number
of free parameters is 12; that is, the distances of 10 clusters relative to a refer-
ence cluster (taken to be that at dyirg,), plus the 2 parameters characterizing the
TF relation at the reference cluster. The ML fitting is then performed using the
minimizing routine EQ4UCF of the NAG library. Figure 6.4 illustrates the fitting
result (filled dots), in which the relative errors in the fitted distances of the clusters
are plotted against the true distances. For comparison, the results from the con-
ventional fitting methods of x2 scheme (cross), x2, scheme (open square) and X2,
scheme (open triangle) are also shown in the same panel. In the test of X?n and X%u
fitting methods, a linear TF relation is assumed. In the test of the X% method, the
quadratic TF relation as employed by Aaronson et al. (1986) is used; this test is
thus directly relevant to the result of Aaronson et al. From Figure 6.4, it is clearly
seen that the X% scheme and X?n scheme both suffer large systematic bias, and their
predicted cluster distances have errors as large as 10%. The ML technique and
the X?p scheme are almost equally good in revealing the true distances, and the

uncertainties are within 5%.

It is worth noting that, according to Aaronson et al., the H-band TF relation
of the LSC sample is highly nonlinear. One might expect that using a quadratic
TF relation in the ML or the X72n and X?y schemes would yield better predictions of
cluster distances. The ML and x? fittings are thus carried out using a quadratic TF
relation. Indeed, the ML and the X’lQ,U schemes predict the cluster distances slightly
better; however, the X?n scheme does not show any improvement at all. This reflects
the complexity of sample bias. Figure 6.5 shows the fitting results with a quadratic
TF relation, analogous to Figure 6.4, the solid dots represent the ML results, and
the open squares and open triangles show the results of the Xg,, and sz schemes,

respectively.
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The following conclusions can be drawn from the above analyses.

a) A cluster galaxy sample selected based on apparent diameter and HI flux is
biased. The conventional X?n scheme is very sensitive to such bias, and thus
yields biased distance estimates; however, a xgv fitting scheme is very robust
against such sample bias (but not necessarily if the sample is selected according

to other criteria).

b) Both the fitting method and the form of the TF relation (linear or quadratic)
affect our prediction of cluster distances. The fitting technique seems to be

more crucial.

c) The ML method does not show much advantage over the x2, method; this
may be due to the uncertainties in the estimated completeness functions, and

uncertainty in the luminosity function.

After comparing the different fitting schemes using simulated clusters, we are

now ready to study our real clusters.

§6.5 Relative Distances of the Sample Clusters

Four different methods of deriving cluster distance, namely X% , szn , X%v and
ML scheme, were compared in §6.4. The x2, fitting method turns out to be as good
as the ML method, for a cluster sample selected according to galaxy’s diameter and
HI flux. Based on this fact and other considerations given below, we shall primarily
rely on the simple x2, fitting method to estimate cluster distances in this thesis.

But for comparison purposes, the X72n and ML schemes are also carried out.

To estimate the relative distances of the 16 clusters in our sample, we assume

a linear TF relation, and fit it to our cluster sample data using the X?,, , ng and

ML methods. Applying a relative distance shift for each cluster, we have, for each
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galaxy in the sample (similar to equation [6.9])
Lij=a+blogW;;+ A:u'gomcu (6.10)
where I; ; and W; ; are, respectively, the observed magnitude and velocity width

of the 7th galaxy in the jt* cluster, and A,uzoma is the distance module of the jt?
cluster relative to Coma. We thus have 17 free parameters for the 16 clusters, i.e.,

the slope b, zero-point a of the TF relation at Coma, and the 15 distance moduli

relative to Coma Augoma. We use both the isophotal magnitude (I235) TF relation
and the total magnitude (Ltt) TF relation, in conjunction with each of the fitting

schemes.

The fittings using the x2, and x2, methods can be easily carried out. To apply
the ML method on the real cluster samples, further approximations have to be made
that may introduce uncertainties, and it is a major concern for us not to rely on
the ML method in this thesis. First, we ignore the density variation in each cluster,
i.e. set D(r) = const. Second, we estimate the completeness function C(I,log W)
for each of our clusters as

C(I,log W) ~ C(I — (I — H)py,log W)
: (6.11)

~ Cr(I = (I = H)y)Cu(log W)

where (I — H)py is the mean (I — H) color of spiral galaxies at constant velocity
width log W as given by equation (7.5) in Chapter 7, and Cp, and C, are given by
equations (6.5a-d). A relative Virgo-Coma distance modulus of 3.70 (Aaronson et
al. 1986) is assumed in scaling the distance in these equations from Virgo to Coma.
Finally, We assume the I-band luminosity function is also of the form of equation
(6.8). The index 3 and the critical magnitude Ix at the Coma distance are taken to
be —0.2 and 12., respectively. These are crudely estimated from a typical B-band
luminosity (8 ~ —0.2, By ~ —21, see, e.g., Binggeli, Sandage & Tammann 1988) by
simply scaling By to I, assuming a value of 1.5 for (B — I) color, and a value of

34.5 for Coma distance modulus (Aaronson et al. 1986).
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The three fitting methods (x2, , x2, , and ML) combined with two TF relations
(Is3.5 and o) give 6 different solutions. Table 6.2 lists the TF parameters of each
solution, namely, the zero point a, slope b, and the TF dispersion om. The relative
distance moduli for the sample clusters are tabulated in Table 6.3. Columns (1)
and (2) of Table 6.3 record, respectively, cluster name and number of galaxies in
the cluster. Columns (3), (4) and (5) list the distance moduli relative to Coma
as derived by applying, in order, the X?n , X%} and ML schemes with the Iog 5
TF relation. Columns (6), (7) and (8) give the relative distance moduli derived
by applying the three schemes with the Ijot TF relation. The errors associated
with the moduli represent the formal rms scatters from the fit, which is usually
larger than that estimated by dividing the typical TF scatter by the square root
of the number of galaxies in a cluster. As explained above, we will rely on the
x2, method in this thesis, our finally adopted distance modulus for each cluster is
the average of the results from the X?u scheme with the Is3 5 and It TF relations,
respectively, i.e., the average of columns (4) and (7). This is listed in column (9) of
Table 6.3. Column (10) gives the results as derived from the H-band TF relation
(Aaronson et al. 1989), which is based on the x2 fitting method as discussed above.
The last column of Table 6.3 gives the relative distance moduli based on the Dyp—o
relation, from Faber et al. (1989), Lucey & Carter (1988) or Lucey et al. (1991).
Conversion from distances in km/s to distance moduli is done with the relation

p = 5(log R + 3.029) as given by Lucey et al. (1991).

Comparing the distance moduli from different fitting methods, we have the

following interesting conclusions. -

1) For each fitting method, the Is3 5 and Ij,; TF relations yield almost identical
results. The mean difference of distance moduli (I235 TF — Iip; TF) are 0.02
4+ 0.03 for both x2, and x2 schemes, and 0.03 £ 0.04 for the ML scheme.
This indicates that the two TF relations are identical when used as distance

indicators.
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The difference of distance moduli between the x2, and x2, schemes systemati-
cally varies with the mean velocity width of the cluster (col. [9] of Table 6.1), as
shown in Figure 6.6. This variation does not have much physical significance,
but simply reflects the dispersion of TF relation and the characteristics of the
fitting procedure. This does give us a clear warning that at least one of the two
fitting methods is biased. As we have learn from §6.4, the x%z scheme is biased
and the x%, scheme is almost free of bias, when applied to a sample selected
according to HI flux and diameter (see the appendix of Mould et al. 1991 for

similar discussion).

Considering the crude approximations we have made for the sample complete-
ness function and especially the I-band luminosity function in the ML function,
the agreement between the fitting results of ML and x%, methods is surprisingly
good. This implies that the ML scheme is not very sensitive to the luminosity
function. Indeed, a simple test shows that varying the two parameters in the
luminosity function has only a weak effect on the fitting result. The same test
also shows that a slightly brighter I, gives a better ML fit, in the sense of in-
creasing maximum likelihood value and reducing the formal rms errors of the

free parameters.

The agreement between the result of x%, , or ML fitting schemes and that of
Aaronson et al. (1986, 1989), who utilized a x2 fitting scheme and a quadratic
H-band TF relation, is not very good in general. Figure 6.7a compares the
relative distance moduli derived from the H-band TF by Aaronson et al. (col.
[10] of Table 6.3) and those of present work (col. [9] of Table 6.3). The largest
discrepancies are for clusters A2634, Pegasus, Cend5, A2151, Antlia, and A1367.
The discrepancy does not show a clear dependence on some global properties of
individual clusters, like the individual TF slope (col. [3] and [6] of Table 6.1),
the cluster mean velocity width (col. [9] of Table 6.1), and cluster redshift (col.
[10] of Table 6.1). Tests were also made with a quadratic TF relation in the
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above fits. The distances thus predicted are almost the same as those from the
fits with the linear TF relation. This is consistent with a small value for the
coefficient of the quadratic term from the fits, which is about 0.8 with a formal
error of the same order. The quadratic coefficient of the H-band TF relation

used by Aaronson et al. is, however, 7.5!

5) Comparison of the present estimation of cluster distances (col. [9] of Table 6.3)

with the prediction of the D, — o relation (col. [11] of Table 6.3) is presented
in Figure 6.7b.

With the relative distances of the clusters in hand, we can then study the
peculiar motions of the clusters relative to the isotropic Hubble flow. Before doing
that, however, I will first, in Chapter 7, examine the global photometric properties
of the sample galaxies, and further investigate the TF relation—its physical basis

and the problem of second parameters.
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Figure Captions for Chapter 6
Figure 6.1: The individual Io3 5 and I;ot TF relations for the 16 sample clusters.

Figure 6.2: Slopes of the two individual (Ia35 and I;pt) TF relations for each
cluster are plotted against a) the cluster mean velocity V¢, and b) the mean

velocity width < log W >.

Figure 6.3: The relative completeness functions of H-band mag and velocity
width derived by applying diameter and HI flux “sample selection” limits on the

simulated clusters at different distances based on the LSC data of Aaronson et

al. (1982)

Figure 6.4: Comparison between different fitting methods for their abilities of
recovering the distances of simulated clusters: plotted are the relative errors

in predicted cluster distances vs input (true) distances. Results of four fitting

methods, namely, ML, x2,, x2, and x2 (see text for details), are presented in
different symbols. A linear TF relation was employed in the first three fitting

methods.

Figure 6.5: Same as Fig. 6.4, but a quadratic TF relation was used in the fitting
methods. The results of x2 is not shown here.

Figure 6.6: Difference between the distance moduli of a sample cluster derived
using the fitting methods of Xﬁ, and x2, is plotted against the mean velocity width

of the cluster. This is a demonstration of bias in estimating cluster distances using

the methods of X2, or x2,.

Figure 6.7a: Distance moduli relative to Coma derived from the H-band TF

relation versus those from the I-band TF relation.

Figure 6.7b: Distance moduli relative to Coma derived from the Dy — o relation

versus those from the I-band TF relation.
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Table 6.1

The Tully-Fisher Relation of Individual Clusters

I35 TF relation

I;o: TF relation

Cluster N -b Om r -b Om r <logW > Ve
Pisces 18 8.81+0.59 0.32 0.96 8.12+0.54 0.30 0.96 2.54 5299
A400 8 7.29 £1.42 0.31 0.88 7.63 £1.44 0.31 0.88 2.63 8437
A539 10 7.76 £1.71 0.33 0.76 7.56 £1.65 0.32 0.78  2.65 8487
Cancer 11  10.17 £1.64 0.53 0.87 9.38 £1.51 0.49 0.87 2.51 5193
A1367 20 9.57 +1.10 0.41 0.87 9.07 £1.08 0.40 0.86 2.60 6680
Coma 13 7.93 £0.96 0.31 0.92 7.41 £0.87 0.28 0.92 2.63 7657
774-23 10 9.09 £1.16 0.36 0.93 854 £1.13 035 0.93 2.53 4558
A2151 8 7.39 £1.29 0.28 0.90 6.87 £1.20 0.26 0.90 2.66 10706
Pegasus 14 831 +1.20 0.46 087 7.77 £1.20 0.47 0.84 2.49 4129
A2634 11 6.41 £1.05 0.26 0.87 6.28 £1.04 0.26 0.86 2.69 9281
Antlia 10 8.50 £1.07 0.34 093 8.12+1.03 0.33 0.93 2.59 3032
Cen30 10 818 +1.15 0.46 0.92 7.91 £1.11 0.45 0.92 248 3052
Cen45b 6 11.51 +£2.81 0.49 0.87 11.07 £2.70 0.47 0.87 2.59 4469
E508 8 7.35 £0.67 0.19 0.97 6.32 £0.60 0.17 0.97 249 2847
Hydra 10 9.99 +1.48 0.44 0.92 8.78 £1.43 0.43 0.90 2.55 3723
N3557 5 7.39 £2.01 0.20 0.88 9.17 £2.96 0.30 0.82  2.57 2143
mean 0.89 0.35 0.89

0.36

b = slope of the TF relation.

o, = dispersion of the TF relation in units of magnitude.

r = linear correlation coefficient of the TF relation.

< logW > = mean velocity width of the cluster member galaxies.

v, = cluster velocity relative to the Local Group centroid.
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Table 6.2

Mean TF Relations by different Fitting Schemes

a Oa -b o om
I3 5-TF (x2, scheme) 13.85 0.11 7.81 030  0.35
I3 5-TF (X2, scheme) 14.07 0.12  9.53 0.36  0.39
I53 5-TF (ML scheme) 14.03 0.13  9.44 034  0.39
I1ot-TF (x2, scheme) 13.67 0.11  7.27 028  0.34
I1ot-TF (x2, scheme) 13.89 0.12 896 035  0.38
I1o¢-TF (ML scheme) 13.81 0.07 874 0.33  0.37
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Figure 6.1
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Figure 6.1 — continued

Illlllllllllli

Coma (123.5)

IIIIIIIIIII

Coma (Itot)

A2634/66 (Ipss)

— - I—
= ST + S -
:T I | l b1 | [ _l—t:'l- | l [ | | . | 1 I——
N | I 1T l 11 l T T_ 17 1T 1 I 11 | T 1 I 1T T_]
T 42151 (Iggs) T A2151 (L) B
- I e ow®
—_—l- [ | | . 1 _I_::T [ |- I [ I [ —I_—
N 1T 1 1 1T T30 1T 11 l T 1 I 1T 1]
C 274-23  (Ipgs) 4+ Z74-23 (L) B
: - W 1 - L] ]
— =, -1 . w= ]
__I [ I | I . l | . I [ I____l L1 l | ' | l [ l_—
N I 11 I 1 1 I 1T 1107 T 1 I 1T 1 l 11 l 1T T
— Pegasus (Izs) _::_ Pegasus (Iio) _:_
- 2 + < 3 B
il =" . T "e, # ]
— T .
1 T 11 I
— — .

R 1
I RNRR RN SRR ETRNEE = o SNANI SN RN NN AR
—.2 0 2 -2 0 2
log(W)—-2.5 log(W)—2.5




-~ VI.26 -

Figure 6.1 — continued
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Figure 6.2
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Figure 6.3
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Figure 6.4
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Figure 6.5
T T T 1 T I T T T T T T T T I T T T T l
° < O
e O
o ]
o m]
q m]
ed o
o m]
<o O

g0 1°0 0 10— g 0—
[eoueysip jndjno Ul JoaIs oAT}elad] op/pv

d/dVirgo [input distance]



- VIL31 -

Figure 6.6
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Figure 6.7
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CHAPTER VII
GLOBAL PHOTOMETRIC PROPERTIES OF SPIRAL GALAXIES

AND SECOND PARAMETERS IN THE TF RELATION

The current photometric and kinematic appearance of a galaxy is the result of
initial formation and subsequent evolution. Study of the global properties of galaxies
has been a major approach to understanding the processes of galaxy formation and
evolution. In making use of the extensive data from the surface photometry of this
thesis, below I will briefly examine the photometric properties of the sample galaxies.
But I will not discuss the implications in detail, as they lie beyond the scope of this
thesis. The TF relation, as one of the important integrated photometric—kinematic
relations of spiral galaxies, will also be investigated in this chapter. I seek to study
the dependence of the TF relation on other galaxy properties, i.e., the problem of
second parameters, and propose physical explanations for the empirical properties

of the TF relation.

§7.1 Distance Independent Photometric Parameters

The following distance-independent photometric quantities are extracted from

Table 5.1
(1). X935 = Io35 + 5log A(2)3.5, the mean (face-on) surface brightness.

(2). C9/Csp, the ratio of concentration radius at level 20% to that at level 80% —

an index measuring the degree of light concentration in a galaxy.

(3). 020/A83.5, C’50/Ag3‘5, and C'go/A83.5, the ratios of concentration radii at level

20%, 50% and 80% to the isophotal radius at u; = 23.5 mag/arcsec?. These



- VIL.2 -
parameters reflect the degree of light concentration as normalized to an absolute

brightness level.

(4). V —1I, the (V — I) color within isophote uy = 23.5 mag/arcsec?.

(5). I — H = Lot — H_g 5, an indicative (I — H) color.

Morphological type dependence of the parameters X935, Co9/Cgo, (V — I),

(I — H) and Cy /A83.5 are shown in Figures 7.1a-e. Note that a few galaxies with
types larger than 10 are plotted at 10 in the figures. All these parameters show

strong dependence on type.

Velocity width dependence of these parameters are presented in Figures 7.2a-g.

Linear fits to these relations (assuming equal vertical errors) yield,

S35 = 26.16(0.54) — 2.24(+0.21) log W, (7.1)
Ca0/Cgo = 0.78(£0.09) — 0.23(£0.03) log W, (7.2)
Co0/AY3 5 = 1.60(+0.11) — 0.54(%0.04) log W, (7.3)
V — I = —1.50(£0.28) + 0.94(£0.21) log W, (7.4)

I — H = —5.61(£0.39) + 2.40(%0.15) log W. (7.5)

It is seen from Figure 7.2a and 7.2d that both the 3935 — log W relation and the
(I — H) — log W relation undergo a change in slope at a critical velocity width (or
luminosity) log W ~ 2.6. Such discontinuities, or nonlinearity, in the two global
photometric—kinematic relations might be an indication of the intrinsic variation in
the structure of spiral galaxies or just reflect the improper operational definition
of the observables (Mould, Han & Bothun 1989; Persic & Salucci 1991). Other
(or similar) “discontinuities” in the global photometric properties of both spiral
and elliptical galaxies have been reported and investigated by a number of authors
(Binggeli, Sandage & Tarenghi 1984; Kormendy 1987; Dekel & Silk 1986; Pierce
1989). Whatever the physical explanations for such “discontinuities” of galaxy

properties might be, we note that an interesting and practical implication of a
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nonlinear (I — H) — logW relation is that the degree of the nonlinearity of I-
band TF relation is different from that of H-band TF relation; the latter has been
reported to be highly nonlinear (Aaronson et al. 1982a, 1982b). The sense of the
curvature seen in the (I — H) — log W relation implies that the I-band TF relation
is less curved (if not perfectly straight) than the H-band TF relation.

A color-color diagram, i.e., (I — H) vs (V — I), is illustrated in Figure 7.3.

A traditional method to study the luminosity structure of galaxies is to divide
it into distinct components, most often, an exponential disk and a rl/4 bulge (e.g.,
Freeman 1970; de Vaucouleurs 1977; Kormendy 1977a,b; Burstein 1979; Boroson
1981; Kent 1985; Kodaira et al. 1986). Decomposition of the light distribution
into such components is not, however, very reliable for most galaxies (at least in
this thesis sample), and also requires a careful correction for seeing effects. The
(bulge/disk) structure properties, as well as other important photometric properties
(like color gradient and color asymmetry about major axis) of the sample galaxies

will not be investigated in this thesis.

§7.2 Distance Dependent Photometric Parameters

Using the relative distances of the sample clusters listed in Col. (4) of Table
6.4, we can put them all to a reference distance, and investigate the distarice-
dependent photometric properties of the cluster galaxies. Again, we choose Coma
as a reference cluster, and define the following (distance-dependent) parameters for
each of the cluster galaxies in Table 5.1. Non-cluster-members are excluded from

the following discussions.

(1) IQ"?I)’% = Ipg5 — 5log(d/dcoma ), the absolute isophotal magnitude (or magnitiade

that would be observed, if the galaxy were at Coma distance).

(2) I8 = Lot — 51og(d/dGoma), the absolute total magnitude.

ot —
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(3) Ross = Ag3‘5d/ d¢oma, Physical isophotal radius.

(4) J/M = Ro35W, an indicative parameter for specific angular momentum of a

galaxy (i.e., angular momentum per unit mass).
(5) M = Ry35W?, a mass indicator of the galaxy.
(6) pm = W2/ R%3.5, an indicative mass density of a galaxy.

(7) M/L = Mdex(0.4 I#}%), a mass-to-light ratio indicator (not in the conventional

solar units).

Note that in defining log(J/M), M and log pm, I used the isophotal radius
rather than any of the three concentration radii. This choice is merely based on
the fact that the isophotally defined log(J/M) and M show much better correla-
tion with each other and with absolute magnitude or velocity width than those
defined concentrationally (we believe that close correlations should exist between
true specific angular momentum and mass and between mass and luminosity for
normal galaxies). This preference of isophotal radius over the concentration radii
in the definition of the three global “kinematic” quantities might have interesting
implications. Does it indicate that the relative light distribution of a galaxy carries
less information about the mass and angular momentum contents of a galaxy than

does the absolute isophotal size of the galaxy?

a) Specific Angular Momentum

Figures 7.4a-f present the correlations of the specific angular momentum indica-
tor log(J/M) with, in order, a) indicative mass log M, b) absolute total magnitude
If£55 , ¢) mean surface brightness Yo3 5, d) galaxy type, e) density indicator log pm,
and f) concentration index Cop/Cgg. Linear fits to Figures 7.4a, 7.4b and 7.4e yield
the following expressions,

log(J/M) = —0.69(£0.04) + 0.71(%0.01) log M, (7.6)
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log(J/M) = 7.57(£0.07) — 0.27(£0.01) I, (7.7)
log(J/M) = 1.81(£0.04) + 1.54(40.03) log Ra3 5, (7.8)
or equivalently,
J/M o MO.71:E0.01, (7.9)
JIM o L;88+002 (7.10)
J/M o< RED3E0-03, (7.11)

where L;,; is the total I-band luminosity. It should be noted that the correlation
in equations (7.6) and (7.8) may largely be artificial because of the correlation
introduced in the definition of the parameters. However, the slopes certainly carries
important information about the kinematic and photometric structures of galaxies
and also the process of angular momentum origin (Peebles 1969; Efstathiou & Jones
1969). Very similar dependence of the specific angular momentum on mass has been
empirically derived by other authors (Heidmann 1968; Vettolani et al. 1980; Pierce
1989), and has several theoretical explanations (Thuan & Gott 1977; Shaya & Tully
1984). The anti-correlation between specific angular momentum and density seen
in Figure 7.4e is consistent with theoretical predictions (e.g., Hoffman 1986). It is
important to note that the correlation between J/M and luminosity (equation [7.7]
or [7.10]) is remarkably good, which is not caused by artificial effects as could be
for the J/M — M correlation. As we will discuss below, this might have significant

impact on our study of the TF relation.

b) Mass and Mass Density

In Figures 7.5a-f, the mass density indicator log p,, is plotted against, in the
order, a) indicative mass log M, b) absolute total magnitude I?Obts , C) Iean sur-

face brightness Y935, d) galaxy type, e) (V — I) color, and f) concentration index
C20/Cso-

Figures 7.6a-f present the relations of the indicative mass log M, with, in or-

der, a) velocity width log W, b) the physical isophotal radius R93 5, ¢) the mean
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surface brightness X935, and d) galaxy type. Double linear fits to the relations of
mass/radius, and mass/width yield
log M = 3.39(£0.15) + 2.25(40.07) log Rag3 5, (7.12)
log M = —1.96(£0.10) + 3.31(%0.07) log W. (7.13)

c¢) Luminosity and Mass-to-Light Ratio

The correlation of M/L with various parameters are shown in Figures 7.7a-l,
these parameters are, in the order, a) mean surface brightness 2935, b) absolute
magnitude I, ¢) morphological type, d) (V — I) color, e) velocity width log W,
f) physical isophotal radius Rog 5, g) density indicator log py,, h) specific angular
momentum indicator log(J/M), i) concentration index C9/Cgo, j) the physical con-
centration radius Cgg, k) concentration parameters Caq /Ag3_5, and 1) Cg /Ag3_5. A
quick visual inspection of these relations leads to the following preliminary conclu-

sions:

1) M/L is not a strong function of luminosity, though it does show a weak de-
creasing with increasing luminosity (see also Pierce 1989). This is qualitatively
consistent with the prediction of the galaxy models of Tinsley (1981) and Rubin
et al. (1982).

2) high M/L galaxies tend to have low surface brightness.

3) M/L does not show clear dependence on the light concentration parameters,

C90/Cs0, C20/Afs 5 or Cgo/Ads 5.
4) M/L does not show clear dependence on galaxy type.

5) It is interesting to note that the mass-to-light ratio M/L, a crude measure of
stellar population or the initial mass function (IMF'), is almost independent of

the mean mass density of the galaxy.
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Figures 7.8a-d and 7.8a’-d’ illustrate, respectively, the correlations of the abso-
lute isophotal and total magnitudes with, a) radius Ro3 5, b) mean surface brightness
¥93.5, ¢) morphological type, d) mass, and €) V' — I color, Familiar correlations are
seen in these plots, i.e., higher luminosity galaxies tend to be earlier types, or to
have higher mean surface brightness, or redder colors. It is also noticed from these
plots that the scatter in a relation with total magnitude is smaller than that of
the corresponding relation with isophotal magnitude. This is an indication of the
validity of the method we employed in Chapter 5 to estimate the total magnitude

by extrapolation.

§7.3 Second Parameter in the TF Relation

It is of great significance, from both theoretical and practical points of view, to
investigate the possibility of second parameters in the TF relation. On one hand, it
helps us to understand the physical bases of the TF relation and the formation and
evolution of galaxies; on the other hand, it may provide a method of improving the

TF relation as a distance indicator.

The combined Ijo TF relation, Isg 5 TF relation and also H-band TF relation
are presented, in order, in Figures 7.9a, 7.9b and 7.9¢, which all have equal vertical
scales. The scatters in the relations (i.e., dispersion about the mean relation), are
shown in the plots, that is, 0.37 mag for Is3 5 TF relation, 0.35 mag for I;,; TF
relation, and 0.44 mag for H-band TF relation. The combined TF relations show a
mild change of slope at about logW = 2.7, however, the effect of this nonlinearity

on the derived distance is small as demonstrated in Chapter 6.

The magnitude residuals about the mean relation are calculated from the I
TF relation, and are examined for correlations with other available parameters. Ta-
ble 7.1 summarizes the results based on visual inspections. For each parameter, a
code ranging from 0 to 10 is given to indicate the relative strength of the correlation;

a number of 0 represents no correlation and a number of 10 represents the highest
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correlation. Figures 7.10a-h graphically show the correlations of the residuals with
some of the parameters listed in Table 7.1, which are, a) the mean surface brightness
So35, b) V — I color, c) galaxy type, d) specific angular momentum log(J/M), e)
density indicator log pm, ) mass-to-light ratio log(M/L), g) the physical concentra-
tion radius log Cgg + log(d/dcoma), and h) the residuals of log R93.5 / log W relation,
denoted as Res|log Ro35/log W] .

Strong correlations with Res[log Ro3 5/ log W] , density indicator log pm, mass-
to-light ratio M/L and also the physical concentration radius Cgq are clearly seen
(Figures 7.10e-h). A correlation with type appears to present for very early (T <
2) and very late (T > 7) type galaxies, but this is not significant because of the

small number of galaxies in these extreme types.

Now there are a number of interesting questions regarding these correlations.
First of all, are they really caused by some physical properties of galaxies or just
reflect some artificial effects? Second, if they are physically meaningful, what can
we learn from all these about the physical basis of the TF relation, or can we find
a reasonable physical explanation for the correlations? And third, can we use these

correlations to improve the TF relation as a distance indicator?

To answer the first question, let us examine the “basic constitutes” of the TF
residuals and the quantities which show correlations with TF residuals, and treat
them as pure mathematical independent variables, and then see whether the corre-
lations observed in Figures 7.10e-h are due to the self-correlation of these variables
(note we do not consider the inter-correlations among such variables, which are

awaiting physical interpretations).
a) TF residuals ~ Itacf’ts—blog W, where b = —8.8 is the slope of the I;,; TF relation.

b) Res|log Ro3.5/log W] ~ —log Ra35 — plog W, where p = 1.5 is the slope of the
log Ro3 5/ log W relation (Figure 7.11).
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c) density indicator log pm ~ 2log W — 2Ra3 5.
d) mass-to-light ratio indicator log(M/L) ~ 1858 /2.5 4 2log W + Rog 5.

Clearly, the TF residuals and the three parameters have common variables:

I{‘Obts and/or log W, the latter three parameters also depend on Rp35. Let us

check whether the correlations presented in Figures 7.10e-h simply reflect the self-

correlation of the two common variables, Ifobts and log pm.

&. The correlation of TF residuals with Res[log Ra3 5/ log W] (Figure 7.10h): The
common variable in this case is just log W. Obviously, the TF residual does
not have overall correlation with log W, the correlation of TF residuals with
Res[log Ro3 5/ log W] thus arises from the combination of log W and radius Rag 5
in the particular manner (note a different combination of logW and Rag5:
log(J/M) = Ra3 5 + log W, does not correlate with the TF residual as shown
in Figure 7.10d). This implies that the correlation between TF residual and
Res[log Ro3 5/ log W] is not produced by self-correlation of the variable log W,

but reflects something that is beyond a simple mathematical explanation.

Q. The correlation of TF residuals with log pn, (Figure 7.10e): Same as above,
log W is the only common variable in this case, and the correlation of TF resid-
uals with log p, can not be due to the self-correlation of log W, but reflects the

very involvement of radius Ra3 5.

#. The correlation of TF residuals with log(M /L) (Figure 7.10f): Now both log W
and I are common variables. Self-correlation of these two variables does
contribute to the correlation seen in Figure 7.10f, which can be easily verified by
checking the relation between TF residuals and the quantity Ifobts /2.5+2logW
(i.e, set Ro35 at constant in the expression of log[M/L]). However this relation
clearly has larger scatter than the original relation of Figure 7.10f, indicating

that the correlation between TF residuals and log(L/M) in Figure 7.10f partly
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reflects an artificial effect, but certainly contains some physical information.

Now, we come to a simple conclusion: the correlations in Figures 7.10e-f are
physically meaningful, and reflect the inter-correlations among the fundamental pa-
rameters, Ro3 5, If‘ozs and W. These correlations as shown in the particular forms
above may contain important information about the formation and/or structures
of galaxies. Below, in the subsections a) and b), I seek two possibilities to inter-
pret these correlations physically; and in subsection c), I discuss the question of

improving the TF relation as a distance indicator.

a) The TF Relation from Initial Density Fluctuation

As a matter of fact, all the above correlations can be qualitatively interpreted
using the basic concept of CDM galaxy formation scenario. Blumenthal et al. (1984)
have demonstrated that the protogalaxies (the equilibrium structures that collapse
dissipationlessly from the CDM initial fluctuation spectra) satisfy a relation between
mass (M) and kinetic energy (Ej) of the form log M ~ alog Ej, (their Figure 4).
The slope of this relation a depends on the slope of the initial fluctuation spectrum,
while the zero point of the relation is a decreasing function of the amplitude of the
fluctuation, or roughly the mass density of a protogalaxy. This relation can be
considered as the seed of the TF relation, and the observed version of the TF
relation (the relation between luminosity and rotation velocity) is just an image of
this initial TF relation, after the protogalaxies have undergone various processes
(e.g., star formation, dissipation collapse). The correlations presented in Figures

7.10e-h can then be understood within this gross picture:

(1) The residual correlation with density shown in Figure 7.10e, i.e., lower density
galaxies tend to be brighter than an average galaxy of the same velocity width.
This is in the right sense of the correlation between density and the zero-point
of the initial TF relation. So the correlation of Figure 7.10e can be regarded as

reflecting the intrinsic dispersion of the initial TF relation.



(2)

(3)

(4)
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The correlation with M/L (Figure 7.10f), i.e., higher M/L galaxies tend to be
fainter than an average galaxy of the same velocity width, can be understood
as the result of deviation from the “initial TF relation” due to a too low (or too

high) luminosity, i.e., reflecting the peculiar star formation history (IMF).

The dependence of TF residual on Cgg (Figure 7.10g) is in the sense that galaxies
of larger concentration radii appear to be brighter than an average galaxy of the
same rotation velocity, or equivalently that galaxies of larger concentration radii
tend to have lower rotation velocity than an average galaxy of same luminosity.
This can be interpreted as a result of deviation from the “initial TF relation”
due to a too large or too small collapse factor, because angular momentum is
conserved during collapse. This explanation is consistent with the fact that

angular momentum is independent of TF residuals (Figure 7.10d).

The correlation between TF residual and Res[log Rog 5/ log W] (Figures 7.10h) is
such that galaxies with radii larger than an average galaxy of the same rotation
velocity (log W) is also brighter than the average galaxy. Equivalently, such a
correlation can be described as: a galaxy with radius larger than the prediction
of log Ra3 5/ log W relation have rotation velocity smaller than the prediction of
TF relation. This can also be naturally interpreted as the result of deviation of
the galaxy from the “initial TF relation” due to a too large or too small collapse
factor (angular momentum is conserved during collapsing). As a matter of fact,
if we assume the scatter in the galazy collapse factor is the common source of the
dispersions in both TF relation and Ro35/W relation, we can then predict the
slope of the relation between TF residuals and Res[log Reg 5/ log W] : if a galaxy
collapsed by an extra amount of radius, AR23 5, from the mean defined by the
relation log Ra3 5 ~ plog W, then angular momentum conservation implies that
it would have an extra rotation velocity of AW/W ~ —ARs935/R9e35. Thus
the total deviation of R935 from the relation log Ro3 5 ~ plog W is given by
Allog Roz 5] = —(1 + p)Aflog W] (not just pAflog W]!). On the other hand,
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the extra rotation velocity A[log W] would produce a residual from the mean
TF relation (I;pt ~ blog W) of —bA[log W]. Therefore, the relation between
the TF residuals and log R93 5/ log W residuals is expected to have a slope of
b/(1+ p), which is —3.52 + 0.18 for b ~ —8.8 £ 0.3 and p ~ 1.5 £ 0.1 from our
data. A direct fit to Figure 7.10h yields a slope of —3.55+0.23! This incredible
coincidence is not trivially understood (by the author), and I would consider it
as preliminary evidence for the assumption that the scatter in the TF relation
i3 largely caused by the scatter in the galazy collapse factor (or scatter in the
degree of energy dissipation). The interesting consequence of this explanation
is that the luminosity is better correlated with angular-momentum rather than
with rotation-velocity, because angular momentum is a conserved quantity in
the process of galaxy dissipational collapse. Indeed, Figure 7.4b shows a very
good correlation between luminosity and angular momentum, with a dispersion

of about 0.23 mag.

b) The TF Relation from Virial Theorem

Another way to understand the TF relation and its dependence on other proper-
ties of galaxies (e.g., log pm, and M/L) is to scale the Virial Theorem as traditionally
done to derive the TF relation (e.g., Aaronson, Huchra & Mould 1979). For a galaxy
bound by gravity, the Virial Theorem implies

M/R = kW", (7.14)

where M is the total mass of the galaxy, R is a suitable radius, W is a typical
velocity dispersion measuring the kinetic energy of the galaxy, and k is a virialization

constant reflecting the dynamical relaxation of the galaxy. Let L be the luminosity

of the galaxy and p,, be an average density parameter defined as M/R?’, equation

(7.14) can then be expressed as

L= k%(M/L)—l(M/'R‘?’)-% V3= k%(M/L)_l_—%W?’
= = Pm . (7.15)
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Now, let us relate the parameters M, 5,, and W with their operationally defined

correspondences using linear relations:

M = kmM, (7.16a)
Pm = kppm, (7.160)
W = kW, (7.16¢)

here the parameters k,, and k, reflect the density structure of the galaxy, and
k, reflects the kinematical structure of the galaxy. Equation (7.15) can then be

expressed in the operationally defined parameters:

_1
L = K(M/L) pm?2 W3, (7.17)

and K is a combined structural parameter, given by

3 _1
K =k2k; k, 2k3. (7.18)
Equation (7.17) is our derived relation between luminosity and velocity width. The

product K (M/ L)_lp;l% ought to be constant or a weak power-law function of W, in
order for L and W to have a power law relationship. Any properties of this product,
e.g., scatter, or dependence on other parameters, will directly translate into the L—
W relation (i.e., the apparent TF relation). Note that equation (7.17) is different
from that of Aaronson, Huchra & Mould (1979) or Djorgovski, de Carvalho & Han
(1989). The difference comes from the fact that here we do not directly scale radius
and luminosity as did the above mentioned authors, and thus do not introduce a
surface brightness term in the relation, but alternatively, we introduce a mean mass
density indicator. The coefficient K in our equation (7.17) is therefore not sensitive
to the luminosity structure of a galaxy, and reflects only the density and kinematical
structures of a galaxy. This is considered to be an advantage of equation (7.17).
1

If K(M/L)~! pm? is constant for all the galaxies, and M/L is independent of

pm, equation (7.17) then predicts:
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(1) the TF relation has a slope of —7.5.

(2) the residuals of the TF relation linearly vary with log(M/L), with a slope of
2.5.

(3) the residuals of the TF relation linearly vary with log pm, with a slope of 1.25.

These predictions are compared with what we just found from the real galaxy

sample:

(1) slope of the Ijot TF relation is around — 8.8 with dispersion of 0.35 (see Table
6.2).

(2') slope of the relation between TF residual and log(M/L) (Figure 7.10e) is about
3.7 4 0.3 (with a double linear fit).

(3') slope of the relation between TF residual and log pm, (Figure 7.10f) is about
1.6 £ 0.2 (double linear fit).

It is seen that the differences between the observed and predicted slopes are
at several o levels (according to the formal rms error). However, considering the
crudeness of our mass and density indicators, the overall qualitative agreement is
still very impressive. It is also noted that the predictions (2) and (3) above are
subject to the condition that M/L and p,, are not correlated. While our data
reasonably well agrees with these two predictions, consistently, there is indeed no

correlations between M /L and py, as seen from Figure 7.7g.

c) The TF Relation as Distance Indicator

The above analyses of the TF relation and its correlations with the quantities
Res[log Ro3.5/log W] , M/L, log py, and Cgy as presented in Figures 7.10e-h are
just simple attempts towards an understanding of the physics underlying the TF

relation. Practically, we are certainly more interested in the question of whether
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these correlations can be employed to improve the TF relation as distance indicator.
Forgetting any physical implications for the moment, the correlations shown in
Figures 7.10e-h can be empirically interpreted as the result of a correlation among
the three basic observables, i.e., magnitude [;ot (or Io35), velocity width W, and

isophotal radius Ro35. A direct fit to this relation yield:

I8bs = 28.90(£0.24) — 4.65(40.26) log W — 2.64(+0.18)log Roz 5, (7.19a)

1885 = 30.80(=0.24) — 5.46(+0.31) log W — 2.40(40.21) log Re35, (7.19%)

and the dispersions of the two relations are, respectively, 0.23 mag and 0.28 mag.
Do these two relations predict distance better than does the TF relation? The
answer is unfortunately no, because the radius that enters these relations is also
a distance dependent parameter. In fact, it is easy to show that the uncertainties
in distance as predicted by these two relations are, respectively, 22% and 24% per

galaxy, which are worse than the TF relations.

In sum, the analyses presented above provide preliminary evidence for the sec-
ond parameter of the TF relation. The second parameter may simply be a measure
of the global mass and luminosity structures of galaxies, or a quantity character-
izing the “peculiarity” of galaxy dissipational collapse. However, such parameters
constructed using distance-dependent observables do not help to improve the TF
relation as a distance indicator. In order to improve the accuracy of distance pre-
diction by TF relation and also test our analyses presented above, it is desirable to
investigate alternative distance independent parameters, which reflect the variation

of M/L, or log py, or galaxy collapse factor.
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Figure Captions for Chapter 7

Figure 7.la-e: Morphological type dependence of the global photometric pa-
rameters, a) mean surface brightness Z235, b) concentration index Cg0/Cjgo, )

(V —I) color, d) (I — H) color, and e) concentration parameter Cgg /A23 5.
Figure 7.2a-e: Velocity width dependence of the same parameters in Fig. 7.1.
Figure 7.3: The (V — I) color is plotted against the (I — H) color.

Figure 7.4a-f: Specific angular momentum indicator is plotted against a) indica-
tive mass, b) total absolute mag, c) mean surface brightness, d) morphological

type, e) density indicator, and f) concentration index.

Figure 7.5a-f: Mass density indicator is plotted against a) indicative mass, b)
total absolute mag, c) mean surface brightness, d) morphological type, e) (V —1I)

color, and f) concentration index.

Figure 7.6a-d: Mass indicator is plotted against a) velocity width, b) physical

radius, c) mean surface brightness, and d) galaxy type.

Figure 7.7a-1: Mass-to-light ratio verses, a) mean surface brightness, b) total
absolute mag, c) galaxy type, d) V — I color, e) velocity width, f) physical ra-
dius, g) density indicator, h) specific angular momentum, i) concentration index,

j) physical concentration radius, k) concentration parameter Co9/A235, and 1)
Cg0/A23.5-

Figure 7.8a-d: Absolute isophotal mag is plotted against a) physical radius, b)

mean surface brightness, c) type, d) mass indicator, and e) (V' — I) color.

Figure 7.8a’-d’: Absolute total mag is plotted against a) physical radius, b) mean

surface brightness, c) type, d) mass indicator, and e) (V' — I) color.

Figure 7.9: The combined TF relations, i.e., the individual TF relations of sample
clusters scaled to Coma distance: a) Is35 TF relation, b) I;p¢ TF relation, and
c¢) H-band TF relation.

Figure 7.10: The residual of I;o; TF relation is plotted against a) the mean
surface brightness, b) (V — I) color, c¢) morphological type, d) specific angular
momentum indicator, e) mass density indicator, f) mass-to-light ratio, g) physical

concentration radius, and h) residual of radius/velocity-width relation.
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Figure 7.11: The relation between physical radius and velocity width.
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Table 7.1

Correlation of TF Residuals With Various Parameters

Parameter Correlation® Correlation Sense
log pp, 9 higher p,, galaxies are fainter than TF predictions
log(M/L) 9 higher M /L galaxies are fainter than TF predictions
Type 4 later types are brighter than TF predictions
log(J/M) 0
log Cso 7 larger Cgo galaxies are brighter than TF predictions
log R23.5 5 larger Ro35 galaxies are brighter than TF predictions
Res[log Rgs.5/log W]° 10 galaxies larger than log R3 5/ log W predictions

are brighter than TF predictions
Res[Zq3.5/log W1 0
log M 0
Y35 1 lower ¥,35 galaxies are brighter than TF predictions
VI 0
I-H 0
C20/Cso 0
Ca0/A%5 0
Cso/A%s 5 0
log(Mm)° 0
log(Mpy /Lp)? 0

@ a visually defined code from 0 to 10, indicating the strength of the correlation.
5 Res[V/X] : residuals of the Y/X relation

¢ HI mass from Aaronson et al.

¢ HI mass to blue light ratio from Aaronson et al.
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Figure 7.1
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Figure 7.2
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Figure 7.3
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Figure 7.5
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Figure 7.6
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Figure 7.7
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Figure 7.7 — continued
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Figure 7.7 — continued
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Figure 7.8

o“:. )
a) ) .. °©8° @
T ey e o e
'.o o0 ® g °
®
e ..:.’ & ° &
eoe
.:..~:‘~Q. :.
® °® °
® ...:.0.# o
U e, @
° .o’°.°0." °
e © 4 o:.
) ®eo °
(&)
®
et
Y ®
00.°.
v ® e ge @
a )
) ® 0® oo...:. :.. e ®
e ..‘! g ° ®
<] ‘....' ®
° 0% gos."‘ & e
2] & ® e
.‘o "::‘ e
® o © o‘o..'.o e
AL
® °_%
° °° '.o:o
ee .. e
® o]

1.2 1.4 1.6

log(A023‘5) + log(d/dComa)

1.8




Iogs — Slog(d/deoma)

I’cot o 510g(d‘/dComa)

- VIL31 -

Figure 7.8 — continued
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continued
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Figure 7.8
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Figure 7.9
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Figure 7.10
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Figure 7.10 — continued
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Figure 7.11
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CHAPTER VIII

THE LARGE-SCALE VELOCITY FIELD

§8.1 Basic Evidence for Large-Scale Motions

The relative distances of the sample clusters were derived from the TF relation in
Chapter 6. These distances together with redshifts and coordinates of the clusters
provide the basic information about the large-scale velocity field traced by the
sample clusters. Table 8.1 presents all these basic data: Column (1) gives the cluster
name; Column (2) and (3) are the galactic coordinates of clusters; Columns (4) and
(5) list the distance moduli and errors of the sample clusters relative to Coma (from
column [9] of Table 6.3); Column (6) and (7) record the mean velocities of clusters
in the LG frame and the CMB frame, respectively; Column (8) is the dispersion
in the mean cluster velocity; Columns (9) and (10) give the apparent Hubble ratio

and its uncertainty derived from Columns (5) and (7).

Figure 8.1a shows the variation of the apparent Hubble ratio with cluster veloc-
ity. A general trend of decreasing Hubble ratio with distance is seen, indicating that
these clusters have large relative peculiar motions in the CMB frame. Standing out
of this mean trend, at the lower left corner of Figure 8.1a, is the cluster Pegasus.
This cluster lies at about the same distance of the GA, but in the opposite side of
the sky. Figure 8.1b plots the Hubble ratio against the cosine of the angle between
the cluster and the GA (1=309°, b=18°, from Faber and Burstein 1988). Pegasus
now looks very normal in Figure 8.1b. The broad trend of increasing Hubble ratio
with COS(GA) in Figure 8.1b is suggestive of a coherent peculiar motion of the

clusters in the general direction of GA.

In sum, the fact that the Hubble ratios of the sample clusters show system-

atic variations with both distances and positions of the clusters leads the most
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fundamental and safe conclusion of our study: the sample clusters have large rel-
ative peculiar motions, and the motions are highly correlated, showing a general
flow towards approzimately the GA direction; the source of this coherent motion, if
gravitational in origin, must lie beyond the limit of our sample. To further quantify
the picture of the peculiar motions, one may need to make additional assumptions,

and utilize proper mathematical methods.

§8.2 Model of the Large-Scale Motions

A formal procedure of modeling the peculiar velocity field is to fit a presumed
model to the observed data. Let H, be the Hubble constant, and Vpec(7) the radial
component of a peculiar velocity field model, characterized by a number of model

parameters. Evidently, the predicted velocity of a cluster at 7 is given by

v

pred = Hor — Vpec(T). (8.1)

The fit can then be accomplished, e.g., by minimizing the quantity

X2 _ zn: [Vobs — Hor + VpeC(F)P
=1 a%, + H2o?2

(8.2)

9

-~

where V3, is the observed velocity of a cluster (column [7] of Table 8.1), and r is
the estimated distance of a cluster in arbitrary units (Coma distance in our case).
oy and o, are, respectively, the uncertainty in Vyps (column [8] of Table 8.1) and

uncertainty in estimated distance r (from column [5] of Table 8.1).

a) Bulk Flow Model

Figure 8.1b gives us an impression that the sample clusters are comoving in the
CMB frame toward approximately the GA direction. For a more accurate descrip-
tion, we now fit the data with a bulk flow model. The model can be parameterized

as

v

pred = Hor + Wiy, cos A, (8.3)
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where Wy, is the amplitude of the flow in the CMB frame, and A is the angle

between a cluster and the flow direction (/,b) (as free parameters of the model).

The best fitting parameters are H, = 7150147 kms ™ /deoma, Wiyip = 5384183
kms~!, and (1,b) = (308°4£19°, —2°+12°), which are tabulated in Table 8.2 as

solution 1. The last two columns of Table 8.2 list, respectively, the value of v2 per
degree-of-freedom and the dispersion of model (velocity) residuals. Figure 8.2 plots
the peculiar velocities of clusters, calculated using Vpec = Vpps — Hor, against the
cosine angle between clusters and the bulk flow direction. This plot illustrates how
well the large-scale velocity field can be represented by a bulk flow model. Note
that the leftmost point in the figure, which appears to have the largest deviation

from the mean flow, is cluster Pisces at distance of 4771 kms™1 .

b). The Great Attractor Model

The GA model of the Seven Samurai (Lynden-Bell et al. 1988; Faber & Burstein
1989) has been widely discussed in the literature, and is the current most popular
empirical model of the large-scale peculiar motions. Han & Mould (1990), which
can be regarded as a complementary paper of this thesis, studied the velocity field in
the LSC using a model including both the Virgo-infall and GA-infall. They outlined
the detailed formula of a bi-infall model expressed in the frame of the LG. In this
thesis, we are more interested in the large-scale motions beyond the LSC. It is thus
advantageous to express everything in the frame of the CMB, which bypasses the
problems of Virgo-infall motion and the random motion of the LG. Let the profile
of density excess of the GA be r~7. The peculiar velocity caused by such a mass
overdensity is proportional, in the linear approximation, to r1=7 (Peebles 1976).

The predicted radial velocity of a cluster in the CMB frame is then given by

r—drgcos\ /T I—y
Vpred = Hor — WGA( bl ) ( GA) ’ (8.4)
TGA dGa

where W4 is the amplitude of the GA infall pattern at our position, dg4 is the
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distance from us to the GA, 6 is the angle between a cluster and the GA, and rg4

is the distance from the cluster to the GA, and is given by the following relation

rGA:\/d%;A+r2—2rdGAcos¢9. (8.5)

The solution of such a GA model can also be obtained by minimizing equation

(8.2). The model parameters may include everything unknown in equation (8.4),

ie.,

Hy, Wga, dga, position of the GA (I,b), and y. We fit the model with three

different choices for model parameters:

model parameters are H,, W54 and dg4; and the GA direction (I,b) is fixed
at (309°,18°) (Faber & Burstein 1989), the parameter 7 is fixed at a value of 2
(see Han & Mould 1990 for more discussion).

model parameters are H,, W4, dga, and GA direction (I,b); v fixed at 2.
model parameters are Ho, W4, dga, GA direction (I,b), and ~.

Solutions of these three models are given in Table 8.2 numbered as 2, 3 and 4

in the order. It is worth to note the following:

a)

b)

the three solutions give almost identical prediction for the GA distance, i.e.,
dg 4 ~ 0.67 in units of Coma distance. This formally corresponds to an apparent
velocity of 0.67H,dg 4 — Wg 4, which is about 4400 kms~! and very close to the
centroid of the radial velocity distribution of galaxies in the GA region (Dressler

1988, 1991).

the infall velocities at LG by the three solutions are also in good agreement
within formal errors, although the best estimate for GA direction is some 15°

away from that of Faber & Burstein (1989).

H, and Wy is sensitive to v as seen from solution 4. But the position and

distance of the GA show little dependence on other parameters. The parameter
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~ does not seem to be well constrained by our data.

c¢) Comparison of Different Solutions

Which of the models in Table 8.2 best features the peculiar velocity field traced
by our sample clusters? Let us now examine the four solutions in more detail from

different views — both mathematical and more-or-less physical.

cl. Goodness-of-fit

A pure mathematical judge of the goodness of a model fit using the x2 technique
relies on the value of x2/dof (the second last column of Table 8.2). According to
this parameter, the GA model seems to give a mildly better fit to the data than does
the bulk flow model. But we have to note that while this parameter can tell us the
goodness of representing the data by an analytical model, it does not conclusively

verify the correctness of the model.

c2. Model Velocity Residuals

Another way to judge the “goodness” of a model fit is to check the global
variation of the model residuals, i.e., the deviation of cluster velocity from model
prediction, V35— Vppeq- Figures 8.3-8.6, corresponding to the four solutions in Table
8.2, show the variation of model residual with cluster distance and the cosine angle
between the cluster and the streaming/infall direction. The following interesting

features are noticed from these figures:

a) The relation of velocity residual with both cluster distance and COS(A) shows
no overall systematic variation in all cases, a necessary condition for a right

model.

b) The velocity of A2151, the most distant cluster in our sample, appears to be
underestimated by a GA model with v = 2 (solution 2 and 3), but better
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predicted by either a bulk flow model or a GA model with smaller value of the
v parameter. An apparent explanation for this is that there is more correlation

of peculiar velocities on large scales than predicted by a GA model with v = 2.

c) The cluster A2634 has the largest negative residuals in all cases, while the Pisces
cluster always has very large positive residuals, especially in the case of the
bulk flow model. We note that a positive/negative residual could result if the
cluster distance is under/over estimated. As seen from Table 6.3, our estimated
distance for Pisces is indeed a little bit nearer than that implied by the IRTF
relation or the D, —o relation, however, an error of 0.1 mag in distance modulus
corresponds to a residual shift of only ~ 200 kms™! at the Pisces distance. The
cluster A2634 is really not a single cluster, but a combined system of A2634
and A2666 (Aaronson et al. 1986), the predicted distance for this “cluster” by

different distance indicators is very controversial (see also Table 6.3).

d) The dispersion of model residuals from each of the four solutions is also cal-
culated and is given in the last column of Table 8.2; this quantity decreases
with the number of model parameters, from 304 kms™! for solution 2 (3 free
parameters) to 288 kms™! for solution 4 (6 free parameters). But we have to
note that the estimation of the dispersion parameters is largely affected by the

few clusters with extreme residuals.

Pretending that there is something wrong with the two clusters Pisces and
A2634, we then exclude these two clusters from the sample and refit each of the four
models. The corresponding solutions thus obtained are listed in Table 8.2 numbered
as N.1, with V being the original solution number. We see that all the four fittings
are significantly improved according to the parameters x2 and o(v). Again, the GA
model appears to fit the data slightly better than does a bulk flow model. Note
that, while the model fitting is largely improved, the model parameters undergo only

weak change, except for solution 4.1, which, relative to solution 4, shows a large
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increase of H, and W 4 in accordance with a decrease in . A value of 7 less than 1
as that given by solution 4.1 corresponds to an extremely low density perturbation
on large scales, and the infall velocity, according to linear approximation formula,
increases with distance to the infall center. This again indicates more correlation

of peculiar velocities on large scales.

The above discussions may be summarized as: 1) both the GA model and the
Bulk Flow model fits the data reasonably well, although there seems to be a weak
preference for the GA model over the Bulk Flow model; 2) our sample may be
statistically too small to well constrain a GA model especially when the parameter
~ is set free; and 3) there is also an indication that the peculiar velocity correlation

on large scales is stronger than solutions 2 and 3 predict.

c8. Prediction of the CMB Dipole Anisotropy

It is also very instructive to compare how well different models predict the dipole
anisotropy in the CMB, i.e., the motion of the LG relative to the CMB. In general,
the motion of the LG with respect to the CMB can be decomposed into two major

components:

1) the motion of the LG within the LSC, which includes a Virgocentric infall
motion and a random motion of the LG. In the paper of Han & Mould (1990),
we studied the peculiar velocity field within the LSC, and found that, at the
position of the LG, the Virgocentric infall amplitude is 197 £37 kms~! and the
random motion (the motion of Local Anomaly) is 230 £23 kms ™! towards (I, b)
= (205°4+4°, 11°£3°). The sum of these two vectors gives the motion of the LG

within the LSC: 341 +30 kms™! towards (I, 5) = (217°+£4°, 44°+5°).

2) the motion of the whole LSC with respect to the CMB; this can be naturally
inferred from the flow models of Table 8.2, which describe how the sample

clusters move in the CMB. We simply assume the LSC follows the flow pattern
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defined by the sample clusters, and has no additional random motion above the

flow model.

For each solution in Table 8.2, we can then predict the motion of the LG in the
CMB by adding up the total velocity of the LG within the LSC and the velocity of
LSC in the CMB frame as given by the solution. Table 8.3 lists the results predicted
by the solutions in Table 8.2, where U is the predicted amplitude of the motion of
LG relative to CMB, (I, b) is the apex of this motion; AU is the difference between
the predicted amplitude and the true amplitude of the dipole motion, A¢ is the
angle between predicted and the true dipole directions. The agreements between

the predictions and the true dipole are generally good within 1 o.

Note that the two velocity components which give rise to the prediction of the
anisotropy dipole were independently estimated from two different datasets. The
satisfactory success for their combination to predict the dipole anisotropy adds

credence to the reality of the two velocity components.

d) Comparison With Previous Work

In Table 8.4, we list the inferred peculiar velocity of the LSC relative to the CMB
(i.e., I,b and U in cols. [2-4]) from our solutions 1-4 and also from other selected
studies. Note that the peculiar velocity of the LSC in CMB is usually deduced
by fitting a presumed model (column[5]) to a data set (column [6]); fitting a Bulk
flow or GA-infall model can be carried out in the frame of CMB; whereas fitting
a model that includes the motion of the LG within the LSC (e.g., the model of
Virgo+LA+GA or Virgo+GA, here LA stands for Local Anomaly, see e.g., Han &
Mould 1990) will have to be done in the frame of the LG. In both cases, the motion
of the LSC is taken to be the GA-infall (or bulk flow) velocity at the position of the
LG, which relies on the assumption that the GA is at rest with respect to the CMB.
It is also important to note that a GA model and a Bulk Flow model have very

different implications on the large-scale patterns of peculiar velocity in the universe,
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even if they give identical values for the motion of the LSC relative to the CMB.

Our bulk flow model (solution 1 and especially 1.1) is in very good agreement
with that of Lynden-Bell et al. (1988). Our solution 2 for the GA model (with GA
direction fixed) also agrees well with the corresponding solutions of Han & Mould
(1990) and Aaronson et al. (1989). The direction of GA given by our solution 3
and 4 is however about 15° higher above the galactic plane than that of Faber
& Burstein (1988), and the resultant infall velocities are also lower by about 100

kms~! than their best estimate. these differences are significant at 1 o.

A relevant work, which is not included in Table 8.4, is the that of Mathew-
son, Ford & Buchhorn (1991). These authors studied the large-scale flow in the
Supergalactic Plane along the line joining the GA region and the Perseus-Pisces su-
percluster using their survey of peculiar velocities of spiral galaxies in the GA region
and that in Perseus-Pisces by Willick (1990). They found that the median lines of
peculiar velocities are offset from zero by +500 kms™! in the direction of GA and
~500 kms™ 1! in the direction of Perseus-Pisces, indicating a bulk flow of amplitude
500 kms~—! and vﬁth coherent length some 20000 kms™! in the Supergalactic Plane.

This qualitative result is in good agreement with our bulk flow solution.

The results from a recent survey of peculiar velocities of eight additional south-
ern clusters by Mould et al. (1991) using an I-band TF relation also agrees with the
basic peculiar velocity picture presented by our sample clusters, i.e., large outflows

of clusters in the CMB dipole direction.

It is noted that a coherent large-scale motion picture (or a GA-infall picture) is
not consistent with the study of Rowan-Robinson et al. (1990), who believe, from a
redshift survey of IRAS galaxies and an analytical model, that the LG’s motion in
CMB is generated by a number of known superclusters (with presumed large halos)
in the local universe, and each cluster has its own peculiar velocity of the same order

but in diverse directions. A very large-scale coherent motion does not either seem to
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agree well with the results of other investigations about the relationship between the
CMB and optical/IRAS dipoles (Yahil, Walker & Rowan-Robinson 1986; Strauss &
Davis 1988; Yahil 1988; Lahav et al. 1988; Lynden-Bell et al. 1989). These studies
in general come to the conclusion that the CMB dipole is generated largely within
relatively small regions and the peculiar motions on large scales do not have much
correlation. It is interesting to note that the source of such disagreement can be
largely traced to the Perseus-Pisces supercluster, which lies on the opposite side of
the sky from the GA. This supercluster counts a lot in the dipole investigations,
and acts to balance the GA (Strauss 1991); however, it appears not so important

according to the studies based on distance indicators.

In sum, our data appears to support the idea of large-scale coherent motions on
scales beyond the LSC; conceptually similar conclusions seem to be favored by most
other investigations which explicitly rely on either the D, — o or the TF relation

as distance indicator.

§8.3 Reliability of Model Solutions

Our solutions for the large-scale motion above were carried out by fitting ana-
lytical models to the fundamental data of the sample clusters listed in Table 8.1,
i.e., distances deduced from the TF relation and the apparent cluster redshifts and
positions. Both the distance and redshift carry statistical uncertainties as charac-
terized by the formal errors in columns [5] and [8] of Table 8.1. The effects of such
statistical uncertainties in the data on our model fitting are partly reflected in the
formal errors of the model parameters. To test how likely it is that our solutions
can arise, by chance, from such statistical fluctuations in the data, we conduct the

following numerical experiment.

We produce counterfeit datasets by perturbing the distance and redshift of
each cluster (column [4] and [7] of Table 8.1) with Gaussian noise of o equal to

respectively the corresponding formal errors as given in columns [5] and [8] of Table
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8.1. Sixty such counterfeit datasets are produced. Figure 8.7, analogous to Figure
8.1 but based on these simulated datasets, illustrates the variation of the Hubble
ratio with cluster redshift and the cosine angle between cluster and the GA direction
of Faber & Burstein (1988). The vertical scatter in this plot reflects the reliability of
our reduced solutions for the large-scale motion due to the statistical uncertainties
in the estimated cluster distance and redshift. We fit a bulk flow model and a GA
model (with direction set free and « fixed at 2) to each of the simulated datasets.
The averaged solutions are listed in Table 8.2 as solutions 1.2 and 3.2, respectively.
These two solutions are compared with their analogues, solutions 1 and 3. The
deviations of all the model parameters are seen to be within 1 ¢. The quoted
uncertainties in the model parameters from the simulation are calculated from the
variance of individual solutions, and thus are better measures of the effects of the
statistical errors in cluster distances and redshifts on our reduced solutions of large-
scale motions. These uncertainties are seen to be comparable to, or a bit higher than
the original formal errors in the model parameters given by the fitting procedure,
which largely reflect the goodness of fitting the analytical model to the original
data. Anyway, we conclude from these simulation tests that the detection of the
large-scale coherent motion is reliable, in the sense that it is very unlikely to arise

from the statistical uncertainties in our dataset.

Besides statistical uncertainties in the original dataset of our cluster sample,
there is still a concern of bias, or systematic errors in the dataset, both in the
estimated distances and the cluster redshifts. In Chapter 6, we discussed in great
detail the problem of sample selection biases in predicting distances of clusters of
galaxies. To our best understanding, the relative distances for the sample clusters
derived in Chapter 6 are largely free of bias due to selection effects. Then what
about the redshifts of the clusters? We utilized the cluster mean redshifts from the
literature in our analyses above. However, we note that the sample mean redshifts
(column [6] of Table 2.1) estimated from the cluster galaxies in our sample show

large deviations from the mean cluster redshifts for some of the clusters. Note that
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the cluster mean redshifts are heavily weighted by galaxies in cluster cores where
more elliptical galaxies are found, whereas our sample galaxies are gas-rich spirals
and are more often found in the outer peripheries of clusters. The discrepancies
between the two mean velocities from Table 2.1 (sample mean — cluster mean) are
plotted against the cluster mean values in Figure 8.8. The discrepancies are seen
to be dominantly positive, i.e., sample mean redshifts are more often higher than
cluster mean redshifts. Interestingly, we note that such a redshift asymmetry is in
accordance with that in groups of galaxies as reported by Sulentic (1984) and Arp &
Sulentic (1985), who also raised the question of nonvelocity redshift component for
companion galaxies in groups. A less exotic explanation might be that some clusters
are not well bounded and have substructures. This seems to be the case for Cancer,
774-23 and possibly A400 (Bothun et al. 1983; Aaronson et al. 1986); these three
clusters indeed show relatively large discrepancies between sample and cluster mean
velocities. The other three clusters with large discrepancies are Cen30, Pegasus and
A2151; these clusters however as known to the author have not been reported to
have substructures in literature. Whatever the origin of suéh discrepancies is, it
is an important issue in studying the velocity field using clusters as velocity field
tracers, and merits detailed investigation. For the purpose of this thesis, our concern
is whether a discrepancy between sample mean velocity and cluster mean velocity
of a cluster indicates the mean distance (as derived from Chapter 6) of our sampled
galaxies in the cluster fairly sample the cluster distance, and if not, to what extent,
it would affect our solution for the large scale motions. To test this, we repeat the
above analyses using the sample mean redshifts, i.e., assuming the mean distance
as derived in Chapter 6 for a cluster is not the same of cluster-core distance, and
is better associated with the sample mean velocity rather than the cluster mean
velocity. First of all, in Figure 8.9 we plot the Hubble ratio calculated using sample
mean velocity (in the frame of CMB) against, a) sample mean velocity and b) cosine
of the angle between cluster and the GA direction of Faber & Burstein (1988). This

is compared with its counterpart Figure 8.1 which was based on the cluster mean
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velocities. It is seen that Figure 8.9 retains the general trend of Figure 8.1, but the

scatter appears to be increased.

For further comparison, we also carried out the (bulk flow and GA) model
fittings analogous to solutions 1 — 4 in Table 8.2. The corresponding solutions
numbered as 1'- 4/ are tabulated in Table 8.5. The bulk flow solution undergoes a
large change both in flow amplitude and direction; the three GA model solutions in
contrast are relatively stable, especially the GA distance dg4 here is in remarkable
agreement with that in Table 8.2. As seen from the dispersions of model residuals,
the quality of these fits is poor compared with those of solutions 1 — 4 in Table 8.2.
It is also noted that the formal errors of the model parameters of these solutions
are generally larger than their counterparts in Table 8.2, especially for solutions 3
and 4'. These largely reflect the fact that the GA direction is not well constrained
by the data, due to large intrinsic dispersion of the dataset (the vertical scatter in
Figure 8.9 at constant redshift). If we refit the model with the GA direction fixed
at that of solution 3’ or 4/, we then have a very significant detection of GA infall.

The fact that the analytical models of both bulk-flow and GA shows poor fit to
the data with sample mean redshift might suggest that the redshift discrepancies
seen in some clusters are of statistical origin. Anyway, the above simple experiments

allow us to draw the following conclusions:

1) The redshift discrepancies found in some clusters do not affect our basic conclu-

sion that the sample clusters have large coherent motions in the CMB frame.

2) But it does seem to modify the detailed analytical models for the large-scale

motions, especially the bulk flow model.

3) The GA model fits the data mildly better than a bulk flow model, but the GA

direction can not be well determined.
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§8.4 Summary

We derived relative distances of 16 clusters of galaxies using the I-band TF

relation as distance indicator. When these distances are combined with the mean

redshifts of the clusters and their positions on the sky, a gross large-scale peculiar

motion picture emerges. Study of this peculiar motion picture allows us to draw

the following conclusions:

1)

2)

3)

4)

The large-scale motions of the sample clusters are highly non-random, and ap-

pear to form a pattern of coherent flow towards roughly the GA direction, with

an amplitude of some 400 ~ 600 kms~1 at the LG.

The large-scale coherent motion is statistically significant, in the sense that it
is unlikely to be caused by the statistical uncertainties in the dataset, nor is it
an artifact of the redshift discrepancies of the sample clusters. The problem of
redshift discrepancies in clusters is crucially important for the study of peculiar

motions of clusters, and should be carefully stressed in any of such investigations.

The peculiar velocity field is fitted using analytical models of both Bulk Flow
and GA-infall; both model fits the data reasonably well, although there is a weak
preference for the GA model over the bulk flow model. Our best estimated GA

parameters differ from those of the 7 Samurai with marginal significance.

The motion of the LSC in the rest frame of the CMB, predicted by assuming
it follows the coherent flow field of the 16 sample clusters, is in good agreement
with that just required by the LG, apart from its motion within the LSC, to
generate the CMB dipole anisotropy. This adds credence to the reality of the

large-scale flow.

The existence of large-scale coherent motion in the universe, which is seeing

more and more support from different investigations (primarily those based on the

TF or D, — o relations), does not seem to be expected by the current theories
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of structure formations based on cold or hot dark matter (Vittorio & Silk 1985;
Bertschinger & Juszkiewicz 1988; Gorski et al. 1989; Groth et al. 1989, but see
also Kaiser 1988, 1991). However, it is worth keeping in mind that there also
exist questions regarding the reality of large-scale motions. One of them is again
the possibility of environmental dependence of the zero-point of distance indicators
(Djorgovski, de Carvalho & Han 1988; Silk 1989), although, according to a number
of empirical investigations, this appears not to be the case for both the TF relation
and the Dy — o relation (Mould, Han & Bothun 1989; Biviano et al. 1990; Burstein,
Faber & Dressler 1990). Another possibility is that the conventional assumption of
the CMB defining a standard rest frame and its temperature dipole being the result
of the motion of the LG is wrong (Mathewson, Ford & Buchhorn 1991). Abandoning
this assumption would certainly rule out the problem of large-scale motion, but also
brings other theoretical problems. In fact, Burstein, Faber & Dressler (1990) have

listed a number of arguments in favor of this assumption.

In any case, large-scale coherent motions as well as the distance indicator re-
lations employed in the relevant studies contain valuable information about the
formation and evolution of galaxies and large scale structures in the universe. A
successful theoretical model is expected to tell us the very physics underlying the

apparent properties of the universe that we are seeing.
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Figure Captions for Chapter 8

Figure 8.1: a) Hubble ratio against cluster velocity in the CMB frame; b) Hubble
ratio against cosine angle between a cluster and the direction of the GA (1=309°,

b=18°) given by Faber & Burstein (1988).

Figure 8.2: Peculiar velocity versus the cosine angle between cluster and bulk

flow apex (solution 1 of Table 8.2).

Figure 8.3: Model residuals calculated using solution 1 in Table 8.2 is plotted
against a) velocity in CMB frame and b) cosine angle between cluster and the

model flow direction.
Figure 8.4: Same as Figure 8.3, but the model residuals is based on solution 2.
Figure 8.5: Same as Figure 8.3, but the model residuals is based on solution 3.
Figure 8.6: Same as Figure 8.3, but the model residuals is based on solution 4.

Figure 8.7: Analogous to Figure 8.1, but here the Hubble ratio is based on 60
counterfeit datasets, which were generated by normally disturbing the true cluster

dataset (distance and velocity).

Figure 8.8: Cluster redshift discrepancy (sample mean velocity minus cluster

mean velocity) versus cluster mean velocity.

Figure 8.9: Analogous to Figure 8.1 and Figure 8.7, but here the Hubble ratio is

calculated using the sample mean redshifts of the clusters in our sample.
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Table 8.1

Distances and Hubble Ratios of the Sample Clusters

Cluster l b Ap TAp VLG VYCMB Ov H opg
(1) @ 6 @ & © @O @ ©

Pisces 125.8 -32.5 -0.96 0.11 5274 4771 58 7221 373
A400 170.3 -44.9 0.00 0.13 7154 6910 90 6910 420
A539 195.7 -17.7 044 0.13 8561 8633 123 7033 405
Cancer  202.5 28.7 -0.66 0.12 4790 5115 89 6964 406
A1367 234.8 73.0 0.00 0.10 6427 6818 73 6818 330
Coma 57.2 879 0.00 0.11 6931 7186 45 7186 415
774-23 349.6 65.5 -0.20 0.13 6025 6305 153 6961 430
A2151 31.7 44.5 0.90 0.13 11077 11056 97 7288 438
Pegasus 87.8 -48.4 -1.20 0.12 4078 3519 78 6158 346
A2634 103.5 -36.0 0.54 0.12 8783 8206 115 6355 360
Antlia 273.0 20.0 -2.06 0.13 2667 3260 84 7967 537
Cen30 302.5 21.5 -2.15 0.13 2804 3313 52 8478 551
Cendb 302.5 21.5 -0.93 0.15 4337 4846 35 7472 490
E508 309.2 39.2 -223 0.14 2728 3211 60 9052 586
Hydra 269.6 26.5 -1.28 0.13 3455 4054 85 7344 461
N3557 282.0 22.0 -1.86 0.16 2702 3284 79 7772 587
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Table 8.3

Prediction of Dipole Anisotropy

Predicted Dipole® (pred. — true)b
Solution U l b AU A
1 ..., 626 £176 283 £17 20 £11 26 +£176 15 £16
1.1 ....... 725 +£143 288 +£13 25 £+10 125 +£143 18 £13
1.2 ....... 699 +184 287 £17 18 £14 99 +£184 20 16
2 .. 562 £72 274 +9 39 £7 -38 £72 13 &8
2.1 ....... 569 £70 275 +£9 39 £7 -31 £70 13 £8
3 586 £70 262 £7 47 £7 -14 £70 20 £7
3.1 ....... 598 +£62 263 £7 48 £6 -2 +62 21 +7
32 ....... 678 £158 279 £15 42 £13 78 +£158 17 £13
4 ......... 697 £147 275 £14 45 £12 197 +£147 18 £12
4.1 ....... 848 +£131 289 +11 42 £10 248 +£131 23 +9

true dipole 600 £30 268 £5 27 £3 — —_—

@ The predicted dipole = the sum of LSC’s motion relative to CMB as implied
by the solutions from Table 8.2, and the LG’s motion within LSC from Han

& Mould (1990). U = amplitude in kms™!, (I,5) = direction in galactic

coordinate system. See text for details.

b The difference between predicted dipole and the true dipole. AU = differ-

ence in amplitude, A¢ = difference in direction.
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Figure 8.1
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Figure 8.2
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Figure 8.3
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Figure 8.4
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Figure 8.5
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Figure 8.6
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Figure 8.7
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Figure 8.8
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Figure 8.9
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SFOTO

SURFACE-PHOTOMETRY AND IMAGE PROCESSING

Mingsheng Han

November 1990

1. GENERAL OUTLINE

SFOTO is a highly interactive program, it does Surface Photometry, as its name
tells. It can also be used for some general image processing purposes. Below is an

outline of what SFOTO does, more specifically.

1) Surface Photometry: for this purpose, SFOTO can be regarded as a com-
plementary program of the ellipse-fitting routine, of either FIGARO _EFIT, or
GASP _PROF. SFOTO first prepares the input files for FIGARO _EFIT (or
GASP_PROF), and then, after EFIT (or PROF) produces the best fitting el-
lipses contained in a file IMAGE.ELL (or NAME.PRF), SFOTO reads this file
and converts the raw ellipses into astronomically meaningful quantities, such as,
surface-brightness profile, isophotal magnitudes, color gradients and inclination

of the galaxy, and so on.

2) Image Processing: SFOTO can also be used, very conveniently, for the fol-

lowing purposes.
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a). Visually check a CCD picture (in your favorite color); and repair the defects

on it (e.g., interpolating bad lines, bad regions, and removing stars).
b) Make grey-scale plot of a portion of the picture.
c) Make contour map of a portion of the picture.
d) Measure seeing and CCD scale (arcseconds/pixel).

SFOTO makes an extensive use of FIGARO subroutines. The format of image
required by SFOTO is the standard FIGARO HDS format. The way SFOTO works

is also very similar to most of the FIGARO interactive routines.
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2. USE OF SFOTO

SFOTO has two major levels, the top control level, SFOTO>, and the image

processing level, DISP>. Once you start the program, you enter the SFOTO> level

first, and you will see the following help information displayed on your terminal,

which tells you what you can do in this level.

wdriik SURFACE PHOTOMETRY ##tstoet

skskoke sk skokokosk skook sk kok ok k ok IMAGE PROCESSING sk ok sk ke skok skok skok sk koskokok ok

N

O B o =#H v g o 1 v o 4=H w >

SFOTO )

input image files

display primary image /repair/stats/efit/prof
display secondary image /repair/stats/efit/prof
FIGARO/EFIT —) SFB

GASP/PROF —) SFB

subtract two images & display the difference
back to play image game

superpose ellipses on image

set pgplot device

superplot — check F/G results

draw ellipses

draw contours

help

quit

The SFOTO) prompt accepts one of the above characters (case blind), and does

the desired work.

N : This is the first key you should hit, it tells the program which image you are
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going to work on. You may, but not necessarily, input (or map) two images at
the same time (usually two images of same object observed with different filters).
The two images are discriminated by primary and secondary. After the images
are mapped, SFOTO writes, on your terminal, the real object names, filter
names and the observing dates, which were extracted from the files headers.
It then asks you to enter a physical name, NAME (better to use the real
object name). If a is the filter name of primary image, and b is that of the
secondary image, then the two images will be named as NAMEa and NAMED,
respectively, just for I/O purposes. N can also be used to re-define the physical
name of the already mapped images. To do this, just skip the primary and

secondary image-input prompts, you are then asked for a new name.

: This is to display the primary image on the image-display device. After image

is displayed on the device, the program enters a sublevel, named DISP. It is in
this mode, all the image processing work is done. Detailed description of DISP

mode is given in next section.

This is to display the secondary image on the image-display device, and enter

the DISP mode.

: This is the command that does surface photometry using the FIGARO_EFIT

ellipse-fitting results, i.e., to convert the output of EFIT (the raw ellipses param-
eters contained in file IMAGE.ELL), into SB profile, isophotal magnitudes .....
The results are written into a file named NAMEa.SFB, or NAMEDb.SFB, de-
pending on which image the surface-photometry is performed on (see Appendix
A for more about the output file). F is such a magic loop that will leads you,
step by step, to go through all the necessary stages, until everything is done
and returns you to the prompt SFOTO ). Once you enter the F loop, you will

be asked to do the following:
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2)

3)

4)
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First you are asked if “Including color term ?” If your answer is ‘No,’
the color term in mag transformation will be dropped, and the secondary
image will not be used in the loop. The final output will also be slightly
different (see Appendix A). Dropping color term in mag transformation will
obviously cause the isophotal mag and SB over- or under- estimated. So it
is not recommended to ignore color term, unless you don’t have a secondary

image, or the corresponding coefficient in the mag transformation is small.

You are then asked which image (primary or secondary) has been used by
EFIT for the ellipse-fitting, i.e., upon which image the surface-photometry
is to be performed. Usually, surface photometry is performed only on the
primary image. Here, it should be pointed out that, for the purpose of
doing surface-photometry, the “primary” and “secondary” were not given
just as symbol names. The very difference between primary (filter a) and
secondary (filter b) is that the photometric transformation must be given
for the magnitude a and color b-a, rather than any other combinations (see

Appendix C for more).

To do the photometric transformation, SFOTO needs to know the exposure
time, airmass, CCD scale, and the magnitude and color (optional) trans-
formation coefficients. The exposure time and airmass are read in from the
image file header, and will be print on your terminal, you are given the
chance to correct them, if there is such need. While the CCD scale and
transformation coefficients can be obtained either from terminal or from an

external file named TRANSF.COE (see Appendix C for its format).

Once the SFOTO receives all kinds of information it needs from the above
three steps, it will automatically display the images (only primary image,

if no color term included) on the image-display device, and will ask you to
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clean up the images and to estimate sky values (these are done in the DISP
mode as described in next section). If color term was included, you are also
to be asked to mark a couple of reference stars, in order to coordinate the

two images, and also to estimate the seeing of the two images.

5) Now, SFOTO performs the very surface photometry. When finished, it will
plot some of the results on a user-specified device, and asks you some simple
questions; you are also given the opportunity to make comments. All the
results and your comments will be written to the file NAMEa.SFB, or
NAMED.SFB. Finally, you are asked whether to “produce a standard plot
set?” (This plot set is also dependent on whether or not you include color
term in the transformation). An example of the standard plot is given in

Appendix B.

G does the same thing as F does, except utilizing the GASP_PROF ellipse-

fitting results.

This command coordinates the two images by shifting the images in X and Y
directions (no rotation), and rescale them according to exposure times, and then
subtract one by another and displays the result. It functions only when both

primary and secondary images are mapped.

: This is to draw ellipses on the displayed image from the top SFOTO level.

Ellipse-drawing can also be performed in the DISP mode (see next section),
with the same command. It should be note that, because there are two different
ellipse-fitting programs (EFIT, PROF), and two images of the same object, thus
there are up to 4 possible sets of ellipses for one object, namely, primary ellipse
by EFIT, primary ellipse by PROF, secondary ellipse by EFIT, and secondary

ellipse by PROF. The program can hold only one set of ellipses at a time. So
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when you pressed O, you will be asked, either to specify which of the four sets
you like to see, if no ellipses has been read in before; or whether to switch to a

different fit, if there is already a set of ellipses in the ellipse-buffer.

: This allows you to quickly jump from SFOTO ) into DISP ), provided you have

previously displayed an image on the device.

: This is to set the PGPLOT device, on which you will make some plots using
commands P, E or C. If you forget to do D, before go to P, E or C, you will

be asked to do so without jumping back to the SFOTO ) prompt.

: This goes to a plotting mode, in which, you can check the results of F or G, by
plotting them out on the device defined by D. If you have not gone through F
or G for the current mapped images, SFOTO will assume you have done this
before, and attempt to read NAMEa.SFB (or other files you specify) from
your working directory. If no device has yet been defined by D, it will ask you

to do so.

: This is to draw ellipses on the device defined by D. It can also (optionally)
superpose the corresponding real contours on the fitting ellipses. If no device
has been defined by D, it will ask you to do so. If the ellipses parameters have

not been read in, it will attempt to do so.

: This is to draw contours on the device defined by D. This requires that the mag
transformation coefficients and CCD scale have already been known by SFOTO.
The SFOTO obtains these values from F or G, but if this has not been done, it
will assume you had done this before, and attempt to read NAMEa.SFB (or
other file you specify) from the current directory. If no device has been defined

by D, it will ask you to do so.
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H : Erase screen and display the help list.

Q : Exit SFOTO.

3. DISP MODE

As explained in section 2, there are five channels to enter the DISP level from
the top SFOTO level, that is, A, B, F, G, and T. In DISP level, you can directly
talk to the picture displayed on the image display device. DISP is the heart of

SFOTO, and you will spend most of your time in this mode.

The prompt of DISP is DISP), it accepts single characters predefined in the
program. Press H, you will have a list of DISP recognized characters and their

functions, which looks like

————**%%* Repair/Stats/PROF/EFIT *#***

H - help Q - quit DISP
K - repair image F - prepare FIGARO_EFIT input
S — measure sky G - prepare GASP_PROF input
X - measure CCD scale O - ellipses on/repair/add
W — measure seeing B - make gray-scale plot
N - name reminder ( sp ) — cursor position & count
FAFAAAFFRE [Ygplay FHFFRRRRI R
PF1-step 1 PF2- step 2 PF3 — step 4 PF4- step 8
L —left R —right U -—up D - down
T - lookup Z - stretch P - redraw
E - expand C - compress M - E/C factor
DISP )

Explanations for some of these commands are given below, although most of
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them have straightforward meanings.

3.1 The Display Commands

The PFn is to set the length of cursor moving step. L, R, U, and D are for
moving picture on the display device left, right, up, and down, respectively. P is
to redraw the picture. E is to expand the picture by a factor of 2, C is to compress
it by a factor of 2, and M is to expand or compress it by a factor of any number

you like.

Z is for setting stretch. To do this, it is helpful to know the count level of the

image, using the space-bar.

T adds color to the picture, and changes the lookup. A variety of color tables
are avaliable to meet different purposes and to satisfy different users. Instructions

of doing this will show on your terminal, upon your pressing T.

3.2 K

K leads you to a sublevel DISP_K), in which, the displayed image can be re-
paired in your wish. Again, H will give you a hint, by writing the following on your

terminal.

———— Master Image Repair

Move cursor then do the following

C - search & interpolate bad column
R - search & interpolate bad row

I - interpolate/restore column

N - interpolate/restore row

W - cursor position and count there
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- interpolate a box
- interpolate a star (*)
restore “S” deleted region (#)
- help

O m O n W
|

- quit current mode

* max interpolating radius = 50 pixels

# only the 50 latest deleted regions can be restored

DISP K )

: Automatically search bad columns within the range of 20 pixels around the

cursor, and to interpolate the bad ones, if found. A bad column is defined by
a parameter ¢ (default 3), such that the mean count, in a short piece of the
column, deviates from the average of the 20 columns, by more than ¢ standard
deviations. If you input 0 for g, however, the bad column is defined as that of the
20, which has extreme sigma, for example, a dotted column can be interpolated

with ¢ = 0.

: Similar to C, except that R is for rows.

: Also for interpolating columns, but different from C, I can interpolate any

column, not just bad one, and can also restore the interpolated columns by
itself. I is often used in the case when a bad column goes through an object

center or some other “sensitive” regions, or the column is not too bad that C

might not be appropriate.

: Similar to I, except that N is for rows.

: Interpolate a box linearly, in either X-direction or Y-direction. The box is de-

fined by indicating two diagonal points on the image with cursor. This operation
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is not restorable.

: Interpolate a star and make the interpolated region more or less follow the

background pattern of sky variation. To do this, you need to tell the program
two parameters. One is the radius (maximum 50 pixels) of the region to be
interpolated (a circle will be drawn on the image); the other parameter controls
the sky fitting, in the sense that a value of 0 corresponds to a uniform fit,
and higher values attempt to make the fit follow the background variation to
different degrees. The deleted regions can be restored by O, this allows you to
try different values for the two parameters to delete a star, until you are visually

satisfied.

Restore the regions deleted by S. Only the 50 latest deleted regions can be

restored. To use, simply move cursor close to the center of a deleted region and

press the key.

It should be noted that the interpolations made in this mode left permanent

changes in your image file.

33 S

S does the sky statistics, and is very easy to use. First, specify the size of “sky-

sample box” (default = 10 pixels), then just move cursor to where you think the

sky is, and hit the space-bar to sample the sky at the position, where the sample

box will be drawn, and the result of the sampling will be shown on the screen

(i.e., the position and the area of the box, the mean intensity in the box, and the

sigma value). You may need to do dozens of samplings at different positions for

better statistics. To terminate the sampling, just hit Q, then the value of ensemble

mean sky, sigma, average sigma, and sky variation will be printed out. If you are
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not happy with the result, you can go back and do more sampling, which will be
combined with the previous samples to yield a new result. The process can be
repeated as many times as you like, till you are satisfied. Note that you are not

able to change stretch and magnification within S, it is thus wise to choose the right

stretch and magnification before using S.

34 F

F brings you to a sublevel DISP_F), in which, you can prepare the file, IM-
AGE.EIN, required by the FIGARO ellipse-fitting routine EFIT. Upon your enter-

ing DISP_F), the following help information will show on your terminal.

skokokok sk sk sk koksk sk kok ok sk sk k ok ok Dlsplay skokok sk sk ok ok skokoksk ko sk sk kokok sk k >k

H - help E - expand C - compress M -E/C factor
L - left R — right U —-up D —-down
T - lookup Z — stretch P - redraw
*Hk*%% Select (move cursor then press the right key) *####*
O - define object ( sp )— select bad regions
W — write and exit Q - quit without writing
DISP.F )

The display commands do the same thing as they do in the DISP) mode. Com-
mand O is to select the program galaxy, on which the surface photometry is to
be performed. At the moment, the program allows only one galaxy to be selected
on each picture. To select a galaxy, move the cursor to the center of the galaxy,
and press O. You are then queried for the values of the starting and the maximum

semi-major axes, and an axis-increasing factor. The program then roughly estimate
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an ellipse using the starting radius, and writes the ellipse parameters (center, ec-
centricity, position angle) on your terminal, and draws the ellipse on the image. If
you don’t think that is a right selection, you can modify it, or abort it, otherwise
the parameters will be accepted as the EFIT initial values. You can practise with

O as many times as you like, but only the last selection is finally accepted.

The space-bar defines the regions to be ignored by EFIT, when doing the ellipse
fitting. To select such a region, move the cursor to the right position, hit space-par,
and specify the size of the region, i.e., radius. The program then draws a circle
with that radius on the displayed image. Then it is up to you as whether to accept
the selection, or to change the size, or even to abort it. Note that the maximum

number of regions that EFIT can ignore is 30.

After the selections of both galaxy and bad-regions are done, W is then used
to exit the current level and to produce the file, IMAGE.EIN required by EFIT.
But after pressing W, you are first lead to the sky-statistics mode (see section 3.3)
for a sky estimation, and are then queried for the value of sky threshold, above
which ellipses-fitting will be done by EFIT on the image. All these parameters are
then written to the file IMAGE.EIN. On the other hand, if, for some reason, you
decided not to make the file IMAGE.EIN, you can quit the current mode using Q,

and everything you have selected will be totally lost.

Note that you don’t have to work in the order as described above, you may
sample a couple of ignored regions first, and then select the program galaxy, and
then some more ignored regions. You can even quit DISP_F) without doing any
of these, but the program will warn you. During the process of selection, you may
need to have the image redrawn (e.g., expand or compress), every time you do this,
the previously selected regions will be marked on the new picture. So you don’t

have to worry about an unnecessary double selection of the same bad thing,.
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35 G

G brings you to a sublevel DISP_G), in which, you can prepare the 4 input files
required by the GASP ellipse-fitting routine PROF. Upon your entering DISP_G),

the following help information will show on your terminal.

skok ok ok ok skok sk skskok sk skok sk ok sk kkok ok DiSpl&y sk sk skook ok ok sk skeok ok ok skok sk skok ok sk ok skok

H -help E —-expand C —compress M -E/C factor
L —left R -right U —up D —down
T —lookup Z —stretch P -redraw

*¥#%%% Gelect (move cursor then press the right key) *#****
O —define object ( sp )-select bad regions
Q —header/GASP file/exit

DISP_G )

The DISP_G) mode almost a duplication of the DISP_F) mode, but there are

also minor differences.

O is also for selecting the program galaxy. You need to enter the initial semi-
major axis, from which PROF will start the fitting. The program then roughly
estimates an ellipse with this radius, and prints its parameters (center, eccentricity,
position angle) on your terminal, and draws the ellipse on the image. These pa-
rameters, if accepted, will be written to a file NAMEa.GAL (or NAMEb.GAL,
if you are on secondary image), and will serve as the initial guess values for PROF

(see GASP manual).

The space-bar defines the regions to be ignored by PROF, You also need to

specify the size of the region, by entering the value of radius. Different from the
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DISP_F) mode, the program now estimate an ellipse with that radius, because
PROF recognizes ellipse as an ignored region. The estimated ellipse is drawn on
the image, and you can choose either to accept it as the ignored region, or to change
the size/shape of the ellipse. These ellipse parameters, if accepted, will be written

to file NAMEa.DEL (or NAMEDb.DEL, for secondary image).

Now, you have the .GAL and .DEL files produced. The PROF, however,
needs more than these. The other two are produced on the way of escaping from
the current level. Press Q to escape DISP_G), you are then asked to estimate the sky
value, which will be written to the header file NAMEa.HDR (or NAMEDb.HDR,
for secondary image); and finally, the image file in GASP format, NAMEa.GSP
(or NAMED.GSP, for secondary image) is (optionally) produced.

Same as in DISP_F) mode, you don’t have to work in the order as described
above in the current mode. You will be warned, however, if you missed something
before escaping from DISP_G). Every time you redraw the image, the previously

selected regions will be marked on the new picture.

36 O

O is an ellipse-drawing command in DISP mode, like that in the SFOTO level.
This O, however, has an additional function, that is, to modify the existing ellipses,
which you don’t think be the best fits; or to add more ellipses. O is often used to
draw the outermost ellipse on the picture, before you clean it for the purpose of
photometry. Because, this tells you where you really need to do the hard cleaning

work, and where you don’t have to bother yourself to do.
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3.7 B

B is to make grey-scale plot of the picture. It first asks you to define the portion,
from which you want to make the plot. This is done by indicating two diagonal
points on the displayed picture. The program then does statistics in the defined box,
and displays the result on your screen. Based on the statistics, you can define the
black and white levels for the plot, and also define the plot device, as the program

queries. Everything else is then left to the program.

3.8 Wand X

W measures the FWHM of Point Spread Function in both X and Y directions,
using a star at the current cursor position. The results, in units of pixels, will be

displayed on your terminal.

X is used to measure the CCD scale (arcsec/pixel). This is done by indicating a
couple of reference stars on the image. Of course, you have to enter the (equatorial
or galactic) coordinates of each star. The scale value calculated using each pair of

the stars, and the mean scale value will be displayed on your terminal.
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Appendix A

An example of the SFOTO output file, NAMEa.SFB, is given below, which

is produced using command F, with color term included.

The header part lists some general information about the observation, and pho-
tometric transformation: EXT.T = exposure time; SECZ = airmass; A/DA =
zero-point and its rms error of mag, and color transformations; B/DB = the color
term coeficient in the mag, and color transformations; Kx = extinction coeffi-
cient; Xcen & Ycen = object center (i.e., the center of the innermost ellipse);
Sky(counts) & Sky(SFB) = sky value in counts and in mag/ arcsec?, respectively;
Xsee & Ysee = the FWHM of point-spreading function in X and Y direction;
Band = filter name of the primary and secondary images, or color name; Date =
observing date of the form yymmdd; Instrument = a character string indicating
the instrument used for the observation (from file TRANSF.COE, or from termi-
nal); CCD Scale = the pixel size in arcseconds; Ellipse = ellipse-fitting program

used: FIGARO_EFIT or GASP_PROF.

The second part of the file is the main output of SFOTO, which is tabulated in

10 columns.
Column 1. R”, major axis of the isophotal ellipses in arcseconds.
Column 2. SB(mag/[]"), isophotal brightness, and its rms error.
Column 3. M;j,,, isophotal magnitude, and its rms error.

Column 4. COLOR;;,;;, integrated color within an isophotal ellipse, and its rms

€rror.

Column 5. COLORy;y, differential color (the color of an 3-pixel wide annulus

at the isophotal ellipse), and its rms error.
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Column 6. COLORsm, the color asymmetry and its rms error. This is simply
the color difference between one side of the major axis and the other side of it,

calculated using the annulus of column 5, in the sense that the upper half minus

the lower half.
Column 7. ecc, eccentricity of the ellipse.

Column 8. P.A., position angle of the ellipse (from -90° to +90°), i.e. the angle

between major axis and the X-axis.
Column 9. Xcen, X coordinates of the ellipse-centers.
Column 10. Ycen, Y coordinates of the ellipse-centers.

The third part of the file gives the inclination, light concentration and mean
color asymmetry of the galaxy. These parameters were calculated using the disk
range you have specified in the F (or G) loop. The SB level and the radii of the
range are given in the first two lines. The inclination, in line 3, is calculated using
the median eccentricity of those ellipses in the disk range, and assuming an intrinsic
axial ratio of 5. The concentration parameters (C20, C30, C50, C70 and C80) are
given in line 4, where Cm is defined as the semi-major axis of an isophotal ellipse,
which encloses m% of the total light, in units of the radius of the galaxy, identified as
the outer disk edge. Line 5 gives the averaged color asymmetry parameters within,
respectively, the inner galaxy (containing 50% light), the outer galaxy (containing
50% light), and the whole galaxy. Line 6 lists the index numbers of those ellipses,

which have been modified; it will be blank, if no modification was done.

Finally, the last part of the file is your comments about the galaxy, the obser-

vation, and the processing . . .

The output file produced without using the color term, has the same structure
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as above, except that all the color information is gone, and the column 4 and 5 list,
respectively, the magnitudes of the two half annuli (of three pixel wide), on both

side of major axis.
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Appendix B

A standard plot-set includes 9 separate diagrams (see the example), the contents

of the plots depends on whether you have included color term (case 1, below) in the

magnitude transformation, or not (case 2).

diagram 1 : surface-brightness (column 2 in file NAME.SFB) vs radius (column
1).
diagram 2 : isophotal magnitude (column 3) vs radius.

diagram 3 : integrated color (column 4) vs radius, for case 1; and isophotal

magnitude vs surface-brightness, for case 2.

diagram 4 : differential color (column 5) vs radius, for case 1; and eccentricity

(column 7) vs radius, for case 2.

diagram 5 : color asymmetry (column 6) vs radius, for case 1; and X-coordinate

(column 9) of ellipse-center vs radius, for case 2.

diagram 6 : isophotal magnitude vs surface-brightness, for case 1; and Y- coor-

dinate (column 10) of ellipse-center vs radius, for case 2.

diagram 7 : eccentricity (column 7) vs radius, for case 1; and position angle vs

radius, for case 2.

diagram 8 : a grey-scale picture of the object, with white level = sky, and black

level = 80% of the object peak intensity.

diagram 9 : drawing of all the ellipses.
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Appendix C

TRANSF.COE is an external file, containing the coefficients of the photometric
transformation of different observing nights. In the following demonstration, it is

assumed the program galaxy has been observed in B and V bands.

It is very important to note that SFOTO sets two regulations, regarding to the
transformation. First, the pair of magnitude and color referred in SFOTO must be
either (V, B-V), or (B, V-B), and can not be (B, B-V), or (V, V-B). Second,
once the magnitude and color are specified, e.g., V and B-V, then you must use
the V image as the primary image, and B image as the secondary image, when

loading the images to SFOTO.

The magnitude and color transformation equations are assumed to take the

following forms.

V=a+V;+bB-V)—-kyX

(B=V) =c+d(B;-V;)—kp_yvX

where B; and V; are, respectively, the instrument B and V magnitudes; X is
airmass; a,b,c,d, ky and kg_y are the coefficients we are talking about. Different
observing night may have different transformation coefficients; each night is given

one line in the TRANSF.COE file, with the following formats:

Column Content Format
1 Observing date (yymmdd) A8, X
2 Instrument A10, X
3 CCD Scale F7.3
4 a and og 2F7.3
5 b and oy 2F7.3
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6 ky F7.3
7 ¢ and o, 2F7.3
8 d and oy 2F'7.3
9 kp_y F7.3

The information in TRANSF.COE is required only by the F, G, and C in the
top SFOTO level. If you don’t have such a file in your directory, or the file does not
contain the information on the date your galaxy was observed, then you will have

to input the above information from terminal.



