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Abstract:

Integrated properties, magnitudes and isophotal diameters, of the Local Group galaxies M31 and M33
are used to set upper and lower limits to the extragalactic distance scale in the direction of the Virgo
cluster and the Ursa Major cluster. The assumption is made that M31 should not be larger or brighter
than the largest, brightest cluster members, so a lower limit to the distance modulus of the cluster can
be calculated. This gives an upper limit to Hubble's constant. It is also assumed that M33 should not be
smaller or fainter than the smallest, faintest cluster members, so an upper limit to the distance modulus
can be calculated. This gives a lower limit to Hubble's constant.

Data are collected in three systems with several correction schemes, and cluster membership lists are
compared to determine the largest, brightest, smallest, and faintest members. The data are used to
justify the assumptions necessary for the calculations.

The results depend upon the radial velocities of the clusters, which are in dispute. If the velocity of
both clusters is 1100 km/s then the upper limit to Hubble's constant for the Virgo cluster is 90 + 10
km/(s*Mpc) if NGC 4569 is accepted as the largest, brightest member, or 80 = 9 if NGC 4321 is
accepted. The lower limit depends upon the small, faint galaxy for comparison, but is at least 30+4
km/(s*Mpc) and may be as high as 47+5. The limits are the same for the Ursa Major cluster.

The method is applied to groups of galaxies seen in projection behind the Virgo and Ursa Major
clusters, and to groups in the direction opposite to the clusters. It is concluded many small groups have
a component of motion toward the clusters, relative to a uniform Hubble flow. This is attributed to the
gravitational influence of the clusters, which extends to 25 Mpc if H is 100 km/(s*Mpc).
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ABSTRACT

Integrated properties, magnitudes and isophotal
diameters,.of the Local Group galaxies M31] and M33 are
used to set upper and lower limits to the extragalactic
distance scale in the direction of the Virgo cluster and
the Ursa Major cluster.. The assumption is made that M3l
should not be larger or brighter than the largest,
brightest cluster members, so a lower limit to the
distance modulus of the cluster can be calculated. This
gives an upper limit to Hubble's constant. It is also
assumed that M33 should not be smaller or fainter than the
smallest, faintest cluster members, so an upper limit to
the distance modulus can be calculated. This gives-a-
lower 1limit to Hubble's constant.

Data are collected in three systems with several
correction schemes,.and cluster membership lists are
compared to determine the largest, brightest, smallest,
and faintest members. The data are used to justify the
assumptions necessary. for the calculations.

The results depend upon the radial velocities of the
clusters, .which are in dispute. If the velocity of both
clusters is 1100 km/s then the upper limit to Hubble's
constant for the Virgo cluster is 90 + 10 km/(s*Mpc) if
"NGC 4569 is accepted as the largest, brightest member, or
80 + 9 if NGC 4321 is accepted. The lower limit depends
upon the small, faint galaxy for comparison, but is at
least 30 £+ 4 km/ (s*Mpc) and may be as high as 47 + 5. The
limits are the same for the Ursa Major cluster.

The method is applied to groups of galaxies seen in
projection behind the Virgo and Ursa Major clusters, and
.to groups in the direction opposite to the clusters. It
is concluded many small groups have a component of motion
toward the clusters, relative to a uniform Hubble flow.
This is attributed to the gravitational influence of the
clusters, .which extends to 25 Mpc if H is 100 km/ (s*Mpc).




CHAPTER 1

INTRODUCTION

'The Need for an Extragalactic Distance Scale

Thevearliest astronomers were able to_spedify;the
direction to a star by giving its apparent position on the
' heavenly sphere. Modern astronomers do essentially the
" same thing, using the well-defined angles of declination
and right—-ascension to specify an apparent position. For
many centuries men believed that the heavenly sphere was,
in fact; a giant sphere made of some familiar materials
and suspended about thé Earth. Our present,.less
romantic, understanding is that the Earth and Sun occupy a
typical region of our galaxy,.the Milky Way, and the stars
which we éee are other residents of the Milky Way.
Telescopes reveal 6ther galaxiés,‘presumably much like our
own, spread across the sky.
| Understanding the distribution of stars and galaxies
.in this system involves specifying noE only:a directioh,
but also a distance to ény celestial object. ‘Knowing how
to measure distances to stars allows detailed mapping of
ohr own Milky Way and the célculation‘of‘distances to the

galaxies whose individual stars may be resolved. -
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Theoretical knowledge of the'natufe of space hés put
modern astrophysicists in the surprising position of being
able to calculate general outlines of the past and future
evolution of the Universe, provided a scale of distances
among galaxies in the presently-observable ﬁniverse is
known. | |

Unfortunately, cbnstructing a well-acceéted scale of
such distances (usually called an extragaléctic distance
scale because it applies outside theHMilky Way) ‘is a slow
business. Any object included-as part of the construction
is in optimum position for observation.only two .or three
months a year, bqt in half of each month accurate
observétions are impossible because the’bright moon lights
the enti;e sky. The problem is compounded because
observers must compete‘with each other for use of
telescopes, so.nobody is able to use a large telescope for
mére than a few nights a month. Observing is also

dependent on clear weather, so a week of cloudy nights

“might ruin an astronomer's entire observing season. Even

if the weather is clear and the observations ideal,
construcﬁing an extragalactic distance scaie is still a
booﬁstrap process which must be tried, refined, and tried
again, requiring many observations to iron out each
difficulty.

The problem of calibrating.distance indicatqrs for

uée,in defihing the extragalactic distance scale has
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fascinated many of the best-knoﬁn astronomers of the
twentieth century, and often challenged their skills at-
the-telescopé. Since the first distance-=scale
calculations, . about seventy years ago, the_acceptéd

distances to most galaxies have been steadily increasing.

"+ At present the distances are certain only to within a

factor of two.

The.extragaléctic disﬁance scale is most often
specified by Hubble's constant. Hubble (1926) foﬁnd that
the distance to a galaxy-iﬁcreaseé linearly with its
observed radial.velocity (often expressed as thé.well—
known redshift). This relationship is now written as
V = H*d, .where d is the distance to a galaxy in units of
megaparsecs, .V is the radial velocity in kiiometers per
second, .and H is Hubble;s constant in units of km/(s*Mpc).
Readers unfamiliar with megaparsecs and other astronomical .
quantities, .such as magnitudes and distance moduli,.may
wish to read Appendix A before proceeding with the body of
this paper.

Lgs_lﬁr_gup_e_@l__x;g_s mem_hgwmm

In his review of recent work on the distance scale
Hodge (1981) argues convincingly that the problems with
lthe present understanding of éxtragalactic distances are

symptomatic of a field in its youth,.and that such a field
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" should be expected to yield initially uncertain and
confusing results. Taking this warning into account, but
being unwilling to put off the problem of the distance -
scale altogether, our present understanding should aliow
the calculation of écceptable upper and lower limits to
“the distaﬁce_scale and Hubbie's constant. These limits
may eliminate somé'of the values now -considered plausible.

- For the purposes of this study the iﬁtegrated
properties of Local Group galaxies are'takén.td be‘the
‘apparent magﬁitude and angu;ar diameter in'optical light.
Similar properties can be defined at other wavelengths,
for instance in the radio spectfum, but such properties
will not be considered in this paper.

if the integrated properties, diameters and

magnitudes, of Local éroué spiral galaxies can be
determined without reference to the extragalactic distance
scéle, then limits to Eubble's constant may'be set by a
'"Copernican" argument. The argument asserts that Local
Group members are hot‘the largest, sﬁailest, b;ightest, or
faintest spirals known, and_fhat they should be no larger
than the largést épirals in distant,‘highly—populéted
groups, as well as no brighter than the brightest, no
smaller than the smallest, and no fainter than the
féintest.: This assertion is siﬁply a variation of the
Cosmological Principle, and some similar assumption must

be made in all disﬁance scale calculations. A lower limit-
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to the distance scale results by calculating the distance
to a group of galaxies under the assumption that the
largest, brightest Local Group spifal is equal in size and
brightness to the largest, brightest member of the distant
group. An upper limit to the distance scale result from a
similar.assumption about the smallest, faintest spirals.

The appeal of calculating limits to the distance |
scale with this method is its simplicity,‘and every effort
will be made to maintain this simplicity fhroughout this
paper. Such calculations with integrated properties ﬁavé
' been done onlf'azfew times, only with small,déta sets,.and
bnly to estéblish values of H or upper limits. 1In the
present pa'per‘a large data set will bé gathered and used
to calculate both upper and lower limits. Tamménn (1976,
1977) has compared 14 type Sb I-II field spiral galaxies
with the Milky Way and M31, and finds H < 60 + 15
km/ (s*Mpc), . although this value includes the results of
calculations which use two integratéd properties no longer
accepted as valid distancé indicators. -The radius of
rotation curve tﬁrnover is’no.longer accepted as a
distance ihdicator because the.rotation curves of most
spirals do not turn over. The mass—to-light ratio is
recpgnized aé.containing distance information, but its
sensitivitj to star formation history makes it an |
unreliable indicator. The two calcuiations thch'remain,

using angular'diameters and apparent magnitudes as
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1ndlcators, give upper limits to H of 77 '+ 10 km/ (s*Mpc)
and 62 i‘lO'km/(s*Mpc) respectively, but the systems of
data and corrections are not specified.

Burbidge (1977) reported on eaglier work by Burbidge
and Hoyle in which a similar calcuiation using anguléf
diameters gave H = 75 km/{(s*Mpc) in the direction of the
Hercules cluster. More recently.de'Vaucouleurs (1982a)
has used five properties of the milky Way to caiibrate-
distance scales,.all of which are significantly.more
| complex than the calculations of Tammann (1976, 1977) and
lBurbidge (1977). Nonetheléss,.ali suggest a "short"
distance scale (a high vaiue of Hubble's constant) with

=95 + 10 km/ (s*Mpc). |

In the present paper M3l, the largeét, brightest
Local Group member,.and M33,.the smallest,.faintest Local
Group member,.will be compared with spifal galaxies in the.
Virgo{cluster,(the Ursa Major clustef,.and other small
groups seen in projection behind them,‘to calculate limits
to the distance scale. These comparisons-will provide
upper and lower limits to the distance scale in the
direction of the clusters only. Ih calculating limits to
H one must be aware of the well- known component of motlon
of the Local Group (relative to a unlform Hubble flow) in
the direction of Virgo, observed early on by Gudehus

(1973) and reviewed by Davis and Peebles (1983). For this
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reason Hubble's constant will be written as H, not as Hy
which would 1mply a global value. |
| | Although limits to Hubble's constant in several
directlons will be calculated,. a value’ of Hubble's
constant will not'be calculated‘in this'paper. To do soO
-would requ1re ch0031ng one or more galax1es wh1ch have the
same 1ntr1ns1c propertles as M31 and one or more.hav1ng
the same intrinsic properties'as1M33._ While .interesting
choices are.possible,.all are difficult to justify ln'
detail without maklng'assumptions ahout'the distance
scale. R value of Hubble s constant might also be
- calculated by comparlng the distribution of galaxy
magnitudes in the Local Group with the distribution in
distant clustens“using the function'of‘Schechter'(1976).
This will not be done because a value offl§'50 km/ (s*Mpc)
was assumed in aerlving the distribution function,rand
because such a calculation would involve too- much
complexity: for this paper.: Instead of such calculatlons,
diameter and magnitude hlstograms of Vlrgo galaxies w1ll
be plotted and arrows will be inserted to'show where M31
and M33 would fall in the distributions for several values
of the Virgo distance modulus, pye e | '

The"Mil-ky Way will notl'be inc‘ludea in these
calculatlons, although th1s could be done us1ng the..
descrlptlon of the Galaxy glven by de Vaucouleurs and

Pence (1978). The Milky Way is generally agreed to be
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smaller and fainter than M31, so it would not be useful
for the 1limit calculations. Also, it is generally
accepted that the diameters and magnitudes of M3l and M33
are more accurately known than the diameter and magnitude

of the Milky Way.




CHAPTER 2
EQUATIONS

A lower limit to the'distance>modulus of the Virgb
clustef can be calculated by assuming that M31, the
largest, brightesf spiral in the Local Group,.has the same.
_linear diameter and absolute magnitude as the largesf,
brightest spirals in the Virgo cluster. An upper limit to
the distance modulus can be calculated by aésuming that
M33, . the smallest, faintest épiral in the Local Group,.has
the same linear diameter and absolute magnitude as the
smallest, . faintest spirals in Virgo.

Formulas for the distance moduli can be derived from
the triangles in Figure 1. ‘The derivations of these
formulas rely heavily on the system of astronomical
magnitudes, .which is introduced in Appendix A. This
introduction should allow readers with a basic knowledge
of mathemdtics to follow the derivations. The Local Group
galaxy in the upper half of the figure'has a radius rpg
and is at a distance Dy, .both in parsecs. - It is observed
to have an angular diameter, 0. |
0LG ='2'¢LG = 2 arctaﬁ(rLG/DLG).

Similariy, the distant cluster member in the lower half

of the figure has radius r, and distance D.,.again in




Figure 1. Thin triangles for deriving equations (1) and (2).
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parsecs, so it is observed to have an angular diameter
6. = 2 ¢, = 2 arctan(r /D).
The distance modulus of the cluster galaxy, and thus the
cluster, . is |
to =5 1log(D,/10) = 5 log(r /10 tan é_).
‘We assume thé Local Group member and the distant cluster
member have the same intrinsic size,.so r. = rpg. Then
o= 5 log(ry /10 tan ¢,) =5 log ryg - 5 log(tan $.) -5
but - '

rpg = Dpgtan ép6

S0
Bo = 5 log D; s + 5 logltan ¢ ) - 5 logltan¢ ) - 5.
Substitute

5 log Dig = Krg * 5

SO o

B =Hpet 5 logltandp o) - 5 ‘1og(j:an§f>c),. _
For Local Group galaxies brc < 2° = 0.035 rad,.and making
the approximation tané¢;. =¢LG introduqes an error in “c'
of no more than 0.0001 magnitude, certainly small enough
to neglect. Fo.r Virgo cluster galaxies, the largest
distant galaxies considered in this work,

?. <l 5 arc minutes = 0.00145 rad. |

Making the approximation tan b = ¢, introduces an error
inpg of no more than 1078 magnitude,.- again negligible.
The observed quantity is t;he angular diameter,‘ 6, not the

angular radius, .¢, but
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log 016~ 1log @, = log(2¢s) - log(2 $)

lOg ¢LG ."' lOg ¢c

so
pe = Hpg t 3 (log fp - log 6.). o - D

In this wérk the largest spiral in the Local Group;
M31, will be compared with the largest spirals in distant
clusters. Clusters with many members‘should have many
large members, .so it is more likely t‘hat the largest is
intrinsically: larger than M31l. Equation (i) was'derived‘
under the assumption that the intrinsic sizes are the
same. If the cluster galaxy:is in fact larger, . then
Lo > rpge S0 64 in equation (1) is too big,.so}uzis
too small. Thus, equation (1) gives a lower limit to the
distarnice modulus of the cluster, and, because H is
’proportional to exp(-p/5),.an upper limit to Hubble's
constant. Similarly, in this work the smallest spiral in
- the Local Group, M33, will be compared with the smallest
spirals in distant clusters. Again, as clusters have more
members they are expected to have more small members, so
it is likely ry < r;o. In this case the value of 0. in
equation (1) is too small,.soﬂud‘is too large, . resulting
in an upper limit.to pg anda lower limit to Hubble's
constant.

Figure‘l also shows.the observed magnitudes of the

galaxies, my - and m,. By definition . .
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Assume‘the two galaxies have equal absolute magnitudes
(equal  intrinsic brightnesses) so M, = M., and
o =M, ~ Mpo. From observations of m;. and pp.
calculate -
Mg = Mg = Frg
. 80 . |
Mg = omg = Ampg = ppg) (2)
Again,.as'cluste;s have more members they:are expected to
have more bright members, . and it becomés ﬁore likely that
. the brightest are intrinsically brighter than M31l. This
means mg is too small for the assumption imposed in
deriving equation (2), so again p, is too small,.
resulting in a lower limit to the distance scale and an
upper limit to Hubble's constant. Similarly,‘tﬁe more
members the more likely it is that the faintest is fainter
than M33, so inc is too large for the assumptions of
equation (2), giving an u?per limit to p, and a lower
limit to H.

So that future adjustments in the Local Groﬁp
distance moduli may be easily included in the
calcul;tions, the final'results in this paper will be
given as limits to the‘distance modulus of .the cluster.
The l1imits to the distance modulus may be used to‘ find
limits to Hubblefs‘éonstanﬁ,.H,'by- |
" H =V dex(5 - u/5) L (3)

where dex is the-base-ten exponential function,.and V is
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the radial velocity of the cluster. If V has units of

kilometers per second then H has units of km/(sec*Mpc).
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CHAPTER 3
INPUT DATA

The distance of the Virgo cluster has been calculated
many tlmes, but in every case only one of thernany systems
of magnltudes, diameters, radlal ve1001t1es, and Local
Group properties has been chosen. This has resulted in a
wide range of calculated values of the Virgo distance,.and
the resulf dépends on the data system. To avoid this
problem in the present work, data from all the important
systems will be gathered and used in the calculations of
the limits to the distance modulus. Gathering the data
‘has been the most ambitious part of this thesis.

Input data needed to carry-out the calculations of
the distance moduli and H are the distance moduli of the
Local Group galaxies, M3l and M33; angular diameters of
M31, M33, and distant cluster galaxies; apparent
magnitudes of M31, M33, and distant galaxies; and the
radial velocities of the distant clusters. The Virgo

cluster will be the primary cluster for this work.
Distance Moduli of M3l and M33
The distance moduli of M31 and M33 were reviewed by

vén den Bergh (1977) and Hodge (1981), but new
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publications by Sandage and Tammann (1981) ana Sandage
(1993) require that the valués be reexamined and that
their important differences be noted. There are three
commonly used sets of moduli, those of van den Bergh
(1977), de Vaucouleqrs (1978), . and Sandage and Tammann
(1974a). Other authors ha&e adopted these values and
often applied various'porréctions. The situation is
sﬁmmarized in Table'l, which iﬁcluaes the new moduli of
-Sandage and Tammann (1981) aﬁd Sandage (1983). The moduli
calculated by van den Bergh and by de Vaucouleurs fely on
several distance indicators, so théy should. be relatively
insensitive to changes in the Hyades distance modulus or
Cépheid calibrations. The moduli of Sandage and of
Sandage and Tammann rely on Cepheids alone, so they may
change with the Hyades modulus or Cepheid recalibration._
Van den Bergh-(1977) argues that allowing for the high
metal abundance of the Hyades will reauce the distance
modulus determined from Cepheids, offsetting‘the increase
due to the revised Hyades modulus. Table 1 contains two
.distance moduli for ééch galaxy”from Sandage and Tammann
(1974a) and Sandage 'and Tammann- (1981) (A Revised Shapley-
Ames Catalog of Galaxies, hereafter thé RSA). Thé first
is from Séndage and Tammann (1974a) and is based on‘a
Hyades distance modulué_ofl3.03,-the secoﬁd_is from the

RSA, . and is calculated from the first by adding 0.20 due
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Table l. Distance moduli of Local Group galaxies
M31 and M33.

Reference M31 M33 Notes
vdB 24.02 24 .06
av 24.07 + 0.16 24.30 + 0.20
S+T 24.12 : 24.56 : a
24.32 24.76. b
S —— 24.23 c

van den Bergh (1972)

de Vaucouleurs (1978)
Sandage and Tammann (1981
Sandage (1983) :
3.03

“3.23

3.24

References: vdB
- av
S+T

S
Notes: a. Hyades modulus
b. Hyades modulus
c. Hyades modulus

to the revision of the Hyades modulué to 3.23. The-
distance modulus of M33 from Sandage (1983) is a
~redetermination using old obéervations of the Cepheids,
but new observations of the standard stars. This new
modulus supersedes the previous ones calculated by Sandage
and Tammann. It seems to be based on a Hyades modulus of
3.24. | |
The distance moduli adopted for thg-present'
calculation are. 24.10 + 0.12 for M31, calculated'by giving
half weight to the two values from the RSA, and .
24.20 + 0.07 fdr M33, calculated by giving the values of
'van den Bergh (1977), de Vaucouleurs (1978), and Sandage
}1983) eqﬁal weight, but neglecting the out-of-date values
~in the RSA. Only de Vaucouleurs gives estimates of errors
in the distance moduli,.so the standard deviations adoéted

here were calculated from the values themselves. The
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calculated standard deviations are consistent with the
value which would result if the other determinations had

the same errors as those of de Vaucouleurs.

Systems of Angular Diameters

The angular diameters.of the LocallGroup and Virgo
cluster galaxies from all the common sjstems have not been
gathered in one list before,.éven though they:are the
standard reference spirals for extragaléétic distance

scale calculations. The author has searched'the well-

known catalogs, as well as'the obscure papers,.to make the

list in this thesis reasonably complete. It is expected
that the final list of corrected angular diameters will be
useful for calculations by other authors.

Isophotal angular diameters will be used for the
calculations in this paper. Ispbhotal diameters have been
chosen because they are the most commonly tabulated
diameter, .and because in Euclidean space the diameter at a
given isophote, .usually expressed in ﬁagnitudes per square
arcsecond, is fixed on the galaxy. This'is easily shown
by the fbllowing thought experiment. Suppose an ideal
“teét galaxy". is available and can be placed at various
distances from the ﬁilky Way. ~The galaxy is placed at
distance D and observed‘at many 1ocations along a
diameter, .using a square diaphragm of 6ne arc second on a

side, until_the isophote at 25 magnitudeé persquare-arc=
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second is found. The test galaxy is then moved to a
distance 2D and observed again. In Euclidean space when
the distance to a galaxy is doubled the flux from the
galaxy is reduced by a factor of four, but the area on the
galaxy included in the diaphragm is}increased by a factor
- of four. The flux received through the diaphragm remains
constant, . and so does the calculated magnitude. Thus, the
magnitude-per;squére-arc-éecond is independent of.thé
distance for all points on-the galaxy. This means the
~ diameter of a giveh isophote is a simpie,-reiiable'
distance indicator in Euclidean space. In other spﬁces
the relation between diameter and ‘distance is not so

simple (Sandage 1961).

Angular diameters measured in blue light are the most

qommon,‘because blue-sensitive photographic emulsions have
long been availéble. They are the least suitable
diameters for the calculations in this paper because blue
- light is strongly ébsorbed in interstellar space, and
because the blue light emitted by a distaﬁt galaxy:is.
strongly dependent on its star;formation history,‘which is
largely unknown. Red light'is more suitable because it
suffers less from absorption and is less dependent on the
history of the galaxy,ﬁbut until recently little work has
been done in the red. In order.to provide a reasonable
amount of.data for the calculations in this paper, two

systems of blue isophotal diameters will be used, the
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system of Holmberg (1958) and the system of de
Vaucouleurs, de Vaucouleurs,.and Corwin (1976) (hereafter
the RC2). Holmberg's catalog specifies the diameter in
arc minutes of the 26.5-magnitude—per-squaré—arc—second
isophote in the blue photographic system, which is
equivalent to the 26.6 magnitudé—per—square—arc—second
isophote in the B band of the UBV syétemi(Heidmannfu
Heidmann, and de Vaucouleurs 1972). . The diameters in the
RC2 are given as the base ten log of the diameter
expressed in tenths of arc minutes measured at the 25.0
magnitudé—per—square—arc—second isophote in thé B band of
the UBV system, so when expressed in the éame units the
RC2 diameters are uhiformly smaller than the Holmberg
diameters. The diamefers in the RC2 are mostly
mathematically transformed values from some other system;
in particular the blue diameters of Nilson (1973) are
crucial to the RC2 system. The Nilson diameters
themselveé will not be presented here becéuse all of the

necessary. values have been included in the RC2.
Systems of Magnitudes
As in the case of diameters, thelnagnitudes of the
Local Group and Virgo cluster spirals in the several
observational systems have not before been gathered into

one list. This is surprising because of the_important

role these galaxies play in defining the extragalactic




21
distancé scale; It is expected that the final list of
corrected magnitudes in this thesis will be useful for
calculations by other researchers.
| Several types of magnitudes can be used in

calculating ﬁhe distances to galaxies. Two types will be
used in this paper, isophétal magnitudes and total
magnitudes. Isophotal maQnitudes ére found by adding all
the-light within'a given isophote. In Euclidean spéce the
isophote is fixed on the galaxy, so the isophotél
magnitudé can be psed as d distance indicator. Total
‘magnitudes. are found by extrapolating the galaxy's
" brightness profile to zero flux,fthen‘adding all the light
within the extrapolated profile. The fotal magnitude is
clearly a good distance indicator, and is, perhaps, easier
to understand than the isophotal magnitude. |

For the calculations in this paper two.systems of
magnitudes will be used,.thé isophotal magnitudes in the
blue photographié system from Holmberg (1958), and the
total blue magnitudes in the B band of the UBV system from
the RC2. The Holmberg magnitudes are measured at the 26.5
magnitude—per;squaﬁe—arc—second isophote‘in the old blue
photographic system. |

Again, it is often the case that the RC2 magnitﬁdes
are transformed from other systems, so the RC2 is nét
intended to be independent of previous catalogs. Also,

more recent observations are often carefully calibrated to
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match one of the existing systems of magnitudes or
diameters. For instance, the isophotal diameters of
Peterson, . Strom,.and Strom (1979) have béen calibrated to
the Holmberg system,.and the total blue magﬁitudes of the
RSA and of Kraan-Korteweg (1982) are in the By system of

the RC2.

Once the limits to the Vifgo distance modulué have
been calculated they may be used to calculate limits to
Hubble's constant, but a value of the Virgo velocity is
required. Again, despite many studies of the'Virgo
"~ cluster,.no author has gathered the radial velocity
determinations into one list before. The coﬁpilation here
S will pdint out a major difference between the distance
scale calculations of Sandage and coworkersland those of
de Vaucouleurs and céworkers.

The possibility that spiral galaxies in the Virgo
cluster have an average velocity about 400 km/s greater
than eliiptical galaxies was raised by: de Vaucouleurs
(1961) and bf de Vaucouleurs and de Vaucduleurs (1963).
This has Been the crucial issue of the last twenty years
in studying the overall velocity of the Virgo cluster;
Just as this controversy-was warming up, a'discovery by
Roberts (1975) added an extra difficulty. His comparison

of 21-cm radial velocities with radial velocities
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determined from dptical spectra showed that for the
velocity range 1200 < V £ 2400'km/s the velocities
determined from optical spectra in the blue were high by
about 100 km/s. This has been reconfirmed by Bottinelli
and Gouguenheim (1976) and by Lewis (1975). The
explanatiop by Roberts (1975)‘is that the H and K lines of
calcium were used to determine the vélocities.from blue
bptical spectra, and in this veloéity range the lines from
the galaxy. were blending‘with night sky lines, causing the
érror. A correction, usually called the Roberts
correction,.can by. applied to femové the er?or. Such a
correction should be more applicable to ellipticals than
spirals (Roberts 1975, . Lewis 1974). |

Tammann (1972) reexamined the question of Virgo
velocities, using 122 galaxies. A Roberts correction of
-100 km/s was applied to galaxies in the velocity range
1200 < Vv £ 2350 km/s, .and a correction of -50 km/s to
galaxies in the range 2350 < V < 2450 km/s. When the
correction was applied to spirals only,. Tammann found the
.average velocity of the cluster to be 1141 + 60 km/s.
When £he_Roberts correction was applied to all galaxies he
found
V> = 982 + 81 km/s
for the ellipticals,.and a difference.in thevmean

velocities of ellipticals and spirals
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<Vg>p = <Vg>g=-233 + 181 kn/s
which he concluded was not significant.

It was pointed out by de Vaucouleurs and de
Vaucouleurs (1973) that the Virgo region contains many
subclusters,.and a standard definition of the Virgo
cluster would be necessary in order to compare
calculations. They limited their discussion to the
Virgo I cluster and considered its E, S,.and S' clouds,
and applied a Roberts correction to spirals only, pointing
~out that this could only reduce the discrepaﬁéy between
the spirals and ellipticals. Using'some new velocity data
they found <Vp>p = 1000 £ 60 km/s for 25 ellipticals and
<Vg>g = 1350 + 150 km/s for 26 spi;als.

The issue is reconsidered by Sandage and Tammann
(1976a), . limiting discussion to a circle of 6° radius
centéred on 120 35M, +13° 06' (1950), nearly the same
region studied by de Vaucouleurs and de Vaucouleurs
(1973), although no detailed list of the individual:
galaxies was given,.so the two samples cannot easily by
cqmpared. Sandage and Tammann used a sample complete to
the limit of the Shapley-Ames catalog, plus a few fainter
galaxies. No Roberts correction was applied.  They found
Vg2 = 1079 + 79 km/s
for 50.E and S0 galaxies, and
<Vg>g = 1105 + 120 km/s

for 47 spirals. Their mean for all 109 Virgo galaxies
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with velocities is 1066 + 68 km/s, .and the mean of the
same sample with 7 Sm and Im galaxies excluded is
1100 + 68 km/s. | |

New calculai';ions'by Sulentic '(197l7, 1980) included
new redshifts for 23 galaxies and a sample complete to
mpg = 13.0 in the circle of 6° radius centered on 120 25m,
+13° 05' (1950). No‘Roberts corfection was used, bﬁt
radiéiand optical data are éveraged for each galaxy,
'reduciﬁg the need fof such a correction. He found
Vo> = 1088 + 76 km/s
for 60 ellipticals,.and
<\.70>S = 1029 + 73 km/s
for 95 spirals,.but the velocity averages for spirals
depend strongly on Hubble type, . with means 956 * 143 km/s
for 28 Sa-Sb galaxies and 1437 + 124 km/s for 24 Sbc-Scd
galaxies.y Sulentic concluded that the late-type spirals‘
do have a larger mean radial velocity than other typés.

A calculation by Kraan-Korteweg (1982), using 160
galaxiés with B < 14.00 within 6° of M87 gave a mean
- velocity of 967 + 33 km/s withonly 12 km/s difference
: bétween_séirals and ellipticals. No.Roberts correction

was abplied.

Further calculations by de Vaucouleurs (1982b)
yielded
<Vg>g = 1165 + 133 l_<m/s

for 37 spirals of all types in the S cloud. No Roberts
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correction was applied, no calculations with ellipticals
were included, and the mean velocities of spirals were not
recalculated by Hubble type.' Still, de Vauéouleurs
maintained thatka systematic velocity difference beEween
ellipticals and spirals does exist. ‘

Several efforts have been made to explain why such a
systematid differen&e might exist. O:iginally de |
Vaucouleurs (1961) and de Vaucouleurs and de Vaucouleurs
(1973) proposed the difference was due to two clusters at
different distaﬁces seen in projeétion. This idea has -
been discounted by several authors,.notably Kowal (1969)
and Sulentic (1977), but the issue has been at least
partially reopened by de Vaucouleurs (1982b). Non-
velocity redshifts have béen proposed by:Arp (1968), de
Vaucouleurs and de Vaucouleurs(1972),.Jaakkola (1971),.énd
Jaakkola and Moles (1976). The dynamics of the cluster
have been suggested as a possible cadse_by Fairall (1978),
Moles and Nottale (1981), and de Vaucouleurs (1982).
Inclination effects én galaxy velocities have been studied
by Ftaclas et al.'(1981)} and projection effects within
the cluster by Capelato et al. (1983). Sulentic (1977)
and Moles and Nottale (1981) have remarked on the
~correlation between spiral galaxy.redshift and radio
emission. |

The literature holds still more on the Virgo‘cluéter{

The Center for Astrophysics catalog of galaxy clusters
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(Geller and Huchra 1983) lists 248 Virgo cluster members
with a mean radial velocity of 1495 km/s, which includes a
correction of 300 km/s for the motion of the Local Gr;up
toward Virgo. No segregation of elliptical and spiral

galaxies is made, .and the list includes both the Virgd I

and Virgo II clusters, so it is not directly comparable

- with the other studies.

_Finally, a list of the'Virgo velocities used in the
most quoted'calcﬁlations of Hubble's constant might be of
use. Sandége and Tammann (1976b) use 1100 + 68 km/s from
Sandage and Tammann (1976a). Tully: and Fisher (1977) use
1111 + 75 km/s from Sandage and Tammann.(l974b), which
includes prepublication results from Sandage and Tammann
(1976a). De Vaucéuleurs and Bollinger (1979) use
1402 km/s for 47 spirals in their region C+, which
includes.virgo3spirals and othe;s, but 1322 km/s for 26"
galaxies in region C-,. which excludes the Virgo galaxies.
This implies 1501 kﬁ/s for the Virgo, spirals. Mould,.
Aaronson,.and Huchra (1980) use their own determination of
1019 £ 51 km/s. |

Some of the differences in veloéity may be due to the
type of velocity used in the calculations. -Wdrk before |

1978 is probably: based on galactocentric velocities, that

is, velocities corrected for the motion of the Sun- about

the center of -the Milky Way. The RC2 gives galactbcentric

velocities. After 1978 the work of Sandage and Tammann
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relies on velocities corrected to the centroid of the
Local Group. The RSA gives such velocities. For the
Virgo galaxies the galactocentric velocities are larger by

40 km/s.

"After this review it is evident that the radial

velocity of the Virgo spirals used by Sandage and Tammann

- in their distancé scale calculations is 400 km/s smaller

than the velocity used by de Vaucouleurs and coworkers.
This accounts for half of the difference in their values
of Hubble's constant in the direction of Virgo.

The vélocity of the Virgo spirals seems to remain an
open issue. The mean velocity of the cluster is
1100 + 100 km/s in round numbers, and there is reason to
believe the velocity of the late—type.spirals in the Virgo
I cluster fall within 1500 # 100 km/s. Because no clear-
cut answer existé both values will be kept for the
calculations. These values have not been calculated by
taking means of the values in the literature because those

values are certainly not independent. Rather, these

‘values are "best guesses" and the errors only

representative.
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CHAPTER 4
CORRECTIONS FOR MILKY WAY ABSORPTION
Introduction to Data Corrections

Despite the large number of pépers-on.Mile Way
abéorption,‘little has been done in the last few years to
review the work on correction of gélaxy.magnitudes'and
diameters. The paper of Holmberg (1974) will be used as a
starting point, but to bring the field up to date
important work on galaxy counts, colors of objecﬁs,.and
radio correlations will be added. lSuch a review,
particularly of work at high galactic latitudes, is
overdue. -

All galaxies are observed through our own Milky Wéy )
because the sun is located in the disk of-our Galaxy.

This means that the interstellar dust and gas within the
Milky Way absorb some light from distant galaxies. For
tﬁe calculations in this_paper the absorption has two
important cohsequences; it makes galaxies look fainter
than they would otherwise look, so it makes the isdphotés
fainter and the anéula; diameter is smaller than it would
otherwisé be. The aﬁount of absorption depends upon how

much of the Milky’Way we must look through to see the
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galaxy. The effect is greatest when looking through the
plane of the Milky Way and least when looking toward the
galactic poles. | - |
Spiral galaxies are also observed at.various ahgles
of ‘inclination, 1i,.relative to our line of sight. If it

is assumed that a galaxy is an ellipsoid'of revolution

filled with luminous matter,.then as a galaxy is tipped: 

from face-on to edge-on the angular diameter of a given
isophote is expected to increase because the optical pé£h
contributing to the light increases. Actually, the
situétion is not so simple,-because.the’éllipsdid contains
intefstellar dust and gas.(obscqring matter), concentrated
toward the plane of the galaxy, along with luﬁinous
matter. This means that as the galaxy is tipped from

face~on to edge-on more and more dust is likely to hide

_our view of what is inside the galaxy in exactly the same

way interstellar dust in the disk of the Milky Way'hides
our view of objects outside our own galaxy. ‘

To compare the intrinsic sizeé and brightnesses of
spiral galaxies, aé'in distance-scale calculations, .’
corrections must be made for Milky‘Way absorption and
inclination. These corrections are undoubtedly the most
difficult part of the present wofk. There is disag;eeﬁent
over what fofm of correction.to'apply,-if, ihdeed,.any
shou1d be applied at all. The author would like to

recommend that readers who are not required to read this -
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thesis,.or do not wish to understand how the corrections
are made and how the several systems differ, might content
themselves by:looking at the summary of adopted |
corrections in Chapter 6.
The data and corrections are so varied that a review

of correction schemes is difficult to organize. There is

‘no consistent set of symbols for naming the physical

variables ipvolved, so often one éymbol stands for two
very different quantities. To render the'material
approachable,lthe corrections for Milky Way absorption
will be reviewed - in this chaptef; and in Chapter 5 each

correction scheme for the other effects will be

considered.. A review in Chapter 6.will present all the

correction systems for all the effects in one consistent
set of notation.

 Corrections to magnitudes are of the general form
mg = m - Ap - A(i) - RV
where my is the corrected magnitude, m the raw magnitude,
Ag the correction for Milky Way.absorption (usually'a
simple function of galactic latitude, b), A(i) the
correction for the inclination of the galaxy being - - -

studied, .and K the cosmological K-correction for the

effect of radial velocity, V. Corrections to angular

diameters are similar; however there is no generally-
recognized set of symbols for the corrections. For

galaxies in the Virgo cluster the K-corrections listed in
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the RC2 and the Holmberg catalog are always less than
0.015 magnitude, certainly less than the error in the raw
magnitudes, so the corrections may be ignored.

- Authors agree’thét both magnitudes and diameters must
be corrected for absorption within the Milky Way, but the
form and size of the corrections are in dispute,
particularly near the galactic poles. Settling the
disagreement would invo;ve solving two problems: first,.
determining the fqrm and slope of the Galactic absorption

function; second,.determining the polar absorption.

The Form and Slope of the Galactic Absorption Function

There are two common methods for detérmining the
absorption of the Milky Way. 'One can count the observed
distribution of e#tragalactic objects under the assumption
that they-are uniformly distributed iﬁ space, so the‘
variation of counts with galactic latitude‘gives the
galactic absorption. This has classically been done with
galaxies (Hubble 1934, Shane and Wirtanen 1967) and more
recently with clusters of galaxies (Holmberg 1974). It is
also possible to observe the colors of extragalactic,
objects--the intrinsic colors need not be known, but the
intrinsiclcolon of a given class of objects is taken t6 be
~conétant. Variation with galactic 1a£itude of"the average
observed color.of the class gives the absorption through

an assumed relation between total and selective
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absorption. There is also the unique ﬁethod-of Rubin et
al. (1976) which will be mentioned briefly here and.
described in more detail in Chapter 5. All of these
méthods assume thé intergalactic absorption is negligible.

compared with the Galactic absorption.’

Results from Counts of Galaxies and Clusters of Galaxies
~Much effort has been éentered'on determining the
Milky Way absorption from galaxy cdunts. First, assume
that faint galaxies are distributed uﬁiformly in space,.:A
and thaﬁ the number of galaxies per square degree brighter
~ than appafent magnituae m depends upon.m as dex (0.6 m).
Then, comparing a reference region of low obscuration with
an 6bscured region in a static,.non-evolving Euclidean
ﬁni&erse,
log N'(m) = log N(m) - 0.6 A
where A is the difference in obscuration fouﬁd from the
Galactic absorption function, N(m) is the number of
galaxies per square degree brighter than m in the
-reference region,.and N'(m) is the number per square
degree brighter than m in the»obscu;ed region. The
reference region is‘usually taken to be one of the
galactic poles,.lbl = 909 so A relates the absorétion of -
any field to the absorption ét the -pole. If the Milky Way
absorbing layer is an infinite, pléne—paraliel sheet, then

it is well known that the galactic absorption function
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-will be a cosecant function,

A = AO csc}bl

where b is the galactic iatitude and Ay is the polaf

absorétion,'so _

log N'(m) = log N(m) - 0.6 Ay csclbl

(Knapp and Kerr 1974). Thus,:the galactic absorétion

functioniis assumed ;o have the functional form Ag csclbl,

and the slope,,AO,.is_determined'from the counts N'(m) by

fitting them to a function |

log N'(m) ='é - B csélbl

where Ay = f/0.6. The fadtor'of 0.6 decreases when galaxy

evoldtion and redsﬁift are taken into account (Shane and

* Wirtanen 1967, Noonan 1971, Knapp and Kerr 1974). It must

be femembered that the slope of the relation, Ao,.is also

the polar absorption, as can be seen by letting b = +90°.
The necessity for determining the absorption fuﬁction

was stated in modern form and reviewed by Hinks (1911).

The présent disagreement over the size ot the correction

dates back to the 1930's, if not earlier. Hubble (1934)

found‘in a pioneering analysis of galaky counts that the

-absorptipn'function in the blue photogréphic band is not

significantlj different from csclbl-all the way to the

poles, where A - 0.25 magnitude. Hubble and other; wrote

this as a pole-to-pole absorption of 0.50 magnitude. ' This

result was substantiated by the galaky count work of

Mineur (1938), who also pointed out that galaxies of
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bright apparent magnitude are not distributed uniformly.
Oort (1938) studied the absorption of light from galactic
OB stars and found a polar absorption of 0.12 magnitude,
or, as he expressed it,.a pole-to-pole absorption of 0.25
magnitude, half of Hubble's value. Oort attributed tﬁis
difference to absorbing clouds beyond the OB stars but
still within the Milky Way,.in what we would now call the
Galaxy's halo. The éxistence of such clouds was |
substantiated by the spectra of galaxies near the north
~galactic pole (Mayall 1934) which were known to show
interstellar calcium lines. Despite these disagreeﬁents
over ﬁhe value of the absorption toward the poles, by 1940 .
Ait seemed to be well estéblished that the Galactic
absorption function is linear in csclbl, is nearly the
" same in the northern and southern galactic heﬁispheres,
and is largely independent of galactic longitude, Ay, for
Ibl > 15°, but below)15° the absorption is strong and
patchy, with significant dependence on A in the sense that
there is more absorption toward the Galactic center than
toward the anticenter.

More recently, the review and compilatidn‘of data by
Holmberg (1974) brought the disagreement up to date. A
summary and updating of the situation is giveh here.

The counting of galaxies is a slow,;tedious business,.
so it is rarely done. The counts most often analyzed are

those of Hubble (1934) and Shane and Wirtanen (1967).
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Authors interested in the galactic-absorption function
usually reanalyze one of these sets of counts. De
Vaucouleurs and Buta (1983) have reviewed this work, ."and
show that all of the couhts obey the csclbl law all fhe
way to the poles, but'values of Ay differ greatly. Hubble
(1934) found Ay = 0.25 magnitude, and a reanalysis of
Hubble's cqunts by de Vaucouleurs and Malik (1969},
including longitude dependénce and a reexamination of low-
-latitude.fieids, gave Ay = 0.20 magnitude, but the ‘
fuhctional,form is more elaborate, involving csclbl
multiplied by other térms involving sin A, cos A, and .
cos 3\, where A is galactic longitude. This forms the
basis for the RC2 correction for Milky Way absorption.

Shane and Wirtanen (1967) found a csclbl law with
Ay = 0.51 magnitude, double Hubble's value. A reanalysis
by Heiles (1976) gave A0'= 0.25, and another by Seldner et
al. (1977) gave Ay = 0.59. All of these -analyses included
terms for extinction within the Earth's atmosphere.

The differences among these analyses of counts are
smaller than they apﬁear, for they are based on different
assumptions. In general |
log-NWnO =a - B csclbl
and B=Y A, where ¥ = 0.6 for a static,. Euclidean
universe. Hubble finds B = 0.15, and uses ¥ = 0.6, =0
Ag = 0.25'magnitude, but de Vaucouieurs and Malik

(1969) find B = 0.205 + 0.007 from Hubble's counts, and
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assume Y = 0.44 from Shane- (1968), so Ag = 0.47 + 0.02
.magnitude. This value is then revised downward on the
basis of two arguments. First, if Ay = Ag = 0.5
magnitude, and E(B-V) = 0.05 for galaxies near the north
éalactic pole (Holmberg 1958, de Vaucouleurs 1961)'then
R+l = AB/E(B—V) ~ 10, much larger than the accepted value
of 4.0. 'Second, the calcuiation'of E(B-V) requires a
sample of low-latitude galaxies. Such a sample is '
probably biased in the sense that known lbw—latitude
objects.have brighter than average magnitudes and and
surface magnitudes,.or:are féund in regions of low
obscuration. This results in a value of E(B~V) thch is
too low. It is proposed that the correct'value of A,
results from the requirement R+l = 4.0, giving Ag ; 0.20
magnitude.
Shane and Wirtgnén (1567) find B = 0.242, and use

Y = 0.47 due to theoretical'redshift and evolution
corrections,. so A = 0.51 magnitude. Seldner et al.
(1977) do not specify their values of Bor ¥y, but
presumably they adopt Y'=_0.47 from Shane and Wirtanen, so
they calculate Ag = 0.59. Heiles (1976) calculétes'

B = 0.250 and determines Y = 1.0 using two empirical
methods, .one involving the dependénce of galaxy counts oﬁ
zenith angle and the other involving the assumption that
R = 4.0. The result is Ag = 0.25 mégnitude. *Finally,

Holmberg (1974) reexamines the Shane-Wirtanen counts and
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their corrections,.and determines 0.251 < 8 < 0.299
depending on the corrections applied,,but no value~of f is
assumed, so no value of A; is calculated.

Noonan (1971) and Holmberg (1974) use the.cluster
lists of Zwicky and collaborators. (1961-1968) as a set of
counts of individual: galaxies,.and analyze them. Noonan
emphasizes that knowledge of Y is as important as
knowledgé ofﬁ%in determining Ay, and uée of the Zwicky
catalogé with a limiting magnitude of about 15.7 should
minimize the errors due to redshift (because few of the
redshifts are large). From the galaxy coﬁnts Noonan finds
B= 0.175 + 0.010, and from theory Y = 0.554 + 0.025, so
Ag = 0.315 + 0.023 magnitude. Holmberg (1974) applies two
analyses, . varying in the wa§ the mean N'(m) is found for
each zone of galactic latitude. Using
log KN'(m)> = a - B csclbl ‘

Holmberg finds 8 = 0.180, but using

<log N'(m)> = a - B csclbl _ _

he finds B = 0.253. Analyses by other'éuthors are based
on log <N'>. It is not clear which is the "correct”
choice, but both log <N'> and <log N'> are well- .
represented by cosecant functions. Holmberg'does not
assume a value of Y, so he is not able to calculate Age
but his Qalues of B using both formulations are

consistent with the values of the other researchers.
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Holmberg (1974) develops the idea of using counts 6f
clusters of galaxies to study the distribution of Milky
Way absorption. The clusters in the Zwicky catalogs are
found to obey a cosecant law all the way to the poles,
oyerall |
log N = 2.0601— 0.532 csclbl’ |
and althOugh the highest latitude zone includes Ibl > 63°,
‘no evidence for'po;ar absorptioﬁ is found. There is no
 simple way to turn this cosecant dependence_into a value
of AO——the theory: is difficult enough for individual-
galaxies, let alone clusters. Holmberg includes important
analysis of the deviation of the counts from linearity'
which suggest that the absorbing material is patchy and
its distribution follows Poisson's law. |

A éimilar analysis of clusters has been pﬁblished by
de Vaucouleurs and Buta (1983) using the cluster lists of
Zwickylplus the list of Abell (1958). The density of .
clusters in the two catalogs is normalized at
csclbl = 1.55, éﬁd the average.counts (iog <N>) are found
to agree well, Neither shows evidence for polar windows, .
both follow the cosecant law. |

In summafy,_both galaxy and cluster counts show the
Milky Way absorption follows the cosecant law‘from |
bl = 15° to the poles,.but 8is uncertain. Both types of
counts are difficult to turn into absorption values

because the theory of how counts of extended objects are
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affected by absorption is poorly understood,.that is, Y is
uncertain. The determination of A, from galaxy counts is
known to break down because bright galaxies are not
distributgd uniformly and because galaxies -are detected on
the basis of their surface brightness, not Eheir
integrated magnitude; - This means that at low la;itudes
fewer than thé actual number of éalaxies of total-
magnitude m are coﬁnted, some because they no longer have
enough surface brightness to appear above the plate iimit
aﬁd some because.their diameters have been reduced so they
are indistinhguishable from étars (Knapp and Kerr 1974;
Holmberg 1974, de Vaucouleurs'and Buta 1983). The result
.is that the'Milky Way absorption is overestimated. All of
the galaxy and cluster count analyses show that 1og'N'nm
follows a cosecant law all the way to the poles, implying
‘that the reduction in the counts aue to considering
surface brightness effects must élso follow a cosecant law
(Holmberg 1974).

Before this is accepted as the final word,.the
reanalysis of the Shane-Wirtanen counts by Burstein and
Heiles (1978) must be considered. Using the system from

Heiles (1976) for correcting'the counts, they find the

noise in the counts for csclbl < 1.16, that is, |bl > 60°,'

is so large that the slope of the counts versus csclbl
cannot be determined with acceptable accuracy--it cannot

be determined if there is'any absorption at the north
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galactic pole, or even if the counts are roughly linear in
csclbl. The same unceftainties are found in the counts of
Zwicky clusters analyzed by Holmberg (1974). On the other
hand, . reanalysis of the counts by Fesenko (1980) shows.
that there is considérable correlation between csclbl and |
the Shéne—Wirtanen counts near the north pole corrected by
the method of Kiang (1968), but the correlation is
stronger for 50° < b < 60° than for 60° < b < 9o°.

mexwigmmm_m
Absorbing Layer-

The form and slope‘of the Milky Way absorption may
also be determined from the change of observed color with
galactic latitude of a uniform class of objects known to
be outside the Galéxy's absorbing layer. The intrinsic |
color of the objects need hot be known, it may be found as
‘part of the calculation of the iatitude dependence of Ehe_
observed color. The relation between absorption and
reddening (also known as the relation of total to
selective absorption) may then be applied to f£ind the
absorption. Galaxies,.RR Lyrae stars, and globular
clusters are used in these calculations."This work'has‘
been reviewed by Holmberg (1974) and by de Vaucouleurs and
Buta (1983), so it is only summarized here.

One of the difficulties. in using galaxy: magnitudes
(or counts to a given apparent magnitude) is that there

are few known low-latitude (Ibl < 10°) galaxies,.and most
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of thése are either in regions of low absorption or are
ihtrinsically brighter than average. Such selection
effects lead Eo an underestimate of the slope of the Milky
Way absorption. .Hdlmberg (1974) has shown that the size
of this effec£ is greatly reduced by using galaxy colors
instead of magnitudes. Using his analysis of the
dispersion of individual absorption values, .Holmbeérg finds
the variation in color will be underestimated'by only
0.004 csclbl in E(B-V),.so he applies this correction to
the calculations. Using the m(pg) - m(pv) colors of 174
spiral galaxies,.Holmberg (1958) finds:
m(pg) - m(pv) = const. + (0.062 + 0.007) csclbl
where the .constant depends upon galaxy type. This is
converted to the UBV system by a factor.of 0.87 .
(Holmberg 1974), so
E(B-V) = (0.054 % 0.006) csclbl
or,.adding the correction for selection effects,
E(B-V) = (0.058 + 0.006) csclbl _
This méy be converted to Ay by:multiplication by R+l.
Holmberg (1974) does not assume a value of R+l, although
statements in the paper suggest he would favor 4.55, even
though 4.0 is the value traditionélly adopted. If
R+l = 4.0, Ay = 0.23 magnitude,.if R+1 = 4.55,

| Ay = 0.26, both consistent with determinations from galaxy

counts.




43

Holmberg also analyzes the color residuals,.a new
method for determining the reddening. The result is
0.062 + 0.016, giving Ay = 0.25 or Ay = 0.28 magnitude for
R+l = 4.0 and 4.55 respectively. »

Bolmberg reanalyzes the data of Peterson (1970) on
the brightest galaxies, usuélly giant ellipticals,.in over
50 clusters and groups. After transformation of the V,r
colors to the UBV sfstem and correction for selection |
effects,.E(B—V) = (0.052 + 0.012) csclbl is adqpted as a
preliminary determination. This gives Ay = 0.21 and 0.24
magnitude fbr R+l = 4.0 and 4.55. .Peterson's contribution
was the recognition that working in the red would minimize
redshift corrections.

Sandage (1973) expanded upon Peterson's observations
by using UBVr colors and transforming to the UBV system.

" Motivated by several papers which shbw the polar reddening
to be near zero (see the next section) he assumed A = 0
for Ibl > 50° and fit the colors of galaxies to the
unconventional function.csclbl - l,.ratﬁer thaﬂ the
conventional csclbl. This choice must be examined in more
detail.

It is well known that if the absorbing layer in the
galactiélplane has constant density and plane-parallel
boundaries then the galactic absorption is

A(b) = Ay csclbl

where Ay is the polar absorption. It is also well known
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that observations should follow this function only in the
mean; in general the galactic absérption is patchy, and
stronger toward the galactic. center than the anticenter.
The linearity of galaxy counté with csclbl is often cited
to support this simple absorption function, but the
‘linearity of the counts (which is not beyond dispute in
the galactic_poies) only establishes that the absorption
has the form
A(b) = const. + A csclbl
Noénan (1971) writes this relaﬁion as
A= a' + a (csclbl - 1)
where a' is the polar ébsorption and a is the slope of the
plot of log N'(m) versus csclbl in a galaxy count study;
He remarks that theory says a and a' should be the same,
so the absorption function reduces to the simple form
A(b) = a cscibl
Choosing aﬁ absorption function
A(b) = const. (csclbl - 1)
requifes the assumptions that a' = 0 and a' # a. ' These
assumptions are consistent only. if there are polar
windows, or at least a north polar window,nin the galactic
absorbing layer. The possibilities of polar'windows or an
absorption—-free bubble near the sun have been much
discussed, even though galaxy counts favor the cosécant
| law all the way to the poles,.strongly refuting the

existence of such windows. The model most often cited for
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polar windows is that of McClure and Crawford (1971) in
which thé absorbing layer haé a cylindrical hole centered
on the Sun. The diametér of the hole is equal to the
half-thickness of the absorbing layer, so there are
windows above b ~ 60°. The authors pfeéent this model as
a feasibility argument, or, in the authors's words, a
"hypothetical model” to demonstrate.one possible
reconciliation of polar windows with an absorption
function which is nearly indistinguishaﬁle from a cosecant
function af léw and intermediate latitudes. I£ is not
presented as an accurate.deséription of the absorbing
layer near the Sun, :and vadopf:ionl of thAe"model would seem
to be prematufe without well-accepted observational
evidence. McClure and Crawford find E(B-V) = 0.00 + 0.01
at the north galactic pole,.using DDO photometry of K
giants. They also review other determinations of the
polar reddening,.énd although they favor E(B-V) = 0,. they
are not able to dismiss all other determinations. This
problem will be discussed in more detail below.

In sum, the model of McClure and Crawford probably
wés not intended to represent the actuai reddening, but
only to show‘how two discordant observations might be
reconciiéd; The evidence for‘zerd reddening at the
galaétic poles ié not beYoﬁd.dispute, so the assumption of
polar windows and tﬁe use-of csclbl - 1 for the absorption

function may be .premature.
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In an analysis of the colors of galaxies in the RC2
de Vaucouleurs and Buta (1983) test the RC2 model of Milky
Way reddening and absorption by writing
(B-V), = (B-V), - Eq(B-V) - K'(T)cz
where (B—V)oAis'the observed integrated asymptotic color
index, BT-VT_,'(B—V)c is the corrected integrated | '
~asymptotic color index, ET(BfV) is the total reddening due
- to Milky Way absorption and inqlination,.
'ET(BfV) = (Ap +‘a(T) log Ryg) /(R+1) | |
(in this equation AB = Ag cscrbl,.and'tﬁe inclinationA
correction, a(T) lbg Rosy will be described in the next
chapter) where K'(T)cz is the K—coﬁrection for redshift.
The mean corrected color, <(B—V)c>, ié fpund for each
galaxy type,.and the deviations from the mean colors are
analyzed to‘test the RC2 absorption model. The absorption
. is found to follow a cosecant law all the way to the
poles, and ﬁndér the assumption R = 3.33 it is found
Ag = 0.19 % 0.02, consistent with the RC2 model. ‘A
similar analysis using U-B colors gives Ap = 0.22 + 0.04.
These values agree well Qith the other determinations from’
galaxy:colors, .which may be summarized by -
0.19 £ Ay £ 0.28,.where some of the uncertainty is due to
ﬁncertainty in R. l

Similar calculations with RR Lyrae stars and the data .
6f Sturch (1966) and Jones (1973) have been published by

Holmberg (1974). 1Including a correction for selection
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effects, . Holmberg finds the reddéniﬁg to be 0.059 + 0.005
in the northern hemisphere and 0.057 + 0.011 in the
southern, . essentially the same. These give A = 0.24 and
Ag = 0.27 magnitude in the north, Aj = 0.23 and A, = 0.26
magnitude in the south for R+l = 4.0 and 4.55
respectively. Determinations using RR Lyrae stars have
been questioned because the composition of the stars may
Véepend on their distance from fhe plane'of the Galaxy.
This would introduce a latitude dépendence to the observed
colors. Holmberg has taken steps fo eliminate.this
dependence. _

Finally,'Holmberg (1974) reanalyzed the globular
cluster data of van den Bergh (1967). It is assumed that
the intrinsic color of a globular cluster is a linear
function of its integrated spectral type. The observed |
color then depends on spectral type and galactic latitude.
The coefficient of the.csclbl term is found to be
0.047 + 0.009, so Ay = 0.19 for R+l = 4.0 and Ay = 0.21
‘for R+l = 4.55. |

In summary, all analyses using observed colors give
0.19 < Ay £ 0.28, with some of the disagreement coming
from. the determination of the coefficient multiplying
csclbl‘and some coming from the uncertainty in R. These
values aéree reasonably well wifh the lowest values from
galaxy counts,.which fall in the range 0.20 < A 3_0.59;‘

Holmberg (1974) determines from these analyses that the
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mean E(B-V) is 0.054 + 0.004,.from which he infers
By = 0.22 if R+1 = 4.0, o
or Ay = 0.25 if R+l = 4.55. .De Vaucouleurs and Buta
(1983) give a mean absorption Ay = 0.200 + 0.018 and take
this to be the proper absorption for a sample of galaxiés
chosen by apparent magnitude and including the bias toward
low-absorption regions for a given b. Thus, they take
Ag = 0.20 to be a lower limit to the absorption ih an

unbiased sample{

Results from Other Methods
Several other methods have been uéed to determine the
Milky Way absorpfion. Holmberg (1958) and de Vaucouleurs
and Buta (1983) use the latitude dependence of surface
magnitudes of galaxies. Holmberg finds for Ibl > 20°
that Ay = (0.26 + 0.07) csclbl in the blue photographic
band. He cautions that the error is large, probably due
fo the combounding of observational errors in calculating
surface magnitudeé, the uncertainty in the correction for
inclination effects,.and the high intrinsic dispersion in
surface magnitudes, even among galaxies of a given type.
De Vaucouleurs and Buta usé mean effective surface
brightness in the B band‘to test the RC2 extinction
correction, .and reconfirm the functional form, but find a
correction to the extinction of 0.04 + 0.03,.which could

lower the RC2 correction to 0.16 magnitude in B.
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In another determination, de Vaucouleurs and Buta
(1983) define a neutral hydrogen index,.HI, which is a
magnitude measure of the ratio of the integrated 2l-cm

flux (corrected for self-absorption) to the integrated

blue light. A similar unpublished calculation was used in

defining the RC2 absorption correction. Because the method
is complex oniy the results are stated ﬁere, but a review
of the RC2 method is gi&en-in the next chapter. The
hyd:ogen'index confirms the'férm of‘the RC2 correction,
but suggeéts that A was underestimated by the negliéible
amount 0.01 # 0.03 magnitude. | | ' -
Perhaps the most interesting new method has been
proposed by Teerikorpi (1981) in which the reddening of.
radio-detected quasafs is used to find Ag. Quasars are
excellent objects for absorptioﬁ studies because they are
certainly outside the Milky Way dust layer, are generally
agreed to have an isotroéic diétribution, have small
angular extent,.and have been chosen on the basis of radio
observations (presumably reducing absorption-dependent
selection effects similar to those found in galaxy

counts). They are difficult to use for reddening

determinations because of the large cosmological K-

corrections which must be applied to. their colors and
because nothing is known about the environment of quasars
and associated absorbing matter. Nonetheless, Teerikorpi

shows quasar colors are a promising new indicator of
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galactic reddening and absorption, and.presents-as a
preliminary result Ay > 0.25 magnitude.

Rubin et al. (1976) use their data on Sc gala#ies to
'calcu;até sequentially a set of corrections which includes.
a determination of the Milky Way absorption. This set of
corrections will be reviewed in the next chapter, so only
_ the results will be given here. A correction of the form
Ag (csclbl - 1) is assumed,.so the polar absorption is
taken to be zero, and Ag = Aj. Using their data for 96 of
the 201 ScI galaxies, Rubin et al. find Ag = 0.15 + 0.03
magnitude. Fesenko (1979) criticizes this value as being
artificially low due to the simultaneously applied
constraints on radial velocity and apparent magnitude.
Using a subset of 107 galaxiés from the Rubin et él.
list, Fesenko calculates a new set of corrections with the
assumption the Mi;ky Way correction is of the form csclbl.
Taking a mean of three calculations using diameters,
colors, and absolute magnitudes he determines

Ag = 0.315 * 0.064 magnitude.
The Polar Reddening and Absorption

In the analysis of galaxy counts thé,equation
log N'(m) ="log N(m) - Ay csclbl
is used to determine A ffom the counts. ﬁhen b = +90°,
csclbl =1, so |

log N'(m) = log N(m) - Ay
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and it can be seen that A, represents the absorption at
the poles as well as the slope of the galaxy counts. The
studies in blue wavelength bands show
0.20 < Ap.< 0.60 magnitude in round numbers. In the
analysis of:colors of objects outside the Milky Way
absorbing layer a similar equation, such as
(B-V) sps = (B~V) i trinsic + E(B-V) csclbl is used to find
E(B—V)'and (B-V)intrinsic‘ When b = +90° i;lcan be seen
that E(B-V) is the polar reddening as well as the slope of
the observed color. Studies of -galaxies, RR Lyrae stars,
and globular clusters give 0.044 < E(B-V) < 0.062, '
consistent with the lower values of Ag under the
assumption R+l = 4.0. These values must be compared with
‘determinatidns of E(B-V) at the poles from: other typés'of
stars for which (B~V)j iy insic is calibrated
independently. This is an important difference!

Determinations of the polar reddening using stars of
calibrated intrinsic B-V color are reviewed by Holmberg
(1974) and by Burstein and Heileé (1982). The overview
preéented here will be based on those two sources, .aﬁd is
meant to be brief ané not exhaustive. Between 1970 and
1982'there were at least thirteen majér studies of north
and south bblar reddening, using B, A, F, G, and K stars
- in the UBV, uvby , Geneva, and DDO systems, Using
independently determined intrinsic colors of the classeé

of stars involved,.all authors have found values for
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E(B-V) of 0.057 or less,.with seven studies giving
E(B-V) < 0.015. Burstein and Heiles (1932) have shown
that the relative reddenings in these stﬁdies agreé very
~well, but the absolute reddenings diffef in a manner |
easily:exélained by variations in reddening zero points of
the photometry. Differences due to variations in the
reddening scale; patchiness of the reddenihg distribution,
énd luminosity—depéndent colbr differenées have been ruled
out. | '

In order to decide on a most likely valué for the
polar réddening,.Burstein and Heiles consider
determinations of interstellar polarization of starlight
near the north galactic pole. They conclude from the very
low polarization that E(B-V) ~ 0.01.at the ﬁorth pole, and .
© 0.01 £ E(B-V) £ 0.02 at the south pole, but cautioﬂ that
the reddening is patchy everywhere, including the north
galactic pole. Assuming R+l = 4.0,.£his means the colors
of stars at the north pole give Ay = 4 E(B-V) = 0.04
magnitude,.muchhless than the absorption found by other
methods, where Ay = 0.20 magnitude was the lower'limit.
Despite many attempts there is no well-accepted
ekplanation or reconciiiation of-thesé differences, which

were known early-on by Oort (1938).
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Results from Correlations with Radio Observations

Several authors have shown that observations of HI
column density correlate weli with the standard indicators
of absorption--galaxy counts; color dhanges of galaxies,
clusters,.and RR Lyrae stars; and polar reddening studies.
With enough observations it has been possible to calibrate
the amount of reddening or absorption with HI
observatioﬁs,.culminating in the list of reddening
estimates for several thousand galaxies by Burstein and
Heiles (1984). |

The difficulties of making such a calibration are well
known (Burstein and Heiles 1978, Knapp and Kerr '1974).
Errors can arise because the gas-to-dust ratio varies,
because the HI line saturates, or becausé_Hz forms. The.
results of the calibration depend upon the reddening values
adopted; some authors adopt E(B~V). ~ 0.06, consistent with
Ag = 0.25 from: galaxy counts. Until there is agreement on
the amount of reddening, the HI method will not meet its

potential.
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CHAPTER 5

CORRECTIONS TO MAGNITUDES AND DIAMETERS FOR MILKY WAY
ABSORPTION AND INCLINATION

The several methods for removing systematic errors
from galaxy magnitudes and diameters have never been
reviewéd. The most thorough treatment to date is a.few
péragraphs in the catalog of Fisher and Tully (1981). To
improve this situation, the correction schemes are
gathered for the first time in this chapter.

The data'used in calculating limits to the distance
scale- come from onliz a few catalogs, so only the
correction schemes applicable to those catalogs will be
considered. The history of corrections to previous

catalogs will not be considered.
Holmberg's Corrections

Holmberg (1958) included determinations of
corrections as part of his catalog after noting that it
contaiﬁed enough galaxies to determine the corrections
from the raw data themselves. Holmberg began by stuaying
the variation of color index,.C ='ﬁ(pg) - m(pv), where-m
stands for ﬁagnitudé, pg for the blue photographic

passbénd,.and pv for the visual (yellow) photographic




55

passband. Comparisons are made within galaxy. types Sa,
Sb-, Sb+, Sc-, and Sc+, which correspond closely: with the
familiar Hubble types. Several galaxies with unusual
properties are exéluded fpom}the analysis, .including Virgo
cluster members of types Sb+,.Sc-,.and Sc+, which were
found to have unusual' colors. The‘observed color, C, ié_
reduced to the color at the galéctic éole, Cor by the
provisional correction -0.063 (csc!BIl— 1), where B is the
old galactic latitude. The use of the old latitude could
intrqdﬁce some systematic error, 5ut the new latitude
differs by.littie from the old for most objects, s§ the

error should not be large. The correction for selective

. absorption (what we now call the reddening) due to

inciination is aésumed to be of the form (1 —'b/a),
where b is the minor axis of the galaxy,.a is the major
axis, and b/a is the axis ratio. The color index
corrected to the galactic pole (B = 90°) and to face-on
(b/a = 1) is

C§ = Cy - B(1 - b/a).

Co and b/a’can be found in the catalog,.and a least;'

squares solution for the relation between Co'and b/a gives

the value of B for each type: Sc+, B = +0.049 magnitude;

Sc-, B = 0.136; Sc+, B = 0.123; Sb- and Sa, B = 0.251.
Next, Holmbérg uses the same material to solve for.
the effect of selective galactic absorption (the Milky Way

reddehing). Let C' be the color index corrected for Milky
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Way: effects . only, so

Cl

C-B(1=Db/a)

As a firsf approximation, assume

C' = Ty + E (csclBl - 1)

| where C}j is the mean color index correctea to B = 0 and
b/a = 1 for the type under cdnsideration,.and E, . the color
excesé'(reddening) caused by Milky Way absorption in the
direction of the galactic poles,.is the same fof all
types.. A leasf—squares soluﬁion gives E = 0.062 + 0.007
magﬁitude, consistént with the assumption méde'previously.
An analysis of the residuals shows:that the‘assumption '
that the galactic absorption function is of the form .

E (csclBl - l)'is consistent with the data,.but that the
laék of data at low latitudes is a problem. Holmberg
points out that the value of the polar selecfive
absorption,.ﬁ = 0.062 + 0.007 magnitude,. is consistent
with the value of the polar tétal'absorétion determined by
Hubble (1934), Ay = 0.25 magnitude, under the assumption

" that R+1 = 4.0. Finally, separate analysis of the '
galaxiés in the northern and southern hemispheres suggests
that the polar selective absbrption is larger in the south
by: about 0.012 magnitude, consistent with the idea that
the Sun is north of the plane of the Milky Way. This
difference is asgumed té be negligible.for'the purposes of

the catalog.
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As a final correction to the color, Holmberg finds
the change due to redshift. Assume | |
Cy=p+ qVv
where V is the radial velocity. To improve the statistics
all galaxies are considered together,.even though it is
clear the redshift effect must depend on the spectral
energy diétribution,.which depends upon type. ' The result
is q = 0.018 + 0.011 magnitude per 103 km/s.

The intrinsic color of a galaxy may now be found by
correcting-the raw color, C,.for inclination by
B (1 - b/a), for Milky Way absorption by -E (csciIBl - i)/.
and for redshiff by qV. This gives the apparent color
reduced to b/a = 1.0 (facé—on),.to the galactic pole
(B = 0°), and to zero redshift.” The galaxy is still
observed through the obscuring matter between the Earth
and the pole of the Milky Way, so making a further
correction o‘f -E gives the .color as it would'appear to an
observer outside the-Milky Way.

Holmberg's next step is to determine the total
internal absorption in spiral galaxies (that is, the total
absorption in the blue photographic band, .not the
reddening). Holmberg was interested in coﬁparing galaxies
using the light from the stars and luminous matter only,
so he formulated the calculations to correct for total
~internal absorption due to inclination and for the

absorption which occurs even when the galaxy is already
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face-on. With this in mind, he wrote

A

AA + Ag

E

AE + E;

where A is the total absorption in:the blue phbtographic
band, AA is the part of A due to inclination,.and 3; is
the absorption when the galaxy is face-on. Similarly, E
is the selective absorption (reddening in the pg-pv color
index); AE is the part of E due to inclination, and Eg
-is thg reddening when the gaiaxy is face;on. To determine
the magnitude corrections these A's and E's must be found.
fThese afe the same as Holmberg's equations on paée 46 of
the cataloé, except that he gives no names to the face-on
terms Ej aﬁd Ag.) Usually either A or E is found,. then
“the eqﬁation A/E = R+l 1is applied; Holmberg's procedure,
however,vis to solve for both A and E,.then see if a
reasonable value of R+l results. It must be clearly"
understood that Holmberg's.corrections give magnitudes
which are face-on and dust-free, because they include the
terms AO and Eg, while most other corrections give
magnitudes which are faée-on,.but,not dust-free.

‘To study the effect of,inclinatiﬁn on magnitudes the
angle §f inclination, i, must be known, but the axis
ratio, b/a,.is the observed quantity, not i. If a galaxy
is assumed to be an oblate spheroid, then the angle of
inclination is related to the observed axis ratio by

Hubble's well-known formula, which Holmberg writes as
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sini = ((/a)? - p%1/41 - p?
Here p is the intrinsic ratio of smallest fo largest axis
for the spheroid. This means i = 90° for a face-on galaxy
(b/a = 1.0) and i.= 0° for an edée—on.galaxy. Holmberg
assumes, from his previous work, .that the mean value of p
is 0.20 for al; spirals,. so i may be found from b/a. For
inclinatiéns.larger than 25° Holmberg finds i is very
weakly dependent on theAassumed value of p.

To calculate A Holmberg defiﬁes'the surface
magnitude,
‘SO = my + 5.iog a
where S is 'the surface magnitude corrected to B = 909; mg
is the raw magnitude, m,.corrected for Milky'Way
‘absorption by ~0.25 (csclBl‘— 1), presumably assumed from -
the work of Hubble (1934),.although Holmberg does not
state this; and a is the apparent major diameter in
minutes of arc. The surface magnitude should be
independent of inclination if the galaxy.contains no
obscuring matter. If there is obscuring matter,.then>so
will vary with_inclihation,.andithe total photographic
absorption may be estimated. | |

To determine the absorption Holmberg excludes from
his sample all galaxies likely:to'have higher than_average'
~surface brightness,.spegificaliy all galaxies with a < 5.0
arc mihutes, all galaxies with lBl-<‘15°,.and members of

double systems. The remaining galaxies are separated into
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two groups, one comprising Sc+ and Sc-,.the other Sb+,
Sb-, and Sa.

A plot of 853 versus b/a for each group (Holmberg's
Figu;e 4) shows that Sp increases as b/a increases, . that
is, éolincreases as a galaxy goes'from edge-on to face-on.
Holmberg assumes |
Sg - 8§ = AA = a (csc i - 1)
where Sh is the mean surface brightness corrected to
B =0° and i = 90° for a given type, and a is the
coefficient of total.éhotographic absorption due to .
inclination. Holmberg finds a'= 0.28 110.07_magnitude‘“

for Sct+ and Sc- galaxies (in the blue pg band) and

-y

a 0.43 + 0.06 for Sb+, Sb-, and Sa galaxies. Holmberg»
alsb finds that the function a'(csc i - 1) fits the -
absorption only down to i = 15° (b/a ~ 0.33), below which
fhe absorption reaches maximum values of 1.03 magnitude
for Sc+ and Sc~, and 1.33 for Sb+, Sb-, and Sa. These

upper limits to the correction are imposed to match the

plot of Sy versus b/a for i < 15°.

Holmberg's choice of the form of the absorption-
function, AA = a (csc i - 1), is a curious one. The
. choice of the cosecant function is easy to justify using
the simple model of é,plane—parallel-absorbing layer of
finite thickness, but the most genéral absorption funcfién
of this form would be AA = a csc i + Y',‘where a.is the A

coefficient of total absorption, and a +Yis the
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absorption in a face-on galaxy. Holmberg chose ¥ = -a,
apparently so the term AA would not include information
about face-on aﬁsorptidn, because a + ¥ = 0,.and the face-
on correction depends on A only; Thg choice of
AA = a (csc i - 1) is also curious because in determining

the relation between reddening and inclination Holmberg

assumed AE = B (1 - b/a),. and showed it provided an
accurate fit td the data; It seems reasonable that the
same functional form,.either (csc i - 1) or (1 - b/a),
'should apply to both_AA and.AE, particularly since the
ratio of total to selective absorption is constant.
Holmberg gbes on to argue that if

AA = a (csc i - 1)

then the face-on absorption, A;, must be a. " Thus,

A = AA + Ag=afcsci-1 +a=a ésc i.

. Holmberg makes no corrections to diameters. He
argues that é co'r.:rectionv to the diameter due to
inclination should be small because the decrease in
diameter due to internal absorption should be offset by
the increase due to greater path iength through the
galaxy. He also argues that the luminosity brofile is so
steep in the outer parts of galaxies that only small
inclination cdrnections‘could be possible. There is no
mention of diameter‘corrections due to Milky Way '
absorption. It should be noted that the lack of

corrections to the diameter could cause systematic errors
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in the surface magnitude,.so,.ana thus in the total
absorption, A. .

Holmberg uses his data.to show that the ratio of
total to selective absorption,.A/E,.approaches 4.0 as the
inclination goes to 90° (face-on), consistent with the
values of R+l measured within the Milky Way'and with
Holmberg;s studies of the nearest galaxies. Holmberg also
uses his‘data to derive corrections for disk light only
(so-called "main bodies™), but this material will not be
cdnsidered here.

Using his surface magnitddes.corrected for
inclination only,.Holmberg assumes the Milky Way
absorption is of the form csc IBl and calculates the-

.photographic absorption, Apgf His results are

for the range 15° < B < 88%, .and
Apg = (0.26 £ 0.07) csc IBI

for the more limited data with IBl > 2Q°.

Before leaving Holmberg's syétem the author would
like to poin't out that Holmberg was one of the first to
construct.a large, accufate catalog of galaxy observations
and the first to calculate a complete sot of corrections.
Holmberg provided the basis for all later studies, and
even though the work has been criticized for ignoring
corrections to angular diameters, it has withstood the

test'of time.
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The HHV Corrections

The correction schemes presented in HHV I, iI, III
are applied to Holmberg's data and form the basis for the
cofrections in the RC2 system. The corrections are also .
applied to the data in the first reference catalog (de
Vaucouleurs and de Vaucouleurs 1964, hereafter the'BGC),
but‘because that system has been replacéd by the more
useful RC2 it will nbt be_diécussed here. ' It shbuld be
noted that HHV had the Holmberg corrections aé examples,
so they were able to refine existing ideas, Their work is
so broad that many of‘its impoftant ideas must be émitted
in this review. |

In HHV I optical and radio parameters of spiral
galéxies are definea. First, galaxies are divided into
.types in the familiar reference catalog system, in which a
type SO spiral is assigned T = 0, a type Sm-is assighed
T = 9, with the usual steps between. Next, diameters are
défined° The isophotal major diamefer is named D, with
the Holmberg diameter labeled Dj, or occasionally, a. The
isophotal major-to-minor axis ratio is R = a/b, with the
Holmberg axis ratiO'iabeled“Rm.. Here b is'the isophotal
mindr diameter. |

The angle of inclination, i, of a galaxy is given by
2, ' ‘

cosi = (q2,_ q%)/(l - g

where q = 1/R = b/a, the observed axis ratio, and
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gp = c¢/a, the true axis ratio for an oblate spheroid,
where c is the diameter of the small axis of the spheroid.
This gives i = 0° for a faceronugalaxy, and i = 90° for an
Aedge-on galaxy, just the reverse of Holmberg's system.
HHV plot iog R versus T to calculate the'intrinsic |
flatténing of eaéh galaxy type, qg(T). .This is a
refinement on Holmberg's method, in which all galaxies are:
assumed to héve qd-= 0.20. HHV plot the two largest
values of 1log R for each T using daf.a from the BGC and the
Holmberg catalog, thén draw straight lines through the
pointé to get éO(T)f .

HHV also gather 2l-cm radio'dafa to refine
corrections when thé optiqal aata are few. They expréss
the 21-cm flux, Fz, in terms of a:hYdrogep mass, My, for

an assumed distance A,
— — 2
Fy = 0.235fs(v)dv = My/A

where S(V) is the monochromatic f£lux density for the whole
galaxy, V is the radial velocity in km/s,.and Fy is in
1078 solar masses per Mpcz.‘ This £lux may be left
uncorrectéd, or may be‘cérrepted for self—absorétion to
set limits on the corrections.

In HHV II galaxy diameter corrections for inclination
and Milky Way absdrption‘are found, and surface
brightnesses are corrected for internal'absorptién.i The

diameters are corrected first, presumably because they are
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needed to determine the surface brightness used in the
magnitude corrections. |

Throughout the papers fpncﬁional'forms for
.corrections are chosen by considering simple models of
spiral galaxies described in HHV III. Assume that a -
galaxy is an oblate spheroid,.that the internal absorption
is negligible in the outer regions of the galaxy, and that
the volume'emissivity‘in_the oufer parts is given by
E = E(r) = Eg £ 1 |
Then the apparent diameter for an angle of inclination i
is given by
D(i) = D(0) (a/b)l/ (A1)
where D(0) is the diameter cprrected-for inclination, and
a/b is the observed axis ratio. The equation may be
rewriﬁten

1

log D(0) = log D(i) - log R

n-1
in which D(i) and R are observed quantities. Thus, assume
the correction for inclination is of the form -C log R,.
and solve for C. Solutions using optica; data only give '
.<C> 7 0.5 for all values of T. HHV believe this is too
high due to selection effects, and calculate a new set of
corrections using the radio fluxes.

Neglect 2l-cm absorption,.so the flux Fy is
independent of inclination. Define a surface density

H = FH/D2 where D is the apparent optical diameter. We
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expect H to vary with galaxy type, T,.and to decrease with
increasing inclination (or axis ratio, R) because self-

absorption undoubtedly occurs. In general H = H(T,R).

-Examine
6 log H 5 log Fy 6 log D
K = - = - ——
6 £f(rR) 6 £(R) , 8 £(R)

but log D = A + C log R.

8 log Fy : , ,
Now ———————-— vwas assumed to be zero, so f
éd £(R)
6 log H 6 log R
K = ——— = -2 —mmmm™™
6 £(R) : 5 £(R)

If £(R) = log R, then K = -2C. Using the observed values
of H, Fy, D, T, and R, reéuire '

log H=1log Fg - 2 logD =a +fB T - 2(Y+8§T) log R

and solve fora, B, ¥, 6. . It is~found that H increases
with T (B> 0) as expected, . and that D increases with R, .
but not significantly with T (¥> 0, & ~ 0). Using Dy and

R

mr HHV find <C> ~ 0.24 from:thé Holmberg data, but this

is taken as an upper limit because self-absorption was
neglected. If self—absérption is inclﬁded,.then Fy
increases with i (thus,.with R) so C.ié overestimated.
Repeating the calculations with their model of self-

absorption, .they find <C> Z 0.16 for the Holmberé data.
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They adopt
log a(0) ; log a - 0.15 log Ry
where a is the Holmberg diameter. This correction is a
surprise,. for it uses C = 0.15, which is less than all the
empirical values found by HHV. It is also a surprise
because the radio data alone have been used to determine
the optical inclination effect. ’

The diameters must also be cérrected'forLMilky-Way
absorption. HHV begin with theoretical considerations.
Let.u(x) be.the.luminosity distribution along the major
axis, given in magnitudes—-per—square-arcsecond in some
well-defined photometric band,.and let (Su/ 6 x la) be the
gradient at x = a. The variation in semimajor axis per
magnitude of absorption is |
da = [Su/Sx lal_l
If the galactic absorption.function has value A magnitudes
in the direction of the galaxy:in qguestion, . then the
corrected semimajor axis is '
ag=a+Ada=a {l+ A(Sa/a)}
or . |
log a - iog~a0 = ~log{l + A(Sa/a)}

Assume A = Ay £, where f giveé the dependence of the

galactic absorption on galactic latitude, b,.and perhaps

other parameters. - Also,.assume

'-Alrf(8a/a) << 1
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S0 '

log a - log ay = =0.43 A; £(8a/a)
and |
6 log a
—————— = -0.43 Ay (6a/a)

6 £ :
Hﬁv use typical values of 2g énd (ba/a) to estimate
8 log a ' | ‘
-0.016 > ———— 2 =-0.032
6 £

for the Holmberg diameters. -

A correction of the form B(T) csclbl is assumed for
the diameter (that is, £ = csc!bl) but the optical data
gi&e uncertain results,. so the radio data are used again.
If the optical diameters, D, are too small at low
latitudes then ﬁ = FH/D2 should be too large. Assume

log H logH- ¢ £+ (

corr =
where f is the modified cosecant function of de

Vaucouleurs and Malik (1969). Then for the Holmberg
diameters
log H - log Hggpp = 0.008 £ ~ 0.12
and
8 log D
6 £

On the basis of the theoretical correction HHV adopt

= -0.004 + 0.017.

- log Dp(£=0) = log Dy + 0.02 £
The approach to magnitude corrections for galaxy

inclination used by HHV draws heavily.on Holmbefg's
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method. Start with Holmberg's definition of the surface
brightness
S = mg + 5 log a
where my is the integrated magnitude corfected to the pole
of tﬁe Milky’Way:. Here a is the raw major axis diameter,.
but the surface magnitude is likely_to be impréved'by
using the diameter corrected for inclination,.
log a(0) = log a - 0.15 log Ry
' so define B
Sgc = Mg + 5 log a(0) = S5 - 0.75 log R,
where Soc stands for the surface brightness calculated
with the corrected diameter. Using Holmberg's data, a
plot of Sj.(pg) versus b/a'= Rm_l_shows that the maximum
correction for inclination is reduced to 0.87 magnitudes
for Sa and Sb galaxies and 0.56 ﬁagnitude for Sc galaxies
(compare Holmberg's values of 1.33 and 1.03 respectively).
Thus, using the corrected diameters decreases the
dependence of.surface brightness on inclination; ‘

HHV argue that plots of Sgo versus log Ry suggest
Sgc = S + p log R,
whefe S and p depend on galaxy type, T, and luminosity
class, . L. Assume
So'= A + BT + CU + DL
whére A, B, C, D are constants, .U = 169 Rps and
-~ 0.2 £ + 5 log a(0)

Sy =
0 = Mpg

which includes the correction for Milky Way absorption of
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0.2 £,.a general result taken from de Vaucouleurs and
Malik (1969), where f is a modified cosecant function.

Solutions give the inclination correction

Cu C log Ry = (1.22 + 0.16) log Ry

if L is known, .or |

CU,=_(1.35‘i 0.17) log Rp

if L is not known, giving maximum corrections of 1.12
magnitude and 1.24 magnitude respectively for the flattest
galaxies, type‘Sd,.qO = 0.12. |

| Using the calculated values of the constants, HHV
analyze surface brightness in .general. They find the
érrof in computed surface brightness, SS, is 0.313
magnitudr.e,‘.most of which is due to the uncertainty in D,
the Hélmberg diameters. They conclude that the cosmic

dispersion in SS is 0.2 magnitude or less for fixed

values of T,:Rm, and L.

The inclination correction‘to surface brightness is
calculated using the 21-cm data. The apalysis is similar,.
and no-significant difference is found in the correction.

Further investigation by HHV reveals that the curve
relating Sy to b/a may be linearized by changing the
variable describing inclination'to U = log(sec 1i).
Examine the relation between Sg and T, log(sec i), and L,
with the constraint that i < 80°, for beyoﬁd that
inclination thé absorption dependé on the detailed

distribution of absorbing material in the galaxy. It is
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found _
Sp = 14.75 + 0.040 T + 0.72 log(sec i) + 0.083 L
and the correction for inclination is _
By (i) = Sj(i) - S5(0) = (0.72.% 0.16) log(sec i)
independént of type, T. This correction gives the "face-

on" magnitude, not the "dust-free" magniﬁude.
The Sandage and Tammann Corrections -

In their years of work on the distance séale Sandage
and Tammann have aléo édopted a set of correctiéﬁs for the
Holmberg magﬁitudes,.but none for the diameters. Uéing
new photometry in several bands Sandage (1973) rederives
the Milky Way absorption in blue light as |
Ap =.0.l32(csclbl —Al) for Ibl £ 40°,.with A assumed to
be zero for Ilbl > 50°, aﬁd a smooth tranéition beﬁween the
two. Sandagé assumesuthe functional ﬁorm (csclbl -1),.it
is not determined from: the data.

Sandage and Tammann (1974b) adopt a "face-on"
inélinatiqn correction, for Sc galaxies only, similar to
Holmberg's |
A(i) = 0.28 (csc i -1)
in. the blue photographic band,.with the assumption that
csc i = a/b,.where a/b is calculated from the BGC. Thus, ..
- the catalogs are mixed. No correction is'specified for
'galaxies of other types.. To correct for Milky Way :

.absorption they adopt the unusual correction
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= 0.219 (1.192 - tan b) csc b

w
|

(0.26 - 0.219 tan b) csc b

for Ibl £ 50%, .and Ag = 0 otherwise.

Sandage and Tammann (1976b) adopt A(i) = a (a/b),
Which gives a "dust-free" and "face-on" correction in
order "to make the luminosities of eariy-type‘and late-
type-spiréls more comparable.” No source of a/b values is
specified, so it is assumed to be>the Holmberg éatalog.
'.Holmberg's values for q are assumed, a = 0.28 magnitude
Sa, Sb; a = 0.43 Sbc to Sdm; @ = 0.15 Sm, Im. The
correction to the galactic pole is assumed to be '

0.12 (csclbl - 1) for Ibl < 50° with zero correction
above 50° and a-smopth transition between. Because the
correction is zero at the pole, correcting to the pole is
the same as correcting to outside the Milky Way. This is
not the case with the Holmberg and HHV formulations. Thé
corrections ffom Sandage and Tammann (1976b) will be
adopted as representative of the Sandage and Tammann

corrections.
The RC2 Corrections

Corrections in thé RC2 system are derived in-nearly.
the same way as“the HHV corrections to Hélmberg's data.
‘First, correct the diameter for inclination by
log D(0) 55 = log Dyg - 0.235 log Ry |

where D25 is the diameter in tenths .of arc minute's‘at thé
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twenty—fivé—magnitude—per—squaréfarc—second isophote in
the B band of the UBV system, Ryjs is the corresponding
axis ratio,.aﬁd 0.235 is determined by:repeating the FH/D2
test of HHV, supplemented with a new test (whose details
are not given in the RC2) in which it is required there be
no correlation between log Ry and log D(0),5 for first-
ranked cluster galaxies.‘ The diameter is corrected for
Milky Way absorption by | .
loé Dy = log D(0) +-AB ngl
where Ag is the Milky Way absorptidn in magnitudes in the
direction of the éalaxy in questioh,.and-

8 log Dyg
o ¢

G5 =
which is calculated to be
Gyst = 0.12 = 0.007 T.
The raw magnitudes,.given as Bg,.the total asymptotic

‘magnitude in the B band,;are corrected to face-on by
A(i) = 0.70 log(sec i)
essentially:the same as in HHV II, but slightly lower due
- to the different passband. This is rewritten aé
A(i) = a(T) log Rys | |
for galaxies with unknowﬁ i. .Here a(T) = 0.8 for_ﬁost
spirals.

Thé magnitudes are corrected for Milky Way absorption
by Aé. This includes a modified éosecant function which

takes into account the variation of absorption in both
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galactic latitude and longitude. The magnitudes are
corrected for redshift by
K& (T) cz
~where
Kg(T) = [0.075 - 0.010 (T-3)1 x 10™%
for most spirals.
The final corrected magnitude may be written '
B% = Bp = Ag - A(i) - Kj(T)cz.

B% is a face-on magnitude, but not a dust-free magnitude.

The RSA Corrections in the RC2 System

Sandage and Tammann have.also developed corrections
to the By magnitudes of the RC2 system, but again do not
offer corrections to diameters. The corrections are |
explained in the introduction to the RSA. They adopt an
inclination correction to the magnitude,
| al = a + B log(a/b) < Aimax
For log(a/b) they use log Ryg from: the RC2, where for Sa-
Sb galaxies a = 0.43, B = 1.34,.Ai‘max = 1.,33; for Sbc-Sd
a=0.28 B =0.88, Al _ = 0.87; for Sdm-Im a = 0.14,

B

of log(a/b) and a dust-free correction of a,.so the result

0.44,.Aimax = 0.43. This givés a face-on correction

is a dust-free magnitude.
The correction to the magnitude for Milky Way

'absorption is taken from Sandage (1973),
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A, 0.132 (csclibl ='1) * for Ibl < 50°

1

A; = 0 for Ibl >50°
This correction assumes the existence of absorption-free
polar windows. The same corrections are assumed by Kraan-.

(0,1)
T

Korteweg (1982),.so the B magnitudes in that catalog-

are in the RSA system.
.Ihgunihquggo_r_z_es_tignsgﬁ&uhin_e_tgl;.‘

Rubin, . Thonnard, Férd,.Roberts,.and.Grahaﬁ (1976) use
their catalog of Sc galaxies to derive a set of '
corrections which apply to Sc galaxies only. Their
magnitudes for 96 galaxies from: Graham k1976) are derived
from corrected photoelectric aperture photometry in the B
and V bands. The B magnitudes are reduced to a standard
aperture equal to the galaxy diameter, so they are
independent of galaxy size. They may be corrected to
total magnitudes by the constant -0.35 £ 0.15,.although
the correction is not applied in the paper. This list of
magnitudes is expanded to a total of 201 by the addition
of the magnitudes of all galaxies from: the Zwicky catalogs
(1961-1968) which have Zwicky.magnitudés between 14.0 and
- 15.0 and are fouhd by Rubin et ali to be of types ScI or
ScII. The overlap of the two magnitude sub;ists-allowé
'recalibration.of the Zwicky magnitudes. They find
~(2.43 '+ 0.41) logd + (0.05 £ 0.09)

MGraham =~ Mgwicky =

Here d is the diameter in minutes of arc measured by Rubin
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et al. from: the PSS prints using an eyepiece calibrated in
tenths of millimeters. The data have been compared with
the blue diameters of the UGC (Nilson 1973), which are
known to be accurate,.and the agreement is good,
< d (Nilson) / d (Rubin) > = 1.18 + 0.02 |
for one galaky o = 0.19,.and axis ratio‘
< b/a (Nilson) / b/a'(Rubin) > = 0.96"+ 0.01
for one galaxy o = 0.14. The catalog also includes new
determinations of thé radial velocities.

The data are used to define the Hubble modulus, HM,
HM = log H - 6.2.1og M - 5=1logV,~- 0.2m
where H is quble's conétant inikm/(s*Mpc),.M is absoluﬁe
magnitude, Vélis radial velocity with respect to.the
center of the Local Group,.and m is apparent magnitude.
‘Notice that HM can be calculated from H-and M, or from V4
and m. The latter is usually easier. HM is the parameter
of choice for investigating the uniformity of the Hubble
flow, but to use it in this way all known systematic _
effects must be removed from: the data. To do this, first
a minimum-bias éubset of the Sc catalog is chosen. To:
avoid the Malmguist bias inherent in a magnitude-limited
sample, .a velocity-limited subset is chosen as the best
available approximation to a distance—limited.saﬁple. For
3500 km/s < V, < 6500 km/s it is shown that the Malmquist
bias is minimized, . so the 96igalaxies in this velocitf

range are kept for further calculation.
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Here, .a word on the method of calculating the
corrections is necessary. Rubin et al.‘require that all
known Systematic effects be removed from V andlm, SO
HM = log Vo = 0.2 m,

M, = Mypserved

where Amb corrects for-Milky Way absorption, Ami for

inclination, Amﬁc for difference froﬁ van den Bergh'
luminosity class I, and Amyq for diameter. No K-correction
is applied. From the literature, Rubin et al. find best
guesses for each correction. Then,.in an iterative
procedure, .the Hubble modulus is calculated using those
vélues as a startiné point, but with the correction to be
determinedleftput,sothevariationinfﬂdgivesthe
correction. ‘The newly-calculated correction is then
inserted, . HM is calculated with a different correction
left out, the correction is determined,.and so on through
two complete iterations. This procedure is found to
converge very quickly. |

The Milky Way correction, Amy,.is assumed to be of
“the form Ag (csc]bl - 1), so the correction may be thought
of as to-the-pole only,.or as zero absorption at the pole
only. The calculations give Ag = 0.15 + 0.03 magnitude.
The inclination correction is assumed:to be
Am; = Aj (sec i - 1)
wheré'i is calculafed using an early: formula from Holmberg

(1946)
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coszi'; 1.042 (b/a)? - 0.042.
This-correction is essentially the same as the 6ne from
Holmberg (1958), except for the different formula for the
inclination. The iteration gives A; = 0.12 + 0.08
magnitude, . much less than Holmberé's value of ‘0.28 for Sc
galaxies. |

The correction fof change of lumiﬁosity class is
assuxﬁed to be of the form' |
Amp e = B¢ (LC - 1)
where LC is the luminosity class. The result,
Ajc = 0.18 + 0.09 magnitude,.is much less than the
original determination of 0.60 by van den Bergh (1960).

The diameter correction is non-conventional and more
complex, but the authors find.it greatly reduces the
scatter in their Hubble diagram,.acting as a luminosity
classification by diaﬁeter——a known.luminosity indicator.
The éorrectioh has three parts: an increase in diameter
with inclination;.a decrease in diameter with decreasing
galactic latitude,.and a aecrease in diameter with
increasing path length through the Earth's atmosphere at
the time of observation. .

The inclination effect on ﬁhe.diametér is shown to be
independent of the inclination effect on magnitude;.
because the magnitude cofrection has already been made.
The diameter correction takes the form.

- log(kV,d) = p log(cos i) + const.
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wherex is a constant so «xV.d is the linear diameter of
the galaxy in ﬁegaparsecs.._The value of p must be-
determined, . and for the Sc sample p = 0.11 * 0;12,
consistent with p = 0, so no correction is appliéd.‘ Thus{
after the magnitude'is corrected for inclination, there is
no need to correct the diameter for inclination. -

The observed diameters of galaxies are known to
decrease toward the galactic plane. Rubin et al. use a
surface bfightness analyéis-similar to Holmberg's (1958),.
the assumed form is o |

Adb_= Dy (csclibl - 1)

‘and Ehe iteration gives Dy = 0.096 + 0.021. Tﬁis corrects

the diameter to the pole of the Milky Way.
A similar decrease in observed diameter occurs when
the galaxy's light passes through the Earth's atmosphere, .
the size of the effect depending upon the zenith distance
of the galaxy at the time of observation. The correction
is written as
Ad, = D, (sec z =- 1)
where z is the zenith angle, and D, = 0.081 + 0.028 from.
the iteration. This corrects the diameter to- the zenith.
The corrected diameter is

= d {1 + D, (sec z - 1)1 [1 + Dy (esclbl - 1]

db,z obs

An analysis of the variation of the Hubble modulus with
linear diameter,xvcd,‘gives the diameter correction to

the magnitude,
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mg = Ag [log(gVc db,z) - 3.94]

where Ag = 2.75 + 0.25 magnitude from. the iteration.

Criticisms of these corrections are directed mainly"
at the sample (Fesenké 1979, 1980). The method is new and
exciting, for it seems more.complete than the other
systems, and the iterative method should'allow
determination of all the effects at once. .Unforfunately,
the ScI list is small, only 96 galaxieé in the ﬁnbiaséd
sample, and thelpublishgd results apply only tofSéI
galaxies, except for the value of.AB. A 1arger'sample,l
includiné ofher Hubble types, would be difficult to build,
but could yield a we;l-accepted, consistent set of

corrections.
Other Correction Schemes

Several other.correction schemes have been published.
Even though these scheﬁes do not have a large'following,
they do indicate where researchers believe the well-
accepted corrections are-inadequate. |

Krumm and Salpeter (1979) and Helou et al. (1981)
work with galaxy magnitudes in the RC2 system, but cite
evidence in the literature that the Milky'Way absorption
and galaxy inclination corrections in the RC2 may be too
large. They adopt half of the RC2 corrections, uéing

B = (8} + Bp)/2
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where B% is the corrected blue magnitude from the RC2 and
By is the uncorrected magnitude.

Dickel and Rood (1978) work in the Holmbérg_system,
but adopt thé HHV form of the correction to diameters for
inclination, . taking Dy « Dy r®, where bH is the Holmberg
diameter, . r is the Holmberg axis ratio,.and n is taken to
be 0.3. | . ‘ .

They adopt a Milky Way absor'ptiohbf 0.22 csclb | from
Holmberg (1958, 1974),.and repeat the analysis of Hélmberg
(1958) for the inclination correction to magnitudes,.
taking-the correction to be 6f thé form a sec i. From
fheir data they determine a = 0.17 magnitude‘for Sa-Sbc
galaxies and a = 0.23 for Sc-Sdm galaxies. Holmberg
(1958) found a = 0.43 for Sa, Sb-, and Sb+; a = 0.28 for
Sc. Rubin et al. found a = 0.12 for Sc gala#iés only.

The differences among these systems are not yet
understood. |

- Tully (1972), working in Holmberg's magnitude system,
objects to the inclination corrections for Holmberg
diameters proposed in HHV II. The diameter correction is
caléulated from radio observations,.which is a surprise to
begin with, and Tully objects to the lack ofAhomOgeneity
‘in the radio data ahd the analysis. Tully:finds that if
the diameter correction for inclination is appliéd,.thén
the magnitude correction for inclination must be reduééd,

but- he argues that the unreduced magnitude correction
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alone should be applied, eliminaﬁing the diameter
correction entirely. Rubin et al. reach the same
conclusion. |
Fisher and Tully (1981) propose their own corrections
in the Holmberg system. -The diamet_er of a galaxy is

corrected only: for Milky Way absorption, by

b _
ag = ag £
b

where ay is the raw Holmberg diameter and ag is the

a

corrected diameter. Also,.

£, = dex(0.215 a2

where dex is the base-ten exponential fﬁnction, and

A2 = -0.149 + (6.41 x 107% Ny

as in Burstein and Heiles (1978), but the term describing
the variation in gas-~to-dust ratio has been dropped. The
term Ny is the column density of HI from:Burstein and
Heiles.

The magnitude of a galaxy is corrected by the same A
for Milky Way absorption,.and Fisher and Tully. propose the
novel inclination correction . |
A; = —alln{exp(-sec ii + 81} + 1]

i
with a = 0.3 magnitude, B = 0.01. This function reduces

to
A; Ta (sec i -1 for i small
A; " a (const.) for i large

Numerically it is similar to the correction of Sandage and
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Tammann (1974a), who use'Ai = 0.28 (a/b - 1) for Sc

galaxies only.
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CHAPRTER 6

ADOPTED CORRECTIONS
Corrections to HQLmberg Magnitudes

. The corrections td the Holmberg magnitudes
caléulatéd by Holmberg (lQSS),.HHV,.and_Sandége and
Tammann (1976b) are adopted for the calculations.in this
thesis. Let Ay be the correction for Milky Way absorption
in the blue (hence the B) and A(i) be the correction for
inclination. Let a be the galaxy's major diameter,.let b
- : be the minor diameter, and let g(T) be the intrinsic
smallest-to-largest axis ratio for a spiral galaxy of type
T, assumed to be an oblate spheroid. There is possible
confusion here, . for b also stands for galactic latitude,.
but the latitude always appears by itself as the argument
of a trigonoﬁetric function, .while the minor diameter |
always appearé in association with the major diameter,.a.
.Note that Holmberg uses the old éalactic latitude, B,.and
HHV édopt the modified cosecant function;.f, from de
Vaucouleurs and Malik.(1969). | |
'The corrections formulated.by Holmberg are -

A(B) = 0.22 csclBl
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A(i) = a csc i
sin®i = {(b/a)% - (0.20)2}/{1 - (0.20) %},
In the syétem'of HHV .;

A(B) 0.2 £

A(i) 0.72 log(sec i)

cos?i = {(b/a)? - q(T)2}/{1 - q(T)?}.

In the system of Sandage and Tammann

A(B) = 0.12 (csclbl - 1)  Ibl < 50°
A(B) = 0 - . o bl > 50°
A(D) = a (a/b).

rrecti to Holmberg Djametersg

Diameter corrections in the Holmberg system come from
HHV only. Here,.again, f .is the‘modified cosécant
function of de Vaucouleurs and Malik (1969). The.
corrected diameter,.a(O),_is
log a(0) = log a = 0.15 log(b/a) + 0.02 £
It must be noted that HHV.III take 0.02 £ = 0 for Virgo

galaxies.
Corrections to the B Magnitudes of the RC2
Corrections to the RC2 magnitudes come from the RC2
and the RSA; but there is so much controversy over the
formulation of Milky Way corrections in the RC2 that

alternate corrections are available from several sources.

Of those,.two,.A(B) = 0 at the poles (lbl > 50° in the RSA
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system) and the individual reddenings, from Burstein'and
- Heiles (1984), are adopted here. The reddenings are
transformed to absorption values with the assumption
R+1 = 4.0. Heré Rog is the RC2 axis ratio, SN and Sg are
functions in A and b from de Vaucouleurs and Buta (1983),
and C is a modified cosecant function. The RC2

corrections are

0.21 (1 + Sy cos b) ICI in the northern hemisphere

A(B) =
A(B) = 0.19 (1 + Sg cos b) ICI in the southern hemisphere
A(i) = 0.70 log(sec i) = 0.80 log Ryg.

The alternate Milky Way absorption corrections are
A(B) =0 similar to the RSA

A(B)

4.0 E(B-V) from Burstein and Heiles.

The RSA corrections are

A(B) = 0.132 (csclbl - 1) bl < 50°
A(B) =0 - Ibl > 50°
A(i) = a + B8 log(a/b) < AL ...

Corrections to RC2 Qiémggggﬁ

These corrections come only from the RC2. Let D be
the corrected diameter, Dy be the raw RC2 diameter, Ry
" be the RC2 axis ratio,.and Ag be the Milky Way absorption
ffom the:RC2. Then
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CHAPTER 7
THE CHOICE OF VIRGO GALAXIES FOR COMPARISON

bespitg the importance of the Virgo cluster,.a head-
to-head comparison of the published Virgo membership lists
has not been attempted before. Such avcompérisbn is made
here to'determine listé of the largest, brightest,
smallest;.and faintest Virgo members. The membershié
lists differ, .particularly over the small and faint
galaxies. Some of the differences must be due to
uncertainties in the magnitudes and radial velocities,
that is, uncertainties in the fuﬁdamental data, .which are
always worst for the faint objects.

Important lists of Virgo galaxies are given by HHV
III, de Vaucouleurs and de Vaucouleurs (1973), Sandage and
Tammann (1976a), Turner and Gott (1976),.Sulentic (1980),.
Sandage and Tammann (1981, the RSA), and Geller and Huchra
(1983). Reaves (1983) has also published a large liét of
dwarf galaxies in Virgo. These lists have_been used to
choose spiral galaxies.to compare with M31 and M33. The
lists agree that NGC 4569 is probably the brightest and
largesf spiral in circle of 6° radius centered on the
Virgo region, .but there is some doubt about: its membership'

in the Virgo cluster due to its‘large'negative radial
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ve;ocity. Mould, Aaronson,.and Huchra (1980) give NGC
4569 zero weight in their calculations,.yet state,
"...while it might-be argued. that NGC 4569 is a.foreground
object (it is, in fact, the largest spiral in the 60 i
circle),.its negative systematic velocity makes its most
probable location the cluster core:itself.“, It is found
by de Vaucouleurs and de Vaucouleurs (1973) that NGC 4569
may be é foreground object( but.Heloﬁ, Salpeter, and Krumm
(1979), using the method of Tully and Fisher (1977),.find
thét it cannot be stated with certainty that it is a
foreground galaxy,.ahd_Burbidgé énd Hodge (1971) find that =
it is a membef of the cluster. - Sandage and Tammann
(1976a) write, "The only individual galaxies that are
certain members of the cluster are those with negative
,redshifts.“ NGC 4569 is one of those. As will be shoﬁn
in Chapter 8, the spiral galaxies in Virgo'are known to
have lower hydrogen-mass-to-blue-light ratios than field
galaxies,'and NGC 4569 - does have a ldw»value of that
ratio. Because NGC 4569 is listed.as a member by‘all the
lists it is taken to be a member for the purposes of this
paper, .however, other galaxies will be included in a list
of the largest and brightest so the results of the
calculation do not depend upon one:galaxy of debatable
membership. | |

‘To determiné which are the largest and brightest

Virgo galaxies the corrected diameters and magnitudes of
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the largest and brightest members fbrm the lists of HHV
III, Turner and Gott (1976), and Geller and Huchra (1983)
were tabulated using data from the RC2,.the RSA,.and
Holmberg (1958). The galaxies most consistently at the
tops of the. lists were taken to be the largeét and
brightest. AThe largest are NGC 4569, 4517, 4192, and,.
4321,.r6ughly in order of decreasing size. The brightest
include NGC 4569, 4321, and 4303; roughly in order of
increasing magnitudé. |

Choosing a list of the faintést and smallest membefs
of the Virgo cluster is more difficult, fof none of the
catalogs of galaxy.data claim to be complete to the
required'magnitude,.faintef than B = 14.0. After
reviewing the membership lists and the RC2, RSA, and
Holmberg catalog a reasonable list has been compiled.
This list relies most heavily on the membership list of
Geller and Huchra (1983) (which has the faintest limiting
magnitude), on the associated list of galaxy data in the
Cerniter for Astrophysics radial velocify catalog of Huchra
et al. (1983), and on Reaves's list of dwarf galaxies.
For all but thé dwarfs Ehe‘radial velocity must be known
and consistent with membership in the cluster for the
.éalaxy:to.be included here. The radial velocities of most -
of the dwarf galaxies are not known, . but Reaves argues
that they are members on tﬁe basis of their distribution.

At the magnitudes involved in choosing faint, small
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galaxies the RSA provided the least data, but that catalog
is not claimed to be useful for such faint galaxiés. The |
list of Kraan-Korteweg (1982), which'gives magnitudes in
the RSA system, .was impdrtant.

Thé small, faint galaxies were chosen by again
tabulating data from the RSA,.RC2,.and Holmberg (1958)
catalogs, but there is not general agreement among the
membership lists for faint galaxies,.and few. studies |
center on small ones. :To éompile a reasonable list the
galaxies were put in two categories, normal galaxies (that
is, non-dwarfs) aﬁd dwarfs, and the faintest.in‘either
- category:were also assumed to be the smallest. Thirty-
niné of the dwarf galaxies in thé list of Reaves (1983)
alsé appear in the daté lists of de.Vaucouleurs and Pence
(1979) . These dwarf spirals,.irrequlars, and ellipticals
were taken to be members of the Virgo cluster on the basis
of their distribution only. Because M33 is brighter and
larger than all the dwarf galaxies in the Local Group it
is assumed to be brighter and larger than all the dwarfs
in Virgd. It should be'noted, however, . that the list
includes the brightest,.largest dwarfs in Virgo, which
could rival M33 in size and Erightness. The corrected
data for these galaxies come only from the-catalog of de
Vaucouleurs and Pence (1979) because the galaxies are too
A»small and faint to be included in the other cataiogs.

This catalog is in the RC2 system.
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The faint,.small normal galaxies were chosen from the
Virgo membership lists of Geller and Huchra (1983), Kraan- -
Korteweg (1982), the RSA,.Turner and Gott (1976), Tammann
(1972), and HHV III, with the additional requirements that
each galaxy must have a known radial velocity, be a member
of either the S or S' éloud,.and be of late Hubble type,
preferably typé Sc or léter. It has long been suspected
that the later Hubble types have fainter averagé absolute
magnitudes, and this has been established by Strom (i980)
and in HHV I. The fainteét, smallest galaxy common to all
six lists is NGC 4299. It is included in the list because
of the agreement that it is a member, but there is no
guarantee it is smaller énd fainter than M33. Sixteen
small, . faint galaxieslére commén to three'or more of the
lists, ahd of these NGC 4234, 4630, and 4633 are included
here for comparison because they are among the faintest
and representative of the smallest. Twenty more galaxies
are found in‘two or more catalogs, and of these IC 3258
and IC 3521 are included here for comparison as being
representative of the group. On average,.these galaxies
are smaller and fainter than the previous ones, but .
properties do overlap between the groués. Many more
galaxies appear in only one mémbership';ist,.but they are
not used here becausé their'membership is less certain.

It should be noted that the membership lists are not
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independent; often material from one list was used in
compiling another.

Of the many dwarf galaxies from the list of Reaves
(1983) only IC 3665 and IC 3073 are kept. They are the
smallest,.faintest dwarf galaxies with data in the catalog
of de Vaucouleurs and Pence (1979), and are significantiy
smaller.and fainter than the galaxies in the previous.
groups. It should be noted'that the largest, brightest
dwarf, UGC 7557, is close to NGC 4633 in magnitude, but is
very much larger,.even larger than NGC 4299. '

This list of small, faint galaxies is not without
confroversy. NGC 4234 has a large positive radial
velocity, and 4299 is not includéd in Virgo disténce
calculations by de Vaucouleurs and Bollingerl(1979),
presumably because of its small radial velocity, +107
km/s. It is also the companion of 4294 tPeterson 1979).
Nevertheless, the iist-wili be kept because these galaxies
are representative members of much larger groups with
similar properties. Some of these galaxies must be

cluster members.
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CHAPTER 8

ADOPTED DATA
" Digputes i_xi the Raw Data

Surprisiﬁgiy;'there are only two significant disputes
in the raw data, o&er the diameters of M31 and M33 in the
Holmberg system. In the case of M31 the observed diameter
is given by Holmberg (1958) as 197 arcminutes at the 26.5
_ magnitudefper-square-arcéécond_isophote in the blue
photographic band. 'Intefpolation for the presént.
calculation of the reobserved profile from de Vaucouleurs
(1958) gives 245 arcminutes at the 26.5 magnitude-per-
square-arcsecond isophote in the B band, .the equivalent of
Holmberg's isophote. Extrapolation for tﬁe pfesent paper
of the more recent photometric profile from Hodge and
Kennicutt (1982) suggesté 240 arcminutes in B. They did
not use their data to calculate the size of such faint
isophotes, .and probably did not intend their data for such
use, but the agreement with the measurement oﬁ de |
Vaucouleurs is remarkable. This suggests that Holmberg's
value is too small, although still useful within

reasonable error bars. For the calculations in the
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Holmberg system, both raw diameters, 197:and 240
arcminutes, are adopted.

A similar disagreement exists over the diameter of
M33. Holmberg (1958) gives 83 arcminutes at 26.6
magnitude in the blue photographic band,:interpolation of
the profile from deIVaucouleurs (1959) gives 75 arcminutes

at 26.5 in B. Again, both values are adopted.

The dispute over the Milky Way absorptionlat the
poles has already been reviewed in Chapter 4,.and only twb
more_significant aisputes remain. The first arises in the
Milky Way correction to the magnitude of M31l. The
tabulated value of Ag,.called A0 in the RSA, is 0.64
magnitude,.while the value of Ag for M32 is 0.22. The
value 0.22 is calculated for both galaxies using the.
‘correction formula in the RSA, but the value 0.64 for M3l
cannot be reprbduced.. It is assumed that M31 and M32
should suffer éimilar Milky Way absorption due to their
proximity. A brief survey of the literature may settle
this disagreement. In the RC2‘thé correction is 0.41
magnitude for M31 and 0.40 mégnitude for M32. Burstein
and Heiles (1984) list 0.32 magnitude for M31 and 0.31 for
M32. Assuming R+1 ; 4;6, the,reddenihg of M31 found by
‘McClure and Racine (1969) givés 0.44 ﬁagﬁitude. Thus, . the

- Milky Way absorption for M3l in the RSA is probably too
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high by 0.2 to 0.4 magnifude. For the calculations in the
RSA system two values of B% are adopted, 2.71 as listed in
the RSA, and 3.13 as found from the RSA correction
formula.

The second dispute is over the.type of inclination
correction to apply to galaxy magnitudes. Holmberg (1958)
was interested primarily in the light.ffom the stars in
disks of spirals, so his corrections were formulated to
remove the effects of inclination and dust. Thisfform of
correction is ado?ted by Sandage and Tammann (1974b,
1976b) and used in the RSA. Such a correction is called
face-on'énd dust~free, .and is sometimeS'said to éilow-for
"total internal absorption," as in the RSA.

The éther correction, - to face—oh only, is favofed bf
de Vaucouleurs and his many coworkers in the RC2 and in
HHV. This'preference seems to arise from the intéreét of
de Vaucouleufs in overall, or integrated properties of
galaxies. Thus,.the corrections in the RC2 and HHV afe
face-on, .but not dust-free. To quote from the
introduction to the RC2, page 33, “Thé face—-on magnitude
is the proper measure of intrinsic lumihosity for most
applicatiéns,.for example for use as distance indicators,
in mass/light or optical/radio emission ratios, etc.”

In the three face-on and dust-free formulétiohs the
correction‘for dust is 0.28 magnitude for Sc galaxies and

0.43 magnitude for Sa-Sb galaxies. Applying such a
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correction would change the calculated magnitddes, but it
would not chanée the limits to the distance scale because
"M31 and all the largest, brightest Virgo spirals require
the Sa-Sb correction. Similarly; M33 and ali the small, .
-~ faint Virgo galaxies require the Sc correction. _

In the RC2, éage 33, a dust-free correction of 0.17
magnitude is suggested for all spiralé, but it is pointed
out that this correction must be uncertain due to the’ B !
unknown distribution of the dust. Applying a correction ‘
of 6.17 magnitude to all the galaxies would have nb effeét
~on tHe calcﬁlated limits to the aistance scale, so if will '-'é
not be applied. | |

The dispute is real, but for the preseht calculations
choosing one correction over the other‘would have no
effect;.so the cataloged corrections will be left
unchanged. The magnitudes corrected with the systems of
Holmberg (1958), Sandage and Tammann (1976b), and the RSA
will be face-on and dust-free,.while the ﬁagnitudes in the
systems of the RC2 and HHV will bé face-on only. Under
other cifcumstances_the difference between the corrections
could be important,.so future research shouidlbe dedicated

to resolving the dispute.
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Errors and their Propagation

The errors in the corrected magnitudes are difficult
to estimate. On page 9 of Ehe RSA likeiy errors are given
as 0.2 magnitude in the raw B magnitude, 0.15 magnitude
for Milky Way absorption,.and 0.25 magnitude for the
inclination and dust correction. .This gives a mean'érror
of 0.35 magnitude, but it is expected that the error
should be smaller for well-observed galaxies such as M31,
M33,.and the brightest Virgo spirals.

Improved estimates of the errors can be méde by
éxamining the catalogs. Holmberg (1958) lists mean errors
in magnitudes according to the number of observations of
each galaxy. These are adopted and propagated through the
corrections of the Holmberg magnitudes, but it should be
noted that these errors seem small, 0.060 to 0.027
magnitude,.and are probably relative errors (not absolute
errors) in which case they would be underestimates.

Errors in the Holmberg diameters are calculated in HHV II
by comparing them with diameters in the BGC. The one-
sigma erfor in the log of the Holmberg diameter is foﬁnd
to be 0.045,.and this value is adopted and propagated
through the present calculations. | '

The RC2 includes the errors in BT,.log D,s, -and
log Rypge ‘Theée,-too;.are adopted and propagated through

the calculations. The RC2 data are mostly transformed
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from other catalogs, so the errors represent the
spread over all the catalogs. Again,.the errors are
probably internal and not absolute, so they may be too
‘low. Typical érrors,are 0.03 .to 0.07 magnitudes in Bgp for’
the bright galaxies and up to 0.15 magnitudes for the
faint ones. Errors in log D25'and log R25 are'typically
0.02 for large_galaxies and up to 0.05 for'small ones.
When efrors are not available, as for RSA data, the RC2
errors are assumed.

The errors of the corrections are somewhat harder to
determine. Starting with‘the.inclination correction to
-magnitude, A(i), HHV find the correction is
A(i) = (0.72 % 0.16) log(sec i),.including a twenty—fwo
percent error. For the present calculations an error of
twenty-five percent is assumed, consistent with the
""determination of HHV, but probably'an underestimate..

The error in the magnitude correctian for Milky Way
absorption, Ag, is calculated by Holmberg (1958), whefe-
the.corréction is (0.22 + 0.05) cscIBl.. Here the. error of
0.05 magnitude is adopted for all'the_AB corrections.
This error is about ‘the same as the uncertainties in the
galaxy: counts and E(B-V) values given inAmany of the
.studies outlined in Chapter 4.

The error in the inclination correction to diameters
is calculated in the RC2, where the correction is

(0.235 + 0.050) log Rygs so the error is twenty-one




99
percent of the correction. For the calculations in this
paper an error of twenty-five percent will be assumed for
correction schemes. This is.consistent with the error in
the RC2, but is probably:an underestimate. |

The error in the correction to diameters for Milky
"Way absorption is not clearly stated in any of the
catalogs,.sb improvisation must take over. The correction
has the form of a constant times the Milky Way absorption,
Ap, .where the constant is shall; 0.02 in the HHV. |
corrections and (0.12 - 0.007 T) in the RC2. If the error
in Ap is 0.05 magnitude, .then the error in thé corrgction
to the log of the diameter is of order 0.005, or 1.2
percent of the diameter. An error of 0.005 in the log is
propagated through tﬁe calculations.

This set of errors in the corrections is subject to
criticism because it has been assembled from many
different sources in a patchwork fashion. It is expected
that future calculations with better data will supersede
these errors, but,.to the author's knowledge,.this is the
‘first time such a set of errors has been assembled and
propagated through the calculations. It is requested that
the reader view these estimates of the errors as a first

attempt at a poorly-defined problem.
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Tables of Corrected Data

The data and results are so extensive .that they
cannot all be included in this chapter. Instead,. the
complete tables of data are in Appenaix B, .and only the
data in the RC2 system are included here. Of all systems,
the RC2 is the most frequently used,.and,.as will Be seen
in Chapter 10,.the results in this system are similar to
. the results in the other systems.. The RC2 system is also
the only one with data for all the galaxies.

Tables 2 throﬁgh 7 show the RC2 system data for Local
Group and Virgo cluster galaxies. The tables show that
NGC 4569 is the brightest and largest member of the virgo
- cluster, but NGC 4321 is oniy slightly smaller and
fainter. The difference in resulting distance modulus and
Hubble's constant must be small. The tables also show"
that NGC 4234 and NGC 4633 are }:emarkably small and faint
for galaxies not classified as dwarfs,.making them good
spirals to compare with M33..

The complete tables in Appendix B show that the RSA.
magnitudes df.all galaxies are smaller kbriéhter) than
magnitudes in the RC2. This is because of the larger
_correction for inclination in the RSA. The tables also
show that the-errors in the RSA s'ystem‘are larger than
those in the'RC2. This is because thé’error increases as

the inclination correction increases.
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Table 2. Corrected RC2 system diameters of Local'Group

galaxies
Galaxy : : . log D
M31 ' 3.19 + 0.03
M33 2.77 £ 0.03

Tablé 3. Cdrréctea RC2 system magnitudes of Local Group

galaxies.
. Galaxy ' Magnitude
M31 3.59 + 0.11
M33 . 5.79 £ 0.07-

Table 4. Logarithms of corrected RC2 system diameters of
the largest Virgo cluster galaxies.. ~

Galaxy - log D
NGC 4569 - ' - 1.93 + 0.03
NGC 4517 . 1.85 + 0.05
NGC 4192 "1.89 + 0.04

In general,.the differences in the several correction
schemes does not cause much difference in the final
results. The only notable exceptioh is the magnitude_of_
M31 in the Holmberg system with the corrections of ‘Sandage

and Tammann (1976b), which is suspiciohsly.large.
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Table 5. Corrected magnitudes in the B system of the RC2

for the brightest Virgo cluster galaxies.

Galaxy Magnitude
NGC 4569 ©9.78 £ 0.11
NGC 4321 9.86 + 0.08
NGC 4303 9.97 £ 0.08
Table 6. Logarithms of corrected RC2 system diameters of

the smallest Virgo cluster galaxies.

Galaxy log D
NGC 4299 1.25 £ 0.04
NGC 4234 1.12 + 0.04
NGC 4630 1.21 £ 0.04
NGC 4633 1.25 + 0.04

IC 3258 . 1.21.+ 0.05

IC 3521 1.06 £ 0.05

IC 3665 1.01 + 0.05

IC 3073 1.03 £ 0.05
Table 7: Corrected magnitudes in the B system of the RC2

- for the faintest Virgo cluster galaxies.

Galaxy Magnitude
NGC 4299 12.57:+ 0.12
NGC 4234 13.15 £ 0.10
NGC 4630 12.84 +. 0.20
NGC 4633 13.33 £ 0.11

IC 3258 13.52 + 0.14

IC 3521 13.69 £ 0.13

IC 3665 14.53-+ 0.20

IC 3073 14.68 + 0.20
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CHAPTER 9

~SOME QUESTIONS TO ANSWER BEFORE CALCULATING
A DISTANCE SCALE ,

Are Virgo Galaxies Normal?

If the environment’of the Virgo cluster has modified
the diameters or magnitudés of the Virgo spirals,.then the
comparisons in this paper are harder to justify. This
problem was reviewed by Sandage and Tammann (1976b),
mainly:with reference'to the sizes of HII regions, total
luminosities, and luminosity classifications of Virgo

spirals. It was concluded that the Virgo spirals are not

abnormal in total luminosity, do not have obviously

decreased star formation, and do not have ébnormal_
luminosity class assignments compared with their 2l1-cm
linewidths.

More recent studies fall roughly into two categories;
work involving the effects of cluster environments in
general, and work specifically on fhé_Virgo cluster.
Dressler (1980) studied 55 rich clusters, nof including
Virgo,. and firmly established tha;'élliptical and S0
populations increase while spiral population decreases
with increasing galaxy density. His figures 14, 15, and

16 suggest that the bulge magnitude of spirals decreaées
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with increasing density, that the disk-to-bulge ratio
decreases with increasing density} and that the brightest
spirals are underrepresented in low-density regions. A
reanalysis of Dressler's data by Kent (1981) shows that
theée differences result from a systematic decrease in
disk brightness with increasing density. This-is
attributed to disruption of the disks during the collapse
of theAcluster,.but,the relation between disk properties
and.deﬁsity is too weak to be explained by tidal
stripping.

Using his own déta for nine clusﬁers, Bothun (1982)-
found that épiral_galaxies exhibit such a wide range in
their global propertieé that thgy cannot easily bé,
‘assigned to morphological bins. He concluded that initial
conditions in galaxy formation,.variations in star
‘ formation, and theAamount of HI remaining after bulge star
formation is complete are more important than-
environmental influences in determining"the presently-
observed properties of spirals in clusters.

Observations of Hi in Virgo galaxies by Davies and
Lewis (1973), Huchtmeier et al. (1976), Chamaraux et al.
‘(1980),.and Giovanardi et al. (1983) have firmly
established that spirals within 6°.Qf the cluster center
“have hydrogen-mass-to—blue—light ratios which are iowep
-than those of galaxies of the same types beyond the 6°

circle or in the field. The surface density of hydrogen
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is nearly ihe same inside and outside of the cluster core,
but the ratio of HI diameter (defined in terms of a scale
length) to optical diameter is éignificantly larger
outside the cluster core (Giovanelli and Haynes 1983).
This implies that gas has been stripped from the outer
" disks of spirals in the core.

‘Giovanelli and Haynes (1983) derived an effective HI
diameter, within which seventy percent of the HI emission
is found. They compared this diameter with the Holnbérg
diameter to derive a distance—indebendent ratio.

Comparing 19 spirals within 5© of the center of the Virgo
cluster to more than 50 galaxies outside the 5° circle,
they found that at constantlluminosity the Virgo HI disks
are smaller than the field disks.

Optical work by Kennicutt (1983) showed thai the
spirals within 6% of the center of the Virgo clusten are
redder than field galaxies by about 0.1 magnitude in B-V,.
but that the difference in the luminosity functions
between Virgo and the field is probably insignificant.

The equivalent width of the HB+I[NII] blend in Vifgo |
spirals (including disk and nucleus) is,'on.average,ilower
tnan in figld galaxies, although the distribution of
equivalent width versus galaxy type is very broad. This
was taken to represent a real difference. in the current
star'formation rate between Virgo and the field°

Kennicutt concluded that there is a real difference
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between Virgo spirals and their field counterparts at the
same Hubble type, so that, for instance, a typical Sc
galaxy in Virgo resembles a -typical Sb-Sbc field galaxy in
color, hydrogen—ﬁass—to—blue—light ratio, and HR3
.equivaleht width, so'there is an inconsistency between a
Virgo spiral's Hubble tYpe and its gaseous and stellar
content. To put it another way,.the colors of the Virgo
spirals are normal relative to field galaxies of the same
HI content if Hubbie type is ignored. A study of HB+[NIII
equivalent width in galactic nuclei by Stauffer (1983)
showed that Virgo nuclei are not significantly different
from the nuclei of field galaxies. This was taken to show
that whatever causes the depletion of Virgo disks is not
strong enough to affect the nuclei.

Peterson,.Strom, .and Strom (1979) compared the
radius-luminosity relations for Virgo and the Hercules
cluster;.and found the Virgo éalaxies are about twelve
percent smaller than the Hercules galaxies at the same
luminosity. An allowance for Local Group motion toward
'Virgo would reduce the difference, but not eliminate it.

These sets éf observations show the Virgo spirals are
fed and HI poor relative to field galaxies; and other
properties may be slightly different .as well. . The .
differences seem to be primarily in the disks,.suggesting
that the modifying force is not étrong enough to reach the

nucleus. The most likely explanation is that the cluster
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environment has enéugh influence to modify the disk
properties. Galaxies which have had their HI content
reduced may be smaller than .field galaxies when diameters
are measured in blue light, but there are no compelling
data which indicate that they are fainter than fleld
galax1es. In the end, . abnormallty or normality is
difficult to establish without previous knowledge of the
-distance scale;fknowleage detailed enough that the
distance of each individual galaxy, in Virgo and the
field,.could be calculated. A precise définition of a
nbrmal galaxy would also be needed, bﬁt spi;al éalaxies,:
like people, are a population of individuals, each unique,
S0 a normal value of any attribute is difficult to |
interpret. '

For the purposes of tﬁis paper it is assumed that
the Virgo spirals are at least normal enough to compare
with the Local Group, in the hope that this will provide
one more step in a bootstrap process of improving
understanding of the distance scale. This assumption.
would probably be easier to justify if the comparisons °
were made'with red light instead of blue, because the
properties of a galaxy:in blue light are so sensitive to
star formation history, but reliable data in the red are
in short supply. Due to this limitation, blue light must
be used,.but .the errors due to this choice‘may be '

minimized by comparing the Local Group galaxies with
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spirals from the less-dense parts of the Virgo cluster
when this is possible. 1In this sense, .NGC 4569 is a poor
choice for the largest, .brightest Virgo galaxy because it
may be ét the cluster center. NGC 4321, which is much
farther from the center, should be more representative.
Typical sméll, faint galaxies are taken from all over the
clustef, and there are so many of them that a problem with
" one galéxy'is of much less concern.
A_Le_thgm;.ggs_l_x;__s;hg_mmw
gndngthe_as.f_o__Qmp_a_.L&_n_

Are the brightest (largest) Virgo galaxies brighter
(larger) than M31, and are the faintest (smallest)-Vi;go
galaxies fainter (smaller) than M33? Thesé questions must
be answered if the comparisons are to be successful, but
the data are again difficult to interpret. Starting with
" magnitudes, several stﬁdies specify luminosity functions
of galaxies; The analytical work of Schechter (1976) and
Schechter and Press (1976) shows that the larger the
cluster the more very bright and very faint galaxies the.
cluster contains. Thus,.a large cluster, like Virgo,
‘should have several galaxies brighter than the brightest’
member of a small cluéter such as the Local Group, and
several members fainter than the faintest member of the..
Local Group. This function does not give specific

information on spirals.
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Observations of ‘cluster galaxies by Sandage (1976)
show that the absolute magnitude of first-ranked ‘E and SO
.galaxies depends only weakly. on cluster richness, but the
absolute magnitude of second-ranked and third-ranked
cluster galaxies shows a much strongér dependence, . éven
fbr clusters with as few as four members. These results
are confirmed by Godwin and Peach (1979). Similar
observatiops summarized by Sandage and Tammann (1976b)
conclude that E,.Sb, énd Sc galaxies.réach nearly the same
ppperlluminosity, but the mean luminosity of the spirals
is lower than‘the mean luminosity of ellipticals. This
suggests that the lérger the cluster the more likely it is
to contain a very bright spiral.

A study of‘the magnitudes and Hubble typés of Virgo
spirals by Strom (1980) showé that late-type spirals
persist to fainter aﬁsolute magnitudes than early—type
spirals, and,‘with less certainty, that the average
absolute magnitude for spiréls of a given Hubble type gets
fainter as one considers latér types. This means that the.
brightest Virgo spirals could be of any Hubble type, but
the faintest Virgo spirals are likely'to be of late Hubble
types. It also suggests that M33, of ﬁubble type Sc and
a the faintest spiral in the Local Croub, is brighter_than'
. the faintest Scd and Sd galaxies in Virgo.

Finally; M33 is aélbright or brighter than the dwarf

galaxies in the Local Group,.and it is expected to be
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brighter than dwarf galaxies in Virgo.',The‘recent list of
dwarf galaxies in Virgo by Reaves (1983) provides many
galaxies assumed to be Virgo-members on the basis of their
distribufion. Twenty—-two of’these have BT magnitudes and
525 diameters in the catalog of de Vaucouieurs and Pence
(1979) , so M33 can be compared with thém. It'must be
noted that these'galaxies are likely to be the dﬁaffs of
higheét surface brightness and possibly the brightest
dwarfs in Ehg cluster. Thus,.the.comparison is not
‘between M33 and some sorf of average dwarf galaxy, but
between M33 and the smallest, faintest dwarf galaxies with
reliable data.

.,Studies which define a diameter distribution function
of galaxies are vefy rare. There is nothing like a
Scﬁechter function for diameters to help_the.present
analysis. It still is likely,.however,.that a clustér as
large as Virgo should have more very'large galaxies and
. more very. small galaxies than a small cluster like the
Local Group.

The data adopted for the comparisons do give some
cdnfifmatidn'that the range of magnitudes and diameters of
the Virgo galaxies is suitable for the comparison with~
~ Local Group gaiaxies. For a reliable comparison the
difference in apparent magnitude betﬁeen.the'brightest and
faintest'Virgo spirals must be greater than the difference

in absolute magnitude between M3l and M33. A similar
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inequality must hold for the difference in the log of the
angular diameter. If the difference in Virgo is gréater
than the difference in the ﬁocal Group it assures that the
Virgo galaxies are brighter (larger) or fainter (smaller)
than the Local Group galaxies, or both, so at least one of
the limits to the'distance scale calculated in the
comparison is a strong one. These differences have been
calculated for several pairs of Virgo galaxies and'for M31
and M33 in the Local Group. The results are éiven in the
next chapter. Here it is only noted that in each case the

difference is larger in Virgo.
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CHAPTER 10

COMPARISON WITH THE VIRGO CLUSTER
Overview

fhé results of the caiculations, given as limits to
the distance moduius of the Virg,o‘cluster in thevRCZ'
system, are in Tables 8 and 9. Tﬁe results in other aata
systems may be found in Appendix.B. The sméllest distance
modulus in the RC2 system is 30.29 from combaring the
magnitudes of M31 and NGC 4569. The largest distance
modulus is 33.10, fromfcomparing the magnitudes of M33 énd
IC 3073. |

Of all systems the smallest distance modulus ié_3Q.l3
from comparing M31 and NGC 4569 using the Holmberg

magnitudes with the corrections of'Sandage and Tammann

(1976b). The largest distance modulus is 33.28 from

comparing the magnitudes of M33 and IC 3073 in the RC2

" system under the'éssumption that the Milky Way absorption

is zero.

The strongest trend in the results is their .
similarity across the available data and. correction
systems. In general the RC2, RSA, and Holmberg systems

give remarkable agreement, with two exceptions.. First,
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Table 8. Lower limits to the distance modulus of Virgo
cluster galaxies in the RC2 system.

Comparison
Galaxy Diameters Magnitudes
NGC 4569 " 30.38 + 0.25 30.29 + 0.19
NGC 4321 ~ 30.80 + 0.24 30.37 £ 0.18
NGC 4303 ' - 30.48 + 0.18
NGC 4517 o 30,75 £+ 0.33 - Com——
NGC 4192 . . : 30.59 + 0.28 L=

Table 9. Upper limits to the distance modulus of Virgo
. cluster galaxies in the RC2. system. °

Comparison

Galaxy ' Diameters Magnitudes
NGC 4299 ' - 31.81 + 0.23 31.06 + 0.16
NGC 4234 32.45 + 0.25 31.56 + 0.14
NGC 4630 31.99 + 0.23 31.25 + 0.22
NGC 4633 31.78 + 0.25 " 31.74 £ 0.15
IC 3258 31.99 + 0.28 _ 31.92 + 0.17
IC 3521 32.74 + 0.29 32.10 + 0.16
IC 3665 32.96 + 0.29 -32.94 £+ 0.22
IC 3073 32.90 + 0.29 33.10 + 0.23

the lower limits calculated.usihg the RSA value for the
magnitude of M31 are all much lérger than the limits
calculated in the other systeﬁs. This suggests that the
RSA magnitude qf M31 is too bright, or that the magnitudes
of M31 in all the other systems are allvtéo faint. The" ‘
results using the recalculated RSA magnitude, 3.13, are
closer to the .results in the other systems, so it is.‘

likely that Ag for M31 in the RSA is too high by about 0.3
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magnitude, (as explained in Chapter 8). Researchers
using the RSA magnitude for M31 in further calculations
should be aware éf this possible inaccuracy. The second
disagreement results from using Holmberg's diameter for
M31 in the upper limit calculations. The resulting
distance moduli are smaller than those calculated in the
other systems, suggesting.the Holmberg diametér is too
small. This is in agreement with femeasuremehts by de
Vaucouleurs (1958) and by Hodge and Kennicutt (1982).. The
remarkably good agreement among the systems may be due.
partly: to the fact that the basic éatalqgs are not l
independent,.for Holmberg's data were often transformed to
the RC2 system, .and the raw B magnitudes in the RC2 and
RSA are usually identical. _

" The results in the RC2 system in this chapter,
combined Qith the results in Appendix B,.inc;qde three
different values’of Ap; Ag = 0.20 magnitude from the RC2,
Ag = 0 as in the RSA and HHV,.and A values calculated for
each individual: galaxy by Burstein and ﬁeiles (1984). The
results point out the importance of settling the dispute
over Milky Way absorption, for the difference between
Ag = 0 and Ay = 0.20 results in a difference of 0.26 in
the distance moduli calculated from magnitudes and 0.10 in
the moduli from diameters of small galaxies, but less for
large galaxies. Results using the Burstein and Heiles

values of the.absorption tend to split the difference
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between the RC2 results and Ag = 0 results,.or come close
to the RC2 results. The Virgo cluster is an important
rung in the .ladder of the extragalactic‘distance scale, .
and such an obvious source of debate over its disﬁance

modulus should not be left unresolved.

The lower limit to the Virgo distance modulus is the
easier to determine,.for'the cluster membership lists show
reasonable ag;eement'over which bright, large galaxiés are.
members. If NGC 4569 is a membef, the'lower limit ffom
the magnitude comparison is 30.4 + 0.2, determined by
simply looking at the tabulated values (but eliminating
the comparison which uses 2.71 as ;he RSA magnitude of
M31). Tﬁis value is not calculated by finding a mean from
the table because the individual results are not
independent. Fof instance, the errors across a row or
down a column are certainly correlated, and taking a
simple mean would be equivalent to giving greatest weight
to the data system with the most correction schemes, even
though the different correction schemeé arise from
unceftaihty in the data system. If the uncertaintf.over
thé membership of NGC 4569 is taken to be a serious
drawback, then the lower limit to the distance modulus is.
30.6 + 0.2 taking 4321 or NGC 4303 as the brightest

member.,
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Limits from diameters, determined in a similar
fashion, are 30.5 + 0.2 for NGC 4569, 30.7 + 0.2 for -NGC
4517 and NGC 4192, and 30.8 + 0.2 for NGC 4321. It is
comforting to find that the two limits calculated with the
magnitudes and diameters of NGC.4569 and NGC 4321 are so
consistent. ' This does not hold for éll galaxies, for
.insﬁance the ldwer limit.using the magnitude of NGC 4303
would be 31.1 £ 0.2} a difference of more than half a
magnitude from the limit calculated with diameters. These
diffefeﬁces are an indication that the relationship
between magnitudes and diameters is a brdad one. From
these limits reasonable lower limits to the Virgé distance
modulus are 30.5 + 0.2 if NGC 4569 is a member, and
30.7 = 0.2.if it is not. These;limiﬁs are firm, for if
the modulus is smaller thén, M3l is intrinsically brighter
and larger than all the spirals in Virgo, an unacceptable
result. | |

Arriving at an upper limit to the Virgo modulus is
more difficult for aé least three reasons; the membershipA
of individual faint, small galaxies is much less certain,
the data for fainﬁ galaxies are much less certain, and it
is not clear how to choose a list of Vi.rgo galaxies which
are definitely fainter and smaller than M33;,but not so
much fainter and smaller that the éomparison'becoﬁes

absurd. Only new, more extensive observations can solve

the first two problems, but some headway can be made on
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the thir@ problem.by considering the differences in
magnitudes and diameters between pairs of galaxies in the
Local Group and Virgo. To the author's knowledge this is
' the first time such a comparison has been used for testing
galaxy samples in a distance scale calculation.

Calculate the difference in absolute magnitudes
between M31 and M33 in the Local Group and the differéncé
in‘apparént'magnitude between the brightest and faintest
galaxies in the Virgo cluster. Do the same with the
angular diameters of M31 and M33. in the Local Group.and
the largest and smallest galaxies in the Virgo cluster.
The RC2 data must be used for.this comparison, for it (and
its extension by de Vaucouleurs and Pence 1979) is the
only catalog Qith data on the faint galéxies. If the
differences are greater in Virgo than in the Local Group
then, certainly, one of the limits to the distance scale
is firm,.and it becomes more likely that both are firm.
This analysis is complicated by the observation that for
" each individual galaxy used in calculating the upper limit
distance moduli there is little agreement between the
results from magnitudes and from diameters.  The modulus
from: magnitudes is several tenths of a magnitude gfeater
than the modulus from diametéfs fér almost all galakies.
This may mean that either M33 or most of the Virgo
. galaxies has an unusual magnitude-diameter‘relationship. ,

Of the two the former is considered more likely.
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The difference in absolute magnitudes between M3l and
M33 is 2.10 + 0.20,. while the difference in corrected
apparent magnitude between NGC 4321 ‘;cmd NGC 4299 is
2.70 + 0.14. This difference‘ is n.ot large enough to
assure both that NGC 4321 is brighter than M31 and NGC
4299 is fainter than M33. The difference for NGC 4321 and
NGC 4633 is 3.47 + 0.13, and this is taken to be more than
large enough to assure that both magnitude conditions arel
-met. _ The differepce between the magnitudes of NGC 4321
and IC 3521 is 3.83 + 0‘.15,'. making it exceedingly likelf
that the two magnij:ude conditions are met, and the
difference between NGC 4321 and IC 3665 is 4.67 + 0.22,
ridiculously large. If NGC 4321 is intrinsically 1.0
'magnitude brighter than M31,. maklng NGC 4321 an
exceptionally bright spiral, then IC 3665 would be
intrinsically 1.57 magnitude fainter than M33, making IC
3665 an exceedingly faint galaxy. Comparing M33 with IC
3665 gives an upper limit to the Virgo modulus of
32.94 + 0.23, a ridiculously large value. _

The difference in log Dy between M31 and M33 is
0.42 % 0.04. The difference between NGC 4321 and NGC 4299
-is 0.60 £ 0.05,.and the difference between NGC 4321 and
NGC 4633 is 0.60 £ 0.05, both giving about fifty-five
percent greater difference for the Virgo pai'r._' Because
M31 is usually considered to be a very large gala#y, . 80 A

that it is unlikely a normal Virgo galaxy could be much
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larger, .this difference is assumed to be large enough to
guarantee that NGC 4321 is larger than M31 and the small
Virgo galaxy is smaller than M33. This gives an upper
limit to the Virgo modulus of 31.8 # 0.2. Other reliable
comparisons involve M33 and NGC 4234, IC 3521, .and IC |
3665. Respectively, the differences in log Dy between NGC
4321 and these galaxies are 0.73 #+ 0.05, 0.79 + 0.06,.ahd
0.84 £ 0.06, all_showing the linear diameter range between
the Virgo pair to be more than .double that of the Local'
Group pair. The respectivé limits to the distance moduli
are 32.45 + 0.25, 32.74 + 0.29,  and 32.96 % 0.29. The
last t&o, in particular, seem unreasonably.large.

The adopted limit to the Virgo modulus depends
sérongly on the faintest, smallest Virgo galaxies chosen
for comparison. The dwarf galaxy IC 3665 gives.

32.95 + 0.3 as an upper limit,.while the Sd galaxy NGC
4633 gives 31.76 + 0.2,.and galaxies such as NGC 4234 and
IC 3521 give intermediate results of 32.0 % 0.5 and |
32.5 + 0.3. The strength of these limits is again shown
by considering‘the consequences if the Virgo modulus is
greater thén the'calculated,limit,hfor then M33 would be

fainter and smaller than the designated Virgo galaxiés.
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mmmmmmﬁuhble_ssms_t_ntm_the
Direction of Virgo

The adopted distance moduli may now be'used'to
.calculate limits to the value of Hubble's constant for the
Virgo cluster, usiﬁg equation (3)-from:Chabter 2 and the
adopted Virgo cluster ‘radial velocities from Chepter 3.
The resulting limits in the RC2 system are shown in Tables
10 through 13. tAt least fifty: more tables wculd be .
neceseary to include all the results from‘other systems.
They do not'give significantly different results, so they
are notrincluded; »Readers are encouraged to use the data
- in Appendix B to calculate any other limits which
_interest them.) Each table has two columns of results,.
one for V = 1100 % 100 km/s, and one for § = 1500 + 100
_km/s, reflectlng the disagreement over the radial veloc1ty
of the Virgo cluster. 'If V = 1100 km/s is correct, then
theupperlihittofiisQ4 + 10km/(s*Mpc)ifNGC456915
taken to be the largest, brightest Virgo spiral,.and
84 + 9 km/(s*Mpc) if NGC 4321 is the iargest and
brightest. Neither of these limits conflicts with recent
determinations of H fcr‘Virgo in which Vv isrtaken.to be in
the neighborhood of 1100 km/s, but it is close to the
value H ~ 80 km/(s*Mpc)in the Virgo direction found by de
Vaucouleurs and Bollinger (1979) in which V ~ 1500. If V
is teken to be 1500, the corresponding results of the

limit calculations are 128 + 10 km/(s*Mpc) and
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Table 10. Upper limits to H in the RC2 system from the
diameters of the largest Virgo cluster galaxies.

.Assumed radial velocity

Galaxy 1100 km/s 1500 km/s
NGC 4569 ' 92.3 + 9.6 125.8 + 10.5
NGC 4321 76.2 £ 7.9 103.9 + 8.6
NGC 4517 77.8 + 8.7 106.1 + 9.9
NGC 4192 83.9 + 8.9 114.4 + 9.9
Table ll.Upper limits to H in the RC2 system from the .

' magnitudes of the brightest Virgo
cluster galaxies.
Assumed radial velocity

Galaxy . 1100 km/s 1500 km/s
NGC 4569 96.1.+ 9.5 131.3 £ 10.1
NGC 4321 92.6 + 9.0 126.4 + 9.6
NGC 4303 , 88.1 + 8.6 120.3 + 9.1
Table 12. Lower limits to H in the RC2 system from the

diameters of the smallest Virgo
cluster galaxies.
Assumed radial velocity

Galaxy 1100 km/s 1500 km/s
NGC 4299 ' 47.8 + 4.9. 65.1 + 5.2
NGC 4234 : 35.6 + 3.7 48.6 + 4.1
NGC 4630 - 44.0 + 4.5 60.0 + 4.9
NGC 4633 ' 48.4 + 5.0 66.1 + 5.5

IC 3258 44.0 + 4.7 59.9-+ 5.3

IC 3521 31l.1 £ 3.4 42.5 + 3.8

IC 3665 o 28.1 + 3.0 38.3 £+ 3.4

IC 3073 ' ' 28.9 x 3.1 39.4 + 3.5
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Table 13. Lower 1limits to H in the RC2 system from the
magnitudes of the falntest virgo
cluster galaxies.

Asshmed radial velocity

Galaxy 1100 km/s 1500 km/s
NGC 4299 ~ 67.4 + 6.5 91.9 + 6.8
NGC 4234 ' . - 53.6 + 5.1 73.1 £ 5.3
NGC 4630 - 61.9 + 6.3 84.5 + 6.8
NGC 4633 ' ' 49.4 + 4.7 67.4 £ 4.9.

IC 3258 ' Lo 45.2 + 4.4 61.7 -+ 4.6

IC 3521 < 41.9.+ 4.0 57.1 £ 4.2

IC 3665 28.4. + 2.9 "38.7 + 3.1

IC 3073 : 26.5 + 2.7 36.2 + 2.9

114 + 9 km/(s*Mpc), which do not conflict with any recent
determinations of H in the Virgo direction. '

If V = 1100 + 100 km/s the lower limits to H are

49 + 5 km/(s*Mpc), 44 + 4, 36. 4,.and 28 + 3 for NGC
4633, NGC 4234, IC 3521, and IC 3665 respectively. If

= 1500 + 100 km/s the corresponding results are 66 + 5
km/ (s*Mpc), 59 + 5, 50 + 4, and 38 & 3. If V = 1500 is
correct then values of H near 50 km/(s*Mpc) are made
unacceptably small by these limits. |

~The tables also show that calcul;ating H using a pair

of well—obséxved galaxies, . such as'one from the Local
Group'and one from the Virgo c;uster, reéults in an
uncertainty -of at least ten'percent. This is likely té be
the lowest possible uﬁcertainty in comparing the diameters
or magnitddes of a single pair of galaxies, because few |

galaxies have been observed to the same accuracy as have
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M31, M33,.and the Virgo spirals. This means distance
scale calculations using pairs of galaxies, such as
brightest cluster members, . will always have at least this
much pncertainty.

The lower limit calculations give a range of values
for H dépending on.the faint, small galaxy chosen for
comparison. There is a wide range of choices, so-several
'gélaxiés are included in the table in the hope .of
‘providing an acceptable galaxy for all readers.

Only limits to H are caléulated in this paper, .not a
value of H, but Figures 2 and 3 show where M31 and M33
‘wouid fall in the Virgo magnitude‘and diameter
distributions if they were placéd at various distance
moduli; p, corresponding to possible distances of the
virgo cluster. The histogram is plotted by taking all the
Virgo galaxies‘in the list of Geller and Huchra (1983) to
'be members. Values of B% and log Dyg are taken directly
from thelﬁcz without modification, because it is simply
too time consuming to calculate diameters and magnitudes
for each data set and correction scheme. The histogrgms
show that if p > 32.0 then M31 is very modest in size and
'brightness,.and M33 is an exceédingly small‘galaxy or a
dwarf{‘ If‘u < 30.5, M31 is exceedingly large and bright,
and M33 is brighter and.léfger than the galaxies at_thé
peaks of the distributions. If~u = 31.0, thén M31 is in

the middle of the large, bright extensions of the
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distributions, making it a typical large,.bright galaxy,
and M33 is near the peaks of the distributions, .making it
an ordinary spiral.

The histograms also show that the distributions of
normal Virgo spirals seem to cut off at B% = 13.8 and
log Dyjg - 1.16. It is tempting to take these as lower
limits for normal spirals which are Virgo members.
Comparison with M33 then gives moduli of 32.21 from
magnitudes and 32.20 from diameters,.so close that the
difference.is negligible. This gives H > 40 if V = 1100, .
and H‘> 54 if V = 1500. Before. taking these as firm lower
limits it must be established that the cutoffs are an.
intrinsic property. of the cluster énd not a property of
the catalogs. Tﬁis cannot be done unti; more radial
velocities are available for faint galaxies in the Virgo
region so their membership can be established.

The magnitude histogram also shows a remarkable
decrease at B% = 13.0 with an increase at 13.2. This may
simply be due to the statistics of small numbers,.and
until the Virgo cluster‘is'better observed and membership
defined no conclusions can be drawn.

Finally, both histograms show long,.low‘extensions
-for the large, bright galaxies. The magnifude extension
runs from:B% values of 11.4 to 9.8, and the diameter.
-exténsion from log Dyg valueé 6f 1.64 to 1.96. These

extensions emphasize that large, bright galaxies are rare.
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CHAPTER 11
COMPARISON WITH THE URSA MAJOR CLUSTER

" After Virgo,.the most populous gathering of galaxies
'is in the Ursa Major region. As difficult as it was to
find an acceptable -sample of galaxies and reliable data iﬁ :
Virgo, it is1ﬁore difficulthlﬁrsa Major, for no reviews
of Ursa Major cluster.properties have appeared in the

literature.
The Sample

Geller and Huchra (1983) have published the lafgest
membérship list in the Ursa Major region, giving 170
galaxies which are likely members. Their list is a‘merger_
of the Ursa Major,.Coma, and Canes Venatici ciusters.

Many other authors,tincluding Tﬁrner and Gott (1976) and
de Vauéouleurs (1975), hold these to be associated but
distinct clusters.

The largestfahd brightest spiral in the Ursa Major
cluster is NGC 4258, .according to Geller and Huchra, but
Turner and Gott list it as a member of their grbup 50,
with an average radial velocity of 311 km/s, .too low for
the present disfance scale calculation. It is assigned to

the nearby Canes Venatici I group by de Vaucouleurs. The
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next'largest and brightest in the list of Geller aﬂd
Huchra is NGC 4736, which is listed as a field galaxy
(that is,.not belonging to any cluster) by Turner and
Gott. They note it could be a member of one of the
clusters in the region, but do not specify. which one.

The next in the list of Geller and Huchra is NGC
4631, which is taken as a member of the neafby Canes
Venatici II cloud by de.Vaucouleurs. The next two
galaxies, . NGC 4565.aﬁd NGC 4725, .are much too far south to
be members of Ursa Major. They are taken as members‘of
the Coma region by:Turnér and Gott and by de Vaucouléurs.'
- The next largest and brightest spiral is NGC 4244. Turner
and Gott find 4244 is a field galaxy,.and it seems to -be
too far south ﬁo be a member of Ursa Major. Tﬁe same
holds for the next galaxy, NGC 4559. De Vaucouleurs lists
4244.as a probable member of the Canes Venatici I cloud,
and 4559 as a member of the Coma cloud.

The next two largest and brightest galaxies from the
list of .Geller and Huchra are NGC 3718, .which is accepted
as a member of Ursa Majqr in all the lists, and NGC 3992,
which Tufner and Gott list as a field galaxy associated
with the clﬁster. These two will be adopted as the
largest, briéhtest members for the present calculations.
If it is possible}.the_choice of small,'faipt galakiesAfor
comparison‘is even moré difficult,.this time because of

lack of data. The smallest, faintest galaxy which appears
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in all the membership lists (Geller and Huchra 1983,
Turner and Gott 1976, and de Vaucouleurs.1975) and which
has both a magnitude and diameter in the RC2 is NGC 3683.
Its status in Ursa Major is similar to the status of NGC
4299 in Virgo; neither . is eépecially:faint or'éﬁall, but
each is the faintest, smallest unénimously accepted member
with good data. To improve the chparison,.NGC 3499 will
also be included. It has the correct direction and radial
velocity to ‘be a member,‘but'is too faint to be considered
“for membership by Turner and Gott. Unfortunatelf, it has

only a diameter in the RC2, so it cannot be used in the

magnitude comparisons.

Data

The angular diameters and magnitudes listed in Table
14 come from the RC2. ' The log D, and B% values have been
recalculated‘in order to propagate the errors, and except-
for roundoff differenceé the values agree with those
listed in the RC2. 'Other data systems will not be used
because it has already been shown there is little
differgnce amoﬁg'the systems.i

The Ursa Maﬁor membership lists also give average
radial velocities, but the value depends'on the_sample.
Turner ana éott (1976) find an éveragé radial Veiocifyuof
1762 km/s, but tﬂeirflist includes some.high—vélocity

galaxies not included in other lists. Geller and Huchra

s
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Table 14. Data in the RC2 system for Ursa Major cluster

galaxies.

Galaxy ‘ 1dg D — "Magnitude
NGC 3718 - R - 1.90 + 0.04 10.80 + 0.13
NGC 3992 - 1.86 + 0.03 10.22 + 0.11
NGC 3683 1.23 + 0.05. 12.87 + 0.17

+ 0.04 ———

NGC 3499 1.01

(1983) -find an average velocity of 1395 km/s, which'
transforms' to IIZé km/s when their correction for Local
Group motion is removed. Their membership list is a
merger of the Ursa Major, Coma,.and Canes Venatici
clusters, and this may change the calculated velocity.
‘The Ursa Major cluster has not been studied as much as the
Virgo cluster, so there are no other large membership
lists with radial velocity determinations to settle this
.disagreément. The incomplete radial velocity data of de
Vaucouleurs_(1975) févor the lower value. Because of this .
there is no simple way to decide which velocity is
correct,'so both will be kept. The error for each
velocity is assumed to be 100 km/s, the same as the error

in the Virgb velocity.
Resultg and Discussion

The results of the comparisons are given in Table 15.
as limits to the distance modulus of the Ursa Major

cluster, . and in Tables 16 and 17 as limits to Hubble's
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Table 15. Limits to the distance moduli of Ursa Major
cluster galaxies in the RC2 system.

Type of comparison .

Galaxy ' Diameters ' Magnitddes
NGC 3718 30.54 + 0.28 ' 31.31 £+ 0.21
NGC 3992 30.74 + 0.26 - 30.73 £ 0.19
NGC 3683 31.87 + 0.27 31.28 + 0.20

. NGC 3499 32.96 £ 0.24 o -

Table 16. Limits to H in the RC2 system from diameters of
Ursa Major cluster galaxies. .

Assumed radial velocity

Galaxy - 1122 km/s 1762 km/s
NGC 3718 ' 87.4 + 9.2 137.3 + 11.
NGC 3992 , 79.5 + 8.2 124.9 + 9.
NGC 3499 - 28.7 + 2.9 45.1 + 3.

WO

Table 17. Limits to H in the RC2 system from magnitudes of
Ursa Major cluster galaxies.

Assumed radial velocity

Galaxy ' o 1122 km/s 1762 km/s
NGC 3718 61.4 + 6.0 96.7 + 6.8
NGC 3992 ' 80.1 * 7.8 126.0 + 8.7
NGC 3683: 62.3 + 6.1 97.9 + 6.8

constant. The results are surprisingly. similar to the
results for the Virgo cluster. If the radial velocity of -
Ursa Major is 1122 km/s,.the upper limit to H is 80 + 8

km/ (s*Mpc) , . excluding the result from the magnitude of NGC
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3718. If the velocity is 1762 km/s,.the upper limit to H
is 130 + lo‘km/(s*Mpc),.again excluding the result from
the magnitude of NGC 3718. The lower limits to H are
30 £ 3 km/(s*Mpc) and 45 + 3:km/(s*Mpc) for velocities of
1122 km/s and 1762 km/s respectively, using the diaméter
of NGC 3499.. The lower limits toIIéalculated:Erom the
magnitude of NGC 3683 overlab the upper iimits calculated
-from the magnitude of NGC 3718, but this is.because NGC
3683 is not a faint galaxy;. No claim is made thatiNGC
3683:should give a ré.liable' limit, for too little is known
about faiﬁt/ smail members of the Ursa Major cluster.

The similar results for the Ursa Major and Virgo
clusters mean that if the Local Group has a component of
motion toward Virgo, relative to a uniform Hubble flow, it
has a similar component of motion toward Ursa Major. This
makes sense, for the Virgo and Ursa Major clusters,.as
tabulated by Geller and Hﬁchra (1983) have 248 and 170
members respectively, are less than forty deérees apart,
and are approximafely at the same distance. This is by
far £he largest concentration of mass near the Local
Group. The gravitational force exerted by tﬁat mass on
the Local Group should be directed toward a point between
the clusters, so the Local Group would have nearly eéual
coméonents of motion toward the two groups. . This is in
agreement with the known anisotropy of the the cosmic

background radiation (Gorenstein and Smoot 1981).




133

CHAPTER 12

COMPARISONS WITH. GROUPS SEEN IN PROJECTION
BEHIND VIRGO AND URSA MAJOR
Essentially: no researchers havé used the groups of
galaxies seen.ih projection behind the Virgo and Ursé
Major clusters for distance scale calculations,.but suéh
calculations are valuable for two reasons. Fi;st,.they
can. set limits on obscuring matter in the cluster and in
the intergalactic space behind the cluster. If there is
obscuring matter anywhere, it is expected to be
concentrated in the gravitational wells of large clusters.
Intergalactic matter would make galaxies in groups behind
the clusters look dimmgr and smaller. Equations (1) and
(2) in Chapter 2 show that this would cause the distance
modulus, u, of the groups to be overestimated, so limits
to H for the groups would be underestimated. Second,.they
canAbe used to find groups with a.siénificant component of
motion toward Virgo or Ursa Major. It is now well
accepted that.the Local Group has'a component of motion of
about 300 km/s roughly toward the Virgo cluster, and ;he
Local Group is presently the only group known to have'such
a motion. This puts the Local Group in a ﬁniqge reference

frame, .which the Cosmological Principle and special
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relativity. make unacceptable. if other groups can be
found with components of motion toward clusters, then the
Local Group is no longer in such a unique position. Such
velocity: components would not affect limits to distance
moduli, but would affect limits to H. If the radial
velocity of the group of galaxies relative to the Local
Group is too large then the limit to H would be too large.
If the velocity is too small, Hawbuld be too small. | |

. In this chapterflimifé‘td the distance scale will be
calculated using groups behind the large clusters. A |
group is taken to be a small assembly of galaxies, . as
compared with a cluster, which may have more than one
hundred members. -The Local Group is a typical small
group, with three bright galaxies (M31, M33, and the Milky
Way) and several dwarfs. Sandage (1976) and Godwin and
. Peach (1979) have shown that the absolute magnitude of the
brightest'galaxy in groups and clusters is nearly constant
even for gfoups with as few as four members. This means
the limit calculations remainrvalid even for comparing the
Local Group with other small dgroups, but the anaiytical
work of Schechter (1976) shows the uncertainty in the

results is expected to increase.
. Choice of Distant Groups for Comparigon

The distant groups are selected from the list of

Geller and Huchra (1983) with the requirements that the
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group's brightest or largest member must be a spiral,.thg
radial velocity of the group be greater than 700 km/s
(greater than 1000 km/s in the cétalog) and the position
of the group must be within twenty degrees of one of the
clustefs. These requirements guarantee that the‘groups'
are seen in projection behind‘the clusters, ana guarantee
that'if the groups have a component of motion toward the
clusters it will be apparent from .the Local Group. The
Virgo and Ursa Major clusters are separatéd by only
thirty;nine degrees, . so galaxies which appear between them
could be affected‘by both clusters. The gfoups which meet
the requirements and their largest, brightest spiral
galaxies are listed in Table 18. The NGC 4446 groﬁp is

included from the work of Sulentic (1980).

Data

The magnitudes and diameters for this comparison are
taken from the RC2, .which is the only catalog with data on
the faintest galaxies. Only the RC2 correction scheme is
used, because it has been shown that the differences
between the corrections do not greatly affect ﬁhe final =
limits to the distance scalé. The corrections have been
recalculated to propagate the efrors, so the values_in-
Table l§ may differ from those in the RC2 by 0.01 in B% or
in log Dy due to roundoff. A dash in the tabie'means daté

were not available to calculate that particular parameter.
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Table 18. The largest, brightest galaxies and radial
velocities of groups behind the Virgo and Ursa

Major clusters.

Galaxy

G+H* Group Group- velocity
67 1675 NGC 3430
73 7390 NGC 3478
75 784 NGC 3675
78 - 913 NGC 3627
82 3590 All122+64
82 3590 Al129+462
83 5788 NGC 3720
84 1872 NGC 3813
86 2639 NGC 3786
88 3302 NGC 3800
91 3314 NGC 3961
92 4166 NGC 3902
93 3163 NGC 3995
96 4171 A1202+18
97 980 NGC 4064
100 1331 NGC 4123
102 6414 NGC 4146
103 4041 NGC 4357
104 3207 NGC 4290
108 2815 NGC 4545
110 7597 NGC 4541
112 5052 NGC 4686
121 6937 - NGC 5230
123 2519 NGC 5371
—— 7500 NGC 4446

*Geller and Huchra (1983)
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Table 19. Data in the RC2 system for the galaxies behind

the Virgo and Ursa Major clusters.

Galaxy " log D Magnitude
NGC 3430 _ 1.55 + 0.03 11.77 + 0.11
NGC 3478 : -1.40 £ 0.04 12.48 + 0.21
NGC 3675 . 1.73 £ 0.04 10.49 + 0.17
NGC 3627 ' . 1.89 + 0.03 11.27 + 0.13
Al122+64 - 1.43 £ 0.04 —
A1129+62 . ' 1.17 + 0.04 13.75 + 0.16
NGC 3720 . . ’ 1.05 + 0.05 13.67 + 0.10
NGC 3813 1.31 + 0.04 11.88 + 0.11
NGC 3786 1.35 £+ 0.03 ‘ -

NGC 3800 - 1.23 + 0.05 —
NGC 3963 ' 1.46 + 0.03 12.09 + 0.21
NGC 3902 . . 1.26 £ 0.04 , —_——
NGC 3995 - 1.36 + 0.04 12.30 + 0.14"
A1202+18 , 1.09 + 0.04 -
NGC 4064 ' . 1.59 + 0.04 11.71 + 0.17
NGC 4123 l1.64 + 0.03 11.54 + 0.11
NGC 4146 - : 1.21 + 0.04 —-—

NGC 4357 ' 1.51 + 0.05 -—=

NGC 4290 , 1.39 + 0.04 12.22 + 0.21
NGC 4545 . ' - 1.41 £ 0.04 -——- ‘
NGC 4541 . 1.20 + 0.04 -

NGC 4686 1.27 + 0.05 -

NGC 5230 1.35 + 0.04 12.46 + 0.16
NGC 5371 1.64 + 0.03 11.13 + 0.08
NGC 4446 : 1.08 + 0.05 14.19°+ 0.14

The radial velocities of the groups come from. Geller and

Huchra (1983), but their correction for the motion of the

Local Group toward Virgo has been.remoVed.

Results and Discussion

The results of the comparison are given in Table 20

and Figure 4. The figure shows radial velocity on the

horizontal axis and-upper limits to H on the vertical

axis. (If a galaxy has two limits,.one from diameters and
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Table 20. Upper limits to H in the RC2 system for the

galaxies behind the Virgo and
Ursa Major clusters.

Comparison
Galaxy Diameter Magnitude
NGC 3430 59.3 + 6.7 58.5 =+ 6.
NGC 3478 181.6 + 21.1 186.0 + 21.
NGC 3675 41.5 £+ 4.8 49.5 £+ 5.

- NGC 3627 69.6 + 7.9 40.1 + 4.
All122+64 -96.6 + 11.1 ——
Al1129+62 52.6 + 6.1 50.4 £+ 5.5
NGC 3720 63.5 £+ 7.5 84.5 + 9.0
NGC 3813 38.2 + 4.4 62.2 + 6.7

. NGC 3786 58.4 + 6.6 -

NGC 3800 55.6 + 6.7, -

NGC 3963 95.0 + 10.8 100.2 + 11.3
NGC 3902 74.3 + 8.5 -

NGC 3995 71.9 =+ 8.3 86.6 + 9.4
A1202+18 51.5 £ 6.0 -
NGC 4064 37.4 £ 4.3 35.2 + 3.9
NGC 4123 57.7 £ 6.5 51.6 £ 5.5
NGC 4146 103.3 + 11.9 -—-

NGC 4357 127.8 + 15.0 —— :
NGC 4290 78.7 + 9.0 . 91.2 + 10.3
NGC 4545 72.0 + 8.3 -

NGC 4541 120.1 = 14.0 -

NGC 4686 93.1 £.11.1 -—-
NGC 5230 155.6 +'17.7 176.4 £ 19.4

- NGC 5371 108.3 + 12.2 118.3 + 12.6
NGC 4446 90.1 £+ 10.8 86.2 £ 9.5

one from magnitudes, .

of H.)

they are averaged to plot the value

If the limit to H is distance-independent,.as it

should be if the Hubble flow is'uniform_and thére is no

.intergalactic matter in the clusters, then the points in

Figure 4 should scatter about the horizontal line which

represents a reasonable upper limit to H,.about 100

km/ (s*Mpc).

If there is uniformly-distributed
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intergalactic obscurihg matter then the points should
scatter about a.line of“negative slope which would paés'
through the points defined by the Virgo and Ursa Major
clusters (marked by a cross in the figure). If theie
is obscuring matter concentrated only in the clusters,
then the points woﬁld scatter abouf a curve which has a
step~function decrease at the Virgo and Ursa Major
clusters,.or at any otﬁer clgstefs which concentrate
obscuring matter.

The points in the figure define a different line
enfirely. They scatter about a smooth curve which has
positive slope, although fhe-slope decreases as the radial
velocity. increases.  Thus,.to a radial velocity: of about
8000 km/s there is no evidence fér intergalactic matter, .
and no evidence for step-function discontinuities which
would indicate inter-group concentratioﬁs of obscuring>
matter. The groups with radial velocities less than those
of the Virgd and Ursa Major clusteps also show that there
- is no step function at that velocity, so theré is no |
concentration of obscuring matter in thé'clusters. It
must be made blear'that_this sort of test is not sensitive
"to small amounts of obscuring matter. It could certainiy
detect one magnitude of total absorption in the most -
distant galaxies, but probably could not detect 0.3

magnitude.
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It remains to explain the positive slope of the
curve, which shows the surprising result that the distance
.dependence of H does not come from'absorptiqn. The most
likely explanation is that the groups of‘galaxies feel the
gravitational potential'of fhé Virgo énd Ursa Major
cluster, éo their radial velocities have been decreased:
relative to a unifopm Hubble flow. This effect seems to
extend as far as the’ciusters.with radialvvelocities of
.about 3500 Km)s and seems to be equal for groups behind
both of the clusters. This means that all the groups with
Vv < 3560 seen in projeétion'behind the Virgo and Ursa
Major clusters have motion toward the clusters,.relative
to a uniform Hubble flow. Thus,.the gravity of the
clusters afﬁects the motions of all groups within 2500
km/s in radial velocity (3500 - 1100 ~ 2500), or within 25
Megaparsecs 1in distance, taking Hg = 100 km/(s*Mpc).
Notice that the curve.does seem to approach asymptotically
an upper.limit to H of about 100 or'llo km/(s*Mpc) at
large radial velocities (large distances). This is
consistent with the idea that at large enough distances
-from Virgo the effect of the cluster’s gravitational well
is small; smaller than the usual fluctuations -about a
uniform Hubbie'flow. |

An unlikely'explanation of the positive slope is that

_some force, whose magnitude is proportional to the |

distance from the clusters, acts to reduce the sizé'and'
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brightness of all galaxies which are group members. This
explanation is unaccéptabie because such a force would be
acting on the Local Group as-well.as the othér groupsy, .
restoring the slope 'to zero.
. Another unlikely exélanation of the positive slope is
that all galaxies are attracted to the Local Gfoup-and the
aﬁtréction‘depends on distance. This is unlikely because
of the small mass of the Loéal Group. It is also
unacceptable; it puts the Local Group in a preferred
reference frame. |

It is possible to test the expianations of the slope
by calculéting limits to H in the direction opposite to
the Viréo cluster. If the Local Group and the other
groups are affected by thé gravitational potential well of
' the'Virgo cluster then it is expected limits to ﬁ in the
direction opposite Virgo should be higher than the results
toward Virgo, especially for groups which are nearby. If
the Local Group causes the curve,.then the results in the
direction opposite Virgo should be the same as the results
toward Virgo. Actually,.the results are already known
to be higﬁer——this hés been shown by many -authors, but the
tables of de Vaucouleurs and Bollinger (1979) are
particularly clear. It is not known if ‘the results are
found even for nearby groups,.so the calculations are done
here. The galaxies afe chosen from the cluster lists of

Geller.andAHuchra (1983) and Huchra and Geller (1982),.and
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muét be within thirty degrees of the antipodal point of.
either cluster. ©No lower iimit is placed on the radial
velocity; . The galaxies are .listed in Table 21 and the
limits to H in Table 22. The limits are plotted in Figure
5. The figure shows that for radial velocities less than
1500 km/s the vélués of H are much higher than in thé
direction toward the clusters (Figure 4). This is
‘consistent with the idea that the groups are affected by.
the gravitatioﬁal well of the clusters. The extent of the
well, 2500 km/s in velocity relative to the clusters, or
about 25 Mpc, is the samé in both directions. Figure 5
'also-shows'that the upper limits to H tend to about 100
km/ (s*Mpc) , . the same as in Figure 4..This‘is further
evidence that there is no detectable intergaléctic
obscuring_material concentrated in the Virgo and Ursa
Major clusters, for if obscuring mattér was there the
uppef limit to H should be higher in the direction
opposite Virgo. _

In summary, Figures 4 and 5 provide the firsE
evidence that many groués of galaxies around the Virgo and
Ursa Major clusters have Velbcity coméonents toward the
clusters,‘relativé to a uniform Hubble flow. The
magnitude of the velocity depends on theﬂdistanée'between
the group and the clusters,.suggesting thé gravitationai
well of the clusters is responsible for_the velocity. The

magnitude of the effect decreases to zero at a distance of
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Table 21. The largest, brightést galaxies and radial
velocities of groups antipodal to the Virgo

and Ursa Major clusters.

Group* Group velocity (km/s) .Galaxy
H 8 867 NGC 12091
H12 . . 1546 NGC 7582
H 15 . ©1483 NGC 7424
H 17 _ 1285 NGC 1365
H 24 ' - 3226 IC 1788
H 32 - 1514 NGC 1232
H 44 : 1418 NGC 1042
H 44 . - o 1418 NGC 1084
H 45 . 1893 NGC 615
H 47 4024 "NGC 1417
H 48 1237 NGC 1068
H 52 . 2405 NGC - 488
Gl72 ' 3100 NGC 7757
Gl74 5439 NGC 7782
G 6 5020 NGC 173
G 6 o 5020 NGC 182
G 7 4523 NGC 245
G 7 : 4523 NGC 271
G 14 ' 5428 NGC 521
G 17 - ' 875 - NGC 628
G 21 . 1714 NGC 676
G 21 , 1714 NGC 718
G 23 5337 NGC 706
G 27 : 3755 IC 211
G 32 ' . 1295 NGC 1068
G 33 6750 NGC 1085
G 34 7449 NGC 1094
G 35 ' 3082 IC 277

* G stands for Geller and Huchra (1983)
. H stands for Huchra and Geller (1982)
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Table 22. Upper limits to H in the RC2 system from

galaxies antipodal to
Ursa Major clusters.

the Vlrgo and.

Comparison
Galaxy A - Diameters " Magnitudes
NGC 1291 . 92.1 + 10.4 ‘ -—
NGC 7582 . 62.4 + 7.2 ' 8l.4 + 8.8
NGC 7424 o - 113.4 £ 12.7 ' 85.9 £ 9.3
NGC- 1365 : o 113.7 + 12.8 115.5 + 12.4
- IC 1788 : , 68.5 + 8.6 ‘ 76.6 £ 8.3 .
. NGC '1232 , ©118.5 £ 13:.4 108.5 + 11.6
NGC 1042 i 65.9.+ 7.6 ' 65.7 + 7.1
NGC 1084 S - = ' ' 80.2 + 8.6
- NGC 615 I " 64.5 + 7.6 66.0 + 7.2
NGC 1417 _ . 109.9.+.12.8 - 113.6 + 12.4
NGC 1068 =~ . . 86.8 + 9.8 143.6 + 15.2
NGC 488 ' '123.6 + 13.9. 130. 0 + 13.8
NGC. 7757 - . - 81.0 £+ 9.3° —_—
NGC 7782 _ 120.3 + 13.8 127. 7 + 14.1
NGC 173 . : 180.1.+ 20.8 —_—
NGC 182 - ‘ 115.6 + 13.3 95.7 + 10.5
NGC 245 , . - - 93.8.+ 10.3
NGC 271 S ©111.5 + 12.9. . ———
NGC 521 . ~ 186.9 + 21.3 153.5 + 16.8
NGC 628 - 91.3 £ 10.2 87.8 + 9.3
NGC 676 . 60.4 + 7.1 —-—
NGC 718 ' _ 49.5 + 5.7 - 49.1 + 5.2
NGC 706 117.5 £ 13.5 -—
IC 211 - o 94.8:+ 10.9.. -—
NGC 1068 - ' " - 90.9 + 10.3 150.4 + 15.9
NGC 1085 : 117.3 + 13.8. -—
NGC 1094 . 108.8 + 12.4 - , § -
IC 277 48.2 + 5.7 ~ ° : ——-

25 Mpc if H is 100 km/ (s*Mpc) .

This is a first estimate

of the range of the gravitational influence of the mass

'~con¢entration associated_with-the Virgo and Ursa Major:

clusters.
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Figure 5. The upper limit to H versus radial velocity for the groups
antipodal to Virgo and Ursa Major.
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CHAPTER 13
CONCLUSIONS

Most of - the conclusions have already been stated in
the bddy of this thesis. They are gathered and stated
succinctly here.. ‘ |

"In this,fhesis limits to the extragalactic distance
scale are calculated by assuming that M31,.the largeét,
.brightest galaxy in the Local Group; is the same intrinsic
size and brightness as the largest, brightest galaxies in
distant clusters. It is likglf that the cluster galaxies
are actuallyAintrinsically.larger and bfighter than M31,
so a lower limit to the distance scale results. This
gives an upper limit to Hubble's constant.

Similarly, it is assumed that M33, the smallest,
faintest galaxy in the Local Group, is intrinsically the
same size as the smallest, faintest galaxies in distant
clusters. It is likely that the cluster galaxies afe
"aétually:intfipsically smaller and fainter than M33, so an
upper limit to the distance scale reéults. This gives a
lower limit to'Hubble's constant. |

It must be emphasized that theré are unacceptable'
‘uncértainties in evefy.step of the calculations of limits

to the extragalactic distance,.even though this is the
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simplest method of'calculation known. At present there is
reasonable agreement on the values of the raw magnltudes
and angular‘diameters, but~the errors are often 0.1 in-the
-magnitude_and 0.05 in the log of the diameter, due to the
difticulties_in‘doing galaxy ‘photometry. It is known that
corrections to.the raw datavare necessary, but which,
corrections to.apply,ltheir”size,:and theéir functional
forms are all in dispute. ln particular, the Milky Way.
absorptlon at the galactlc poles is uncertaln by about
-‘0 25 magnltude, and the existence of polar windows 1is ’
_stlll debated. ThlS uncertalnty carries over to the
diameter correctlon, where the Milky Way absorption must
be known. The correction of the magnltudes for .
inclination shows a range of functional'forms,lfrom'_
log Rys in the RC2 to 1/Ry5 in the work of7sandage‘and
Tammann (1976b).h'TheseHare very~different'functions,.and
it is hard to see hom they could describe the same
physical -phenomenon. The correction of the diameter for
inclination is so uncertain that at least two authors
believe they ‘have shown the correction is unnecessary,‘
Whlle others apply large corrections to galaxies seen
edge—on; | | ' »
| The cluster membership lists and'average'radial'
'melocities'alSO'have unaCceptablehdisagreements.
Uncertalnty over the membershlp and velocity of faint

'galax1es is expected because these galaxies are the most
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difficult to observe, but the‘uncertainty.is unacceptable
for bright, large galaxieé as well. The membership of NGC
4569, 4303, and 4192 in the Virgo cluster has been
disputed. In the Ursa Major ciuster, six bright galaxies
héd to be rejected before a bright\galéxy with well-
accepted membership could be found. In both clusters
there is disaéfeément over the averaée radial vélocity,.a
disagreement of 400 km/s in Virgo and 640 km/s in Ursa
Major.- |

Deépite.these difficulties,.tﬁe calculations show
that the lower limit to theldistance modulus of the Virgo
cluster is 30.7 + 0.2, éiving an upper limit to Hubble's
cqﬁstanﬁ of 80 + 9 km/ (s*Mpc) if V = 1100 km/s,.or
110 & 12 km/(s*Mpc). if V = 1500 km/s. The upper limit is
less than 33.1 + 0.3, giving a lower limit to Hubble's
constant of 30 + 4 km/(s*Mpc), and possibly as large as
47 + 5 km/(s*Mﬁc), depending upon the choice of Virgo
galaxy for comparison. These results agree with
calculations by other methods,.but-make doubtful the value
.-of 55 km/ (s*Mpc) favored by some researchers. |

After thisfcalculétion the.method is applied to the
‘Ursa Major cluster. The upper.liﬁit Eo Hubble's constant
is 80 + 8 km/(sS*Mpc),.and the lower limit is at least -
28 + 3 km/(s*Mpc), and possibly‘as-ﬁigh as 47 £ 5 R
km/ (s*Mpc) , aepending upon the Ursa Major galaxy'used forvr.

comparison. . These results are close to the results from
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the Virgo cluster, suggesting the Local Group has a
component of motion toward Ursa Major as well as toward
Virgo. This agrees with the -known distribution of mass
néar the Local Group. |

The method is then applied to groups of gaiaxies seen
in projection behind the Virgo and Ursa Major clustérs,
and to groups in the direction opposite to the cluéters.
This comparison shows that there is ﬁo discernable |
' absorbing material in the Virgo or Ursa Major clusters,.or
in the intergalactic space behind them. It also shows
that the clusters are exerting significant gravitational
force on the groups of galaxies wﬁich surround them. This
means that the Local Group is not the only group of
galaxies With a component of motion toward the clusters.
Tﬁis gravitational influence extends to radial velocities
~of about 2500 km/s relative-to the clusfers, giving an
extent of 2500/H0 Megéparsecs. The figures suggest an
upper limit to Hy of 105 km/(s*Mpc), so the extent of
gravitational influence is greater than 24 Mpc.

Calculations of Hubble's constant usually cause
bitter debates.. To alleviate this situation M3l is
compared with the brightest quasar, 3C 273. Iﬁ has a Vv
magnitude of 12,8, a B;V color.of +0.21, and a radial
velocity of 47,400 km/s. This gives an upper limif to
Hubble's constant of 980 km/(s*Mpc), which even Hubble

'would have believed.
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APPENDIX A

.Introduction to Astronomical ELgn_Ludgs
and Photometry

Astronomers use the'system of maghitudes to specify
the brightness of ceiesfial objects. This syétem has been
inherited from Hipparchus (author of the oldest known star
- catalog) and the early Greek.asfronomers;.ﬁho callea the
- brightest stars first magnitude, the stars noticeably
fainter second magnitude,.and so on. The faintest stars
detectable to the‘unaided human eye on a very clear night
are fifth or sixth magnitude in this system. The
‘magnitude system is in some sense ﬁbackward", for the
largér the magnitude,.the fainter the-star;

Fortunately, the fesponée of the human eye is
proportional to thé logarithm of the brightness of the
observed object, so when the magnitude system waé
recalibrated with light-sensitive instruments the
mathematics was easy. Between 1930 and 1955 the magnitude
system was redefined, using photocells for detectors
instead of an astronomer's eye and brain, because the new
photoelectric instruments were much more reliableAin

measuring the brightness of faint stars.
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The study of the brightness of celestial.objects is
called photometry, from the Greek roots for "light
:measuring". Whenever photometry of a celestial object is
undertaken the photocell and fllter combination must’ be
spec1f1ed so that other observers can reproduce the
observations, if necessary.. The most common photometric
system is the UBV system, which uses a 1P21 photocelliwith :
:ultraviolet (0, .blue (B),.and visual(V),.that'is,.yellow,
filters. Before the UBV system the most:common system‘was
the pg, pu.system, which-used‘photographic piates as |
detectors,'one'in'the blue photographic (pg) passband'and
one in the yellow photovisual. (pv) passband.

‘ " Assume that observations are to be.made in the UBV'
system with the V filter. dTo determine. the v magnitude of
a star (or galaxy), its 1mage through the v fllter is
oentered on the detector inside the phototube and the
-output of the tube is measured. for a fixed amount of t1me, A
~usually ten to.s1xty seconds. ThlS output is proportlonal
to the flux received from the star. To convert the
observed flux to a magnitude,.a standard star,.whose
magnitude is known, must also bedobserved and.its flux
recorded; Hundreds of standard starslhave been-defined‘in
all parts of the sky. - Let £ be .the flux from the star to
be studied and F the flux from the standard star. -Then'

m, - m, = 2,5 log(f/F)

S 0

where mg is the known magnitude of the standard star and’
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m, is the magnitude of the star whose magnitude is being

(o)

observed.

The observed magniiude of a star, called the apparent

"magnitude[ m,.depends upon the intrinsic brightness of thejnr

star and its distance from the Earth. The flux received .
from a staf decréases‘as_the square of its diétance,f
f o« d2. ‘To study the distance of a star we define the
absblute magnifude,'M,‘to,bé the'apéarent magnitude which '
would be observed if the'star‘were exactly. ten éarsecs |
away. -A-pafsec/ abbréviated pc,.is the distance at which
the radius Qf-the Earth's orbit subtends one seébnd of
arc. Sﬁpposé we have two identical stars, one a standard
star 10pc away, the other at soﬁe_unknown distahée, d.
. Then _ |
£/F = d%/102
'.so ‘ | '
m - M= 2.5 log(£/F) = 2.5 log(d/10)2 = 5-1og(é/10).
The distance modulus, u,.is.defined as
p=m-M=25 log(d/10).
Thus, p is a measure"of.tﬁe'logarithm'of the~distéﬂce to
anlobject; | |

Disﬁanceg to galaxies3épe typically several hundred -
thouséndfto a few million paréecsﬁ- To streamline the‘\
notation, distances to Qalaxies‘arefusﬁélly‘giveh in

megaparéecs, abbreviated Mpc, where 1 Mpé = 106 pc.
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| The magnitudé may be measured with the U;.B,.or V
'filter; It is customary to spécify the V magnitude. The
U and B observations are expressed in magnitude
differences, called color:indices or colors. The standard
colors are B-V and U-B, where the symbols mean B magnitude
minus V magnitude, and U magnitude minus B magnitude. The
colors are a measure- of the temperature of the object; the
hotter the object, the smaller the value of the color.
Objects with low values of B-V and U-B are hot and blue,
while thoée with'high values ére cool and red. This is
complicated by. the effec£ interstellar matter has on
starlight.  The matter preferentially scatters the blue
light, but allows the red light to pass. Thus,.the
observed light is said to be reddened. If the intrinsic
:color of the star is known,.then the color excess of the
~ object is defined as | |

(B-V) ; = E(B-V)

(B-V) intrinsic

.observed ~
where E(B~V) is the color excess.

The interstellar matter also absorbs starlight,
decreasing ité intensity‘as well as making it appear
redder. The absorption in the V magﬁitude ié-called the
visual absorptién, Ay, and
my; = My = 5 log(d/10) + Ay.

Because the same matter does the absorbing and the

reddening we expect a simple relation between A, and

E(B~V). The ratio of these values is calied the ratio of
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total to selective absqrption,.R}i-
R =Ay;/E(B-V) .
Observations show that R is very néarly,equal to 3.0.
-Ofteﬂtimesf.in studying galaxies,.fhe blue magnitude
mg is the mdst'impo;tant} so'the'blue absorption, AB;' A
becomes.impOrtantf . Because |
mg = V + (B-v), -
‘it is found

Bg/E(B-V) = {Ay + E(B-V)}/E(B-V) = R + 1.
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APPENDIX B
SUPPLEMENTARY TABLES

Table 23. Corrected RC2 system diameters of Local Group -

galaxies.
Source of the Milky Way correction
Galaxy . . RC2 ' 7 B+H *
M31 | 3.19 + 0.03 3.18 + 0.03
M33 - 2.77 £ 0.03 2.76 % 0.03

* Burstein and Heiles (1984).

Table 24. Holmberg system diameters of Local Group-
galaxies with corrections in the HHV system.

Source of the raw diameter

- Galaxy Holmberg de Vaucouleurs
M3t - 2.27 + 0.07 2.32 + 0.07
M33 1.89 + 0.06. 1.82 + 0.06-

Table 25. Corrected RC2 syétem magnitudes of Local Group d
galaxies. :

Source of the Milky Way correction.

Galaxy _ RC2 . " - B+H *

M31 . 3.59 + 0.11 3.68 + 0.11
M33 5.79 + 0.07 5.92 + 0.07

* Burstein and Heiles (1984)
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Table 26. Corrected magnltudes in the B system of the RSA

for Local Group galaxies.

: ' listed ‘in
Galaxy - . : . RSA,

calculated from

RSA formula
M31 . 2,71 + 0.42 3.31 + 0.32
M33 5.69 + 0.11 - 5.69 + 0.11

Table 27. Holmberg system. magnltudes of Local Group
. galaxies with three different correctlon

schemes.
Correction Scheme
Galakj "Holmberg . . HHV | . S+T. *
M31 '3.20 % 0.12  3.34 £ 0.12-  3.63 % 0.12
+ 0.09 5.69 + 0.09

M33 ' 'as.sz'i 0.09 5.87

* Sandage and Tammann (1976b)

Table 28. Logarithms of corrected RC2 system diameters of
the largest Virgo cluster galaxies.

Source of the Milky Way correction

Galaxy - . - RC2 ‘ RSA

* B+H + -
NGC 4569 . 1.93 + 0.03 1.91 + 0.03 1.92 + 0.03
- NGC 4517 . 1.85 + 0.05 1.84 + 0.05 l1.84 + 0.05
NGC 4192 - 1.89 £+ 0.04 1.87 + 0.04 . 1.88 + 0.04 -
NGC 4321 . ~1.85 + 0.03 1.83 + 0.03 "~ '1.83 + 0.03

* In the RSA Ag = 0 for Virgo galaxies
+ Bursteln and ‘Heiles (1984) .
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Table 29. Logarithms of Hoimberg system diameters of the
largest Virgo cluster galaxies with HHV

corrections.

Galaxy . log a
NGC 4569 1.024 + 0.046
NGC 4517 : " 1.026 + 0.049
NGC 4192 0.982 + 0.050
NGC 4321 0.994 + 0.045

Table 30. Corrected magnitudes in the B system of the RC2
for the brightest Virgo cluster galaxies.

‘Source of the Milky Way correction

Galaxy ‘ RC2 RSA * B+H +
NCG 4569 9.78 £ 0.11 9.97 £ 0.11 9.89 + 0.11
NCG 4321 9.86 + 0.08 10.05 + 0.08 10.01 + 0.08
NCG 4303 9.97-+ 0.08 10.17-+ + 0.08

0.08 10.16

* In the RSA Ap = 0 for Virgo galaxies.
+ Burstein and Heiles (1984)

Table 31. Corrected magnitudes in the B system of the RSA
for the brightest Virgo cluster galaxies.

Galaxy ‘corrected magnitude
NGC 4569 ' 9.39 + 0.22
.NGC 4321 . 9.79 + 0.11
+ 0.11

NGC 4303 -~ . 9.85
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Table 32. Holmberg system magnitudés of the brightest
Virgo cluster galaxies with three different
correction schemes.

. Correction Scheme

Galaxy c o Holmberg ' HBEV S+T *

NGC 4569 9.60 + 0.13- 9.79 + 0.13 9.66 + 0.13
NGC 4321 = 10.01-+ 0.07:.10.06 + 0.07 - 10.04 + 0.07-
NGC 4303 9.82 + 0.06. 9.96 + 0.06 ~ 9.98 + 0.06

—-— et e

* Sandage and Tammann - (1976b)

'Table 33. Logarithms of corrected RC2 system diameters of
. the smallest Virgo cluster galaxies. :

—— — e . — —

Source of the Milky Way correction

" Galaxy ‘ ~ © RC2 ; RSA
NGC 4299 o - 1,25 + 0.04 1.23.+.0.04
NGC 4234 - - . 1.12 £ 0.04 - - - 1.10 +0.04
NGC 4630 - . - 1.21 + 0.04, 1.20 + 0.04
NGC 4633 " - 1.25 + 0.04 - 1.24 + 0.04
"IC 3258 o 1.21 + 0.05 : 1.20 + 0.05
. IC 3521 , 1.06 £ 0.05 1.04 + 0.05
" IC 3665 ' 1.01.+ 0.05 - 1.00 + 0.05
. IC 3073 . : 7 1.03 + 0.05 1.01 £+ 0.05

Mt At s S et et e, . et ) . S, S k. et e ] Al et ], ] ek Sl . ], . . ] . s A . . i S

—




171

Table 34. Corrected magnitudes in the B system of the RC2

for the faintest Virgo cluster galaxies.

Source of the Milky Way correction

Galaxy rRC2 - . RSA -

NGC 42995 _ " 12.56.+ 0.12 12.84 + 0.12
NGC 4234 a : 13.15 % 0.10 - .13.35 £ 0.10
NGC 4630 . 12.84 + 0.20° . 13.04 + 0.20 ,
NGC 4633 - 13.33 + 0.11 13.52 + 0.11 .
~ IC 3258 13.52 + 0.14 - 13.71 + 0.14

IC 3521 , . 13.69 + 0.13 13.88 + 0.13

IC 3665 ‘ - 14.53 £ 0.20 = - 14.72 £ .0.20

bl + 0.20

0.20 " 14.87

IC 3073 © . 14.68

Table 35. Lower limits to the distance modulus of the
largest and brightest Virgo cluster galaxies
the RC2 system with A = 0, as in the RSA.

in

 Comparison
Galaxy Diameters Magnitudes
NGC 4569 - 30.49 % 0.25 ' 30.48 + 0.19 -
NGC 4321 = . : 30.88 + 0.24 . 30.56".+ 0.18 -
'NGC 4303 : T ——— - 30.68 + 0.18
NGC 4517 . - 30.83 + 0.33 - —-—

NGC 4192 ' "~ 30.69 £ 0.28 - —
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Table 36. Lower limits to the distance modulus of the
largest and brightest Virgo cluster galaxies in
the RC2 system with Milky Way corrections from
Burstein and Heiles (1984).

Comparison
Galaxy ~ Diameters o - Magnitudes
NGC 4569 30.40 + 0.25 30.31 + 0.19
NGC 4321 30.82 + 0.24 30.43 + 0.18
NGC 4303 ' ' —_ 30.58 + 0.18
" NGC 4517 "30.76 + 0.33 ———
NGC 4192 , 30.57 + 0.28 ——

Table 37. Upper limits to .the distance modulus of the
smallest, faintest Virgo .cluster galaxies in the
RC2 system with A = 0,.as in the RSA. C

Comparison
Galaxy Diameters Magnitudes
NGC 4299 31.87:+ 0.23 31.25 + 0.16
NGC 4234 32,51 + 0.25 31.76 + 0.14
NGC 4630 32.04 + 0.23 31.45 £+ 0.22
NGC 4633 31.85 + 0.25 31.93 + 0.15
IC 3258 32.04 + 0.29° 32.12 + 0.17
IC 3521 . 32.83 + 0.29 32.39 £+ 0.16
IC 3665 - .33.05 £ 0.29 33.13 + 0.23
IC 3073 32.99 + 0.29 33.28 + 0.23

Table 38. Lower limits to the distance modulus of the
brightest Virgo cluster galaxies in the B system

of the RSA,
Assumed M31 distance modulus
Galaxy - o 3.13 . 2.71
NGC 4569 - 30.36.% 0.37 . 30.78 # 0.37
NGC 4321 30.76 + 0.31 31.18 + 0.31
NGC 4303 . 30.83 + 0.31 31.25 + 0.31
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Table 39. Lower limits to the distance modulus of the
brightest Virgo cluster galax1es in the Holmberg

magnitude systyem.

- Corrections
Galaxy ' ‘Holmberg™ - . HHV S+T *
NGC 4569 30.41.+ 0.21 : 30.55 + 0.21 30.13 + 0.2
NGC 4321 30.82 + 0.18 - 30.82 + 0.18 30.51 + 0.18
NGC 4303 30.63.+ 0.18 . 30 72 +# 0.18 ° 30.45 +

0.18 .

' * Sandage and Tammann (1976b)

Table 40. Lower llmlts'to>the distance modulus of the
: largest Virgo cluster galax1es in the Holmberg
dlameter system.

Source of the .diameter of M31

Galaxy . ‘ Holmberg = de Vaucouleurs
NGC 4569 | 30.35 + 0.51  30.61 % 0.50
NGC 4321 | 30.50 + 0.48 30.76 + 0.48
NGC 4517 30.34 % 0.50 30.60 + 0.50

£ 0.52 30.82 + 0.50

 NGC 4192 30.56
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