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" ABSTRACT

This paper presents the results of an mvest1ga‘b10n of 174 physma,l groups of galaxies, most of
them presumably comparable to the Milky Way and M31 groups (=Local Group), and the M81
group. The groups selected are centered-on prominent-spiral galames for which the. distance moduh
can be estimated. The survey work has been based on the Palomar Sky Atlas, the prints being
evaluated down to the practical limit, as regards galaxies; the ln:mtmg diameter of the group mem-
bers is 0.6 kpc, and the limiting absolute pg magnitude about —10. 6 'On account of the Iarge dis-
turbances from the background—foreground flelds it has been necessary to restrict the survey to
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circular areas with a radius of 50 kpc around the central sp\iralk galaxies. Areas of this size probg.
bly include about 30 % of all the satellites. A summary of the obServational datais given in Table 7.
- Inthe case of spiral galaxies with an edgewise orientation, the physical satellites have a peculigy
distribution; most of them are found along the elongation of the minor axis, and they thus seep -
to favor high local latitudes (sect. 7). The number of satellites seems to be larger for spirals with
exceptionally blue nuclei (such nuclei often appear to be abnormal) a,nd for spirals with large hy:
drogen masses (sect. 8-9). The results favor the hypothesis that the satellites are produced by mattey
" ejected from the nuclear regions of the spiral systerms. The statistical evidence is however not .
conclusive. s i ; R R A o
The distribution of the log. abs. diameters of all the members of the physical groups can be
transformed intoa distribution of abs. ;ma‘,g’n'itudes by means of the correla,tion diagram of Fig. 9
Luminosity functions have been determined for the E-So-Ir and Sa-Sb-Sc groups separately
The curves of Figs. 8 and 10 are based on a total of about 370 galaxies, and extend from M -
—10.6 to M = —22. The log. distribution referring to the E-So-Ir grdup is a sti'aight line with an*
inclination of 0.2; the Sa—Sb—Sc spirals can be represented by a normal error-curve, extending’
from M = — 15 to M = — 22. The results are supported by luminosity curves derived. from redshift;
The smothed-out space density of galaxies (outside the big clusters) has been determinéd from
] 'magnitudes, diameters, and redshifts; thé result is 0.17 per Mpc® (M < —15.0). Reasonable ag..
* sumptions, as regards the mass/lum. ratios for different types of galaxies, lead to a mass densit
of 2.5-10731 gr/em?®. The statistical distributidn' of the log. masses, referring to the members o
the physical groups, is reproduced in Fig. 12. The distribution covers an interval of log. mass’

(solar units) from 8 to 12.
~ Chapter 1. Introduction |
1. Groups of galaxies

Tt seems to be a recognized fact that a considerable number of the galaxies in th
general field (in this paper the term “‘general field”” will be used to designate the spac
outside the big clusters) are not isolated objects but rather members of groups. Eve
a superficial examination reveals that some of the nearby giant spiral systems ar
surrounded by clouds of smaller and larger satellites. A detailed study of such physi
cal groups would be of great importance, since it could furnish valuable informatio
about a galaxian population in a given volume of space, especially as regards the sta
tistical distributions of absolute characteristics, such as luminosities, diameters, and
masses. If the group members form a representative sample of all general field galax-
ies, the results would be of universal significance. It may not be necessary to poin
out that information of this type is very hard, if not impossible, to obtain for low-lum
nosity galaxies by other methods, on account of the difficulty in determining indi
vidual distances. In the case of a physical group the central dominant galaxy serves a
a distance indicator. ’ SO e S |

In a previous investigation the writer (1950) has presented some results referring
to groups of galaxies. The distribution curves derived for absolute luminosities and
diameters were of a very preliminary nature, since they referred: only to members
of the Local Group, the M81 group, and the M 101 group. ' '

The present paper gives theresultsof astudy of physical companions belonging to 174,
* more or less nearby, prominent spiral galaxies. The investigation is based on plate
. previously taken with the Mount Wilson 60-inch and 100-inch telescopes (cf. Holmber
1958, 1964); and on the prints of the National Geographic Society—Palomar Observa

- tory Sky Atlas, the latter being evaluated down to the practical limit, as regards ga.
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axies. From an examination of over 3000 galaxies in circular survey areas around the
spiral systems and in nearby comparison areas, a total of 274 physical companions has
been picked out. A summary of the material is presented in Tables 2 and 7. As will
be shown in the following sections, the analysis leads to a series of interesting results,
for instance, concerning the number of satellites, as related to different properties of
the central spiral system, and as regards the Iuminosity functions of different types
of galaxies. '

As regards the important question whether the group members form a represen-
tive sample of all general field galaxies, it may be stated here that the results ob.-
tained seem to give an affirmative answer. In the present material there are 53 spiral
systems above gal. lat. +30° out to an absolute distance modulus of 30.0, which have
altogether 82 physical companions with absolute pg magnitudes brighter than M =
—15.0 (the observed number out to a separation of 50 kpc has been multiplied by
3.3; cf. the next section). On the other hand, the smoothed-out space density of gal-
axies brighter than M = —15.0 is about 0.17 per Mpe3 (cf. sect. 14-15), which in the
volume considered leads to a total number of approximately 180. Thus, over 70 % of
all galaxies can be referred to the groups. Since the present investigation does not claim
to be complete, it seems likely that the great majority of galaxies in the general field
are members of physical groups of the type studied here. The conclusion is that the
present material approximates to a random sample.

At this point some data will be presented for the three nearest and best-known
groups of galaxies: the Milky Way group, the M 31 group, and the M81 group. These
physical groups, which in all respects appear to be comparable to the groups studied
in the present paper, will later on be referred to for comparison. There coes not seem
to be any doubt that the Local Group is really two associations that happen to be lo-

- cated rather close together: one group around each of the two giant spiral galaxies

(there may be some uncertainty as to the status of the two Ir I systems IC 1613 and
Wolf-Lundmark-Melotte, which are exceptionally distant both from the Milky Way
and from{ M31). The distances listed in Table 1 have been. taken from the very de-
tailed study of the Local Group by van den Bergh (1968), which is also the source for
the absolute magnitudes and masses of SMC and LMC; the Capricornus system, not
listed by van den Bergh, has been assumed to be at a distance <250 kpc on account
of the high resolution. The remaining data are from my previous works (1958,
1964); the log. masses in brackets have been derived from absolute luminosities and
integrated ‘color indices by a relation given in the last-mentioned paper. The M 81
group has been studied previously (Holmberg 1950). A new addition is Ho IX, a
highly resolved Ir I system very close to M81 at x=9"5375, § = +69° 16" (1950); the

- total pg magnitude has been measured on a Mount Wilson 60-inch plate.

Table 1 probably includes all group members outside the galactic absorption belt
that are brighter than M = —13.5; those objects for which information on M is not
listed (app. magnitude not accurately known) are all fainter than this limit. Tt may be
noted that down to an absolute magnitude of M = —9 the three groups probably have
more than 100 members (cf. the luminosity function derived in sect. 12). In spite of
the incompleteness, the material available permits certain conclusions. We find that
seven out of 22 members (IC 1613 and WLM not included) have separations from the
central galaxy of less than 50 kpe; for the Milky Way group the separation is assumed
to be equal to the distance multiplied by /4, which is the average projection factor for
a random orientation of the distance vectors. The arithmetical mean of the separations
(21 members) amounts to 111 kpe, whereas the maximum separation is about 400 kpe.
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Table 1. Data for members of the Local Group (=MW group +M31 group) and the -
MS81 group.

Columns 2-6 give the number according to de Vaucouleurs et al. (1964), the adopted distanoe,i
the separation from the central galaxy, the abs. pg magnitude, and the log. mass (solar units),

Designation Ref. Cat. Distance Separation M log A

Milky Way group

Milky Way — 11.1

NGC 6822 465 kpe  — —15.3 9.1

SMC A 51 60 — —16.2 9.2

Sculptor_ A 58 84 — — —
Fornax A 237 188 — — —
LMC A 524 50 — —17.6 9.8

Leo I A 1006 220 — —10.8 : —_
Leo II A 1111 220 — — 9.1 —

Draco A 1719 67 — — —_
Capricornus A 2144 - < 250 — C— —
Ursa Minor — 67 — — —

M31 group .

NGC 224 690 kpe —20.4 11.5

NGC 147 690 89 kpc —14.2 (9.0)
NGC 185 690 85 —14.5 (9.2)
NGC 205 690 7 —15.9 (9.4)
NGC 221 ’ - 690 5 —15.7 9.6
NGC 598 © 690 180 —18.4 10.6
IC 1613 740 > 500 —14.5 8.6
WLM A 2359 760 > 500 —13.5 (7.6)
ME1 group

NGC 3031 2900 kpe —19.8 11.2

NGC 2976 2900 71 kpe —17.0 (9.7)
NGC 3034 2900 32 —18.5 (10.7)
NGC 3077 2900 40 —17.1 (9.9)
IC 2574 2900 155 —16.8 (8.9)
Hol A 936 2900 125 —14.4 (7.9)
Ho IT A 814 2900 425 —16.6 (8.9)
Ho IX - 2900 9 —13.5 (7.6)

2. Statistical approach to a study of physical groups

In a previous paper (Holmberg 1940) the writer has used a special procedure, some-
what different from the method to be applied in thisinvestigation, to study the group- -
ing tendencies among galaxies. The analysis led to a statistical separation of physi-
cal and optical companions; the groups were revealed as they actually exist in space.
In circular areas around presumptive central galaxies from the Shapley-Ames cata-
logue (1932) physical and optical companions were picked up, the material being
supplied by the General Catalogue, as revised by Reinmuth (1926). If the radius of
the survey areas is large enough, the statistical distribution of the observed separa-
tions can be dissected into two parts: one distribution corresponding to the back-
ground—foreground field and another referring to physical companions.

Yave)
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Fig. 1. Statistical distributions of separations, based on redshift distances, of physical and opti-
: ~ cal companions to 111 Shapley—Ames galaxies. S

- For Sh—A galaxies with m =12.1-13.0 it was found that the mean separation of the

latter companions amounts to 15" and the maximum separation to about 50"

By means of the redshifts available it is now possible to calibrate these results. The
‘Reference Catalogue by de Vaucouleurs et al. (1964) and a subsequent list by the same
authors (1967) give redshifts for 290 Sh—A galaxies with m =12.1-13.0 (Virgo cluster
area omitted); the mean redshift as reduced to the galactic center is 2150 km/sec.
- With a Hubble parameter H =80 km/sec. per Mpe, the above mean separation corre--
- sponds to 118 kpe, and the maximum separation to about 400 kpe. Furthermore, 28 %
- of the physical companions have separations from the central galaxy of less than 50

kpe. Ve | S e e L

For the sake of completeness, the analysis will be repeated by using individual distan-
ces o the central galaxies, as derived from the redshifts. In the case of Sh—A galaxies -
 with m<13.0, gal. lat.> +30°, and 6> —20° (the limits of the previous material) red-
- shifts above 1490 km/sec are available from the above sources for 111 objects out-
side the Virgo cluster area. In order to get a radius of the survey areas of at least 650
- kpe, corresponding to the radius of 2° used in the previous analysis, it has been neces-
sary to adopt this rather high redshift limit; the value of the redshift as a distance
indicator is however improved. The resulting distributions of the separations of physi-
cal and optical companions in the 111 survey areas are shown in Fig: 1. The latter
distribution is represented by a straight line, the inclination of which is based on the
frequencies in the outer parts of the survey areas. The histogram refers to the physical
companions, their total number amounting to 83. We find a mean separation for the
latter of 110 kpc and a maximum separation of about 300 kpe; the relative number
of physical companions with separations of less than 50 kpe is 30 %. e -

- The above results have been given in some detail on accotint of their importance -
as a background to.the subsequent analysis. To summarize, we have found mean sepa-
rations of physical companions from the central galaxy of 111, 118, and 110 kpe, re-
-~ spectively, and maximum separations of 300-400 kpc; the relative frequency of com-
panions with separations of less than 50 kpe amounts;, on an average, to 30%. It
should be kept in mind that these results are of an empirical nature; the only assump-

tion involved refers to the value adopted for the Hubble parameter.
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The results found here, as well as the results of the following sections, are in dis- P
agreement with those derived by Zonn (1968) from a study of double galaxies on the - :
Palomar Sky Atlas. The reason may be the rather complicated procedure used by “
Zonn and its dependence on a number of assumptions. On the other hand, the re.
sults agree with the conclusions by Swjagina (1966), also based on the Sky Atlas,
that dwarf satellites accompany over 50 % of all galaxies. ’

Chapter II. Observation program
3. Practical difficulties ,:iny the survey work: :

The most serious difficulty encountered in studies of satellites is the problem of
separating the physical companions from the optical ones, that is, from the back-
ground-foreground field. A decrease in the limiting magnitude by one magnitude class
. will incréase the number of optical companions by a factor of 4, as will also a doub-
- ling of the radius of the survey area. In the analysis reported in the preceding sec-
_ tion the difficulty was not of a serious nature on acecount of the rather bright limiting
magnitude. The problem will be of another order of size when we try to pick out all
dwarf satellites on the Palomar Sky Atlas. On account of the tremendous number of
galaxies down to the limit of the Atlas, it is quite impossible to use the same type of
survey area, with a radius that is considerably larger than the maximum separation.
of the satellites. In order to reduce the ratio of optical to physical companions, we
have to be satisfied with rather small fields, including only those satellites that are
comparatively close to the central galaxy. In the present work the practical limit has;
as will be demonstrated later, been found to be survey areas with a radius of 50 kpe.:
According to the preceding section, areas of this size will include about 30 % of the
_ total number of satellites. Still, the number of optical companions is in some cases
uncomfortably large. ‘ ; L \_

In order to determine empirically the number of optical companions, it is neces-,
sary with the above procedure to introduce comparison areas located at suitable dis-.
tances from the survey area. With two fields, one on each side of the survey area;
‘possible gradients in the distribution of galaxies are largely eliminated. If the three
areas are of the same size, and if the galaxies are registered in exactly the same way,:
we ought to get & reliable measure, at leastin a statistical sense, of the size of the back-.
ground—foreground population. R R T i

Tt may be remarked that the successful separation of physical from optical com-
panions ultimately depends on the difference in space density between the two groups.
The final analysis of 160 satellite systems leads to a mean space density of satellites
(in the volumes corresponding to survey areas with a radius of 50 kpc) of about 100
per Mpc?, whereas the smoothed-out density in the general field amounts to only
© 0.17 per Mpc3 (cf. sect. 14-15; for practical reasons, the densities refer to galaxies
brighter than M = —15.0). There is thus a difference in density by a factor of about 600
For comparison, it may be noted that the Virgo cluster has a space density of about
20 per Mpe?® (cf. sect. 13). R S |

Anothier problem to be discussed is whether it is possible toidentify on the Sky Atlas
prints distant dwarf galaxies of low surface luminosity, objects that are comparable
to some of the fainter members of the Local Group. The present survey is supposed
to include dwarf satellites down to an absolute pg magnitude of about —10.6 (abs-
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dist. mod. <30.0) or down to —11.8 (mod.<31.2), which with a galactic absorption
of 0.3 magn. would mean a limiting apparent magnitude <19.7. At the largest dis- -
tances, the smallest dwarfs are found to have major diameters of about 0’2, as meas-
- ured on the blue prints, or about 0:3, as reduced to the photometric diameter scale
. of Holmberg (1958). Practical experience shows that it is indeed feasible to pick up
_ dwarf galaxies down to these limits.-The reasons are (@) that the reproduction of the
- original Sky Atlas plates was aimed at preserving the faintest details at the limit of the
plates (cf. Minkowski and Abell 1963), and (b) that the surface brightness of a galaxy
is independent of the distance. The surface magnitude of the faintest dwarfs would in :
fact be more or less comparable to that of the Leo I system in the Local Group (cf.
Table 1), which is a fairly outstanding object on the Sky Atlas prints. Even at a great
distance, a system of this type would be readily recognizable if looked for in a very
small survey area and studied through an eyepiece of adequate magnification.

It is interesting to find that it is possible to get valuable information on the dwarf
satellites around distant spiral galaxies but very difficult, if at all possible, to make
up a list of dwarf systems of the same absolute luminosity in the Local Group. The -
nearby dwarfs ought to be clearly visible on the Sky Atlas prints, but their distances
are difficult to estimate (cf. van den Bergh 1966); the local systems cannot be separa-
ted from more distant galaxies. The position of the observer inside the Local Group
is in this case a disadvantage. e

A final question is, what kind of information can be acquired about the individual

. galaxies in thesurveyareas. Magnitudes would be of great value but cannot be measured
for the faintest dwarf systems with present observational technique. Attempts to es-
timate magnitudes from the Sky Atlas prints would involve a great deal of work and
would undoubtedly yield results of low accuracy. The diameters of the galaxies can,
on the other hand, be readily measured down to about 0'2. The morphological types.
can usually be estimated for the medium-sized and large galaxies. It will be shown that

~ even information that is limited to diameters and types may be sufficient to obtain

- interesting results. ' S AT : f ‘

4. Observation procedure

- The survey work refers to altogether 174 spiral galaxies of types So—Sa~Sb—Sc, both
normal and barred spirals. The material comprises all systems of these types in my
-catalogue (Holmberg 1958) that have major diameters >5'0 (and distance moduli be- -
low certain limits). In order to get a more complete material, 38 galaxies with diame-

- ters above 5.0 have been added from the Reference Catalogue by de Vaucouleurs e
al. (1964; the diameters of this cat. have been reduced to the Holmberg diameter -

scale). ' . i SRR e e e T , ;

- With respect to the following analyses it seemed advisable to divide the spiral sys- -
tems into three different classes, 4, Band €. = ' e ‘

- Class A. Systems with an edgewise orientation (app. diam. ratio <0.53) that are not
seriously disturbed by nearby large galaxies. S S
Class B. Systems with a face-on orientation (app. diam. ratio>0.53) that are not .
seriously disturbed by nearby large galaxies. G :
.. Class C. Systems that may be disturbed by nearby large galaxies. , :
In the writer’s diameter system, a diameter ratio of 0.53 corresponds to an inclina-
tion of the principal plane to the line of sight of about 30°. As regards the disturbance
from another galaxy, we have to consider not only the gravitational action on the sat-
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ellites of the primary galaxy but also a p0s31ble mix-up of the satellites belonging to
- the two systems. In an attempt to pick out spirals that are not seriously disturbed, -
we have tried to apply the following working rule, based on the separation of the
second galaxy from the primary system, as compared to the radius, 7, of the survey :
area. Separation >2r: no disturbance; r <sep.<2r: no disturbance if the estimated
mass of the sécond galaxy is less than one-fifth of the mass of the primary system; -
sep. <r: no disturbance if the mass is less than one- twenty—fﬁth The masses are esti-
mated from the luminosities and morphologleal types (or integrated colors). Following -
this rule, the number of spiral systems in the classes A, Band C are found to be 62, :
" 64 and 48, respectively. e

The distance moduli of the splra,l galames have been taken from the writer’ S cata-
logue (1964), which lists absolute moduli, as derived from both photometric data and -
redshifts (H =80); the arithmetical mean has been accepted (for four objects the mod-
uli have been revised). In the case of the 38 galaxies from the Reference Catalogue,
the distances are based only on the redshifts (all redshifts larger than 500 km/sec).
As a limiting distance modulus we have adopted 31.2 for spirals with an edgewise
orientation, and 30.9 for the rem&mmg systems. The difference is due to the fact that-
the disturbance from optical companions is less pronounced for the former group, -
the physical companions apparently being confined to a p051t10n-angle interval of
30°-90° (cf sect. 7). It may be noted that the number of optlcal compamons in a sur-
vey area is, on an average, proportional to the distance.

The adopted absolute distance moduli, and the classes to which the galaxies have :
‘been assigned, are listed in Table 7. :

It should be pointed out that the material mcludes some splral systems from the -
Virgo cluster. As regards number of satellites, these spirals seem to be comparable to -
galames in the general field. The number of optical companions, as found from the
comparison areas, also seems to be the same, which is explained by the fact that the
great majority of the background objects are located far behind the cluster. - 1

For the circular survey areas around the selected spirals we have, as was explained -
in the preceding section, chosen a radius of 50 kpc. The apparent radius ranges
from 251’ (NGC 224) to 99 (dist. mod. =31. 2) The two comparison areas, of the same
size, have been placed at standard distances of 100 mm east and west of the survey -
area, the distances being measured parallel to the ‘edges of the Sky Atlas prmts
For some nearby galames with very large survey areas the distances have been in-
creased to 4200 mm; in the few cases in which a comparison area happens to include
‘a prominent galaxy, it has also been moved to twice the distance. For NGC 224 and
598, which for the sake of completeness have been included in the material, no com-
parison areas have been used, the number of optlcal compamons in these cases pre-
sumably being =0.

Although the actual survey Work on the Sky Atlas is based on the 103a-0 prmts :
a careful comparison has always been made between the blue and the red prints; the
standing rule has been that no object is to be included unless it is recognizable as a
galaxy on both prints. The work has been performed with an eyepiece having a magni-
fication of 10 times, and equ1pped Wlth & pre<31s1on soale d1v1ded mto 0. 1 mm inter- -
vals. :

The first part of the work was aimed a,t plckmg up aﬂ galames in the survey areas. -
and the comparison areas that have major diameters>1.0 kpc (as referred to the dis-
tance adopted for the central spiral system). For a few very distant spirals this corre- :
‘sponds to an apparent dla,meter as sma]l as O 20; 0on an average ‘the hm1tmg diameter .
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is 0744. For all galames above this hm1t the major diameters have been. measured
In the survey areas the polar co-ordinates have also been determined, that is, the se-
paration of the object from the central system and the position angle as measured
~ from the direction of the major axis of the system. Attempts to estimate the mor-
phological types have been successful only for galaxies larger than about 1.0, and
then only by a careful comparison of the blue and red atlas prints. e ’
In the second part of the work, an attempt was made to extend the survey down to
a limiting diameter of 0.61 kpc. Although the disturbance by the background—fore-
- ground field now becomes rather serious, it was found possible to do this for spiral
systems with distance moduli <30.0. The limiting apparent- diameter is in this case
" about the same as above or 0°21. The results of the second part will be ased only to
determine the statlstlcal dlstﬂbutlon of the absolute dmmeters of galames (cf. sect.

10).

5. Results

Some data referring to the number of survey flelds and the number of galames exam-
ined, are summarized in Table 2. In the survey areas there are altogether 1273
galaxies with diameters larger than the above limits, and in the comparison’areas 2084.
The entire material thus comprises 3357 galaxies dlstrlbuted over 518 fields.-
Fig. 2 gives the statistical distribution of the 174 survey areas, the areas being
‘ grouped according to the number of galaxies (diameter >1.0 kpc). The number of
companions, physical and optical, of the central spiral galaxies ranges from 0 to 13.
The smooth curve represents the Poisson distribution corresponding to the same total
number and the same arithmetical mean. As expected, the observed frequencles de-
‘viate from a random distribution. In order to reduce possible disturbances by distant
clusters that may fall within the boundaries of the survey areas, it seemed advisable
to exclude the 14 most populous areas—those with more than eight objects, or double
the average number. The following analyses will be based on the 160 survey areas’
that have a maximum of elght galaxies. For the same reason, and as a compensation,
~ the 28 most populous comparison areas have also been omitted. In: the second part
- of the survey, down to a diameter of 0.61 kpe, we have excluded two additional sur-
vey areas with more than 15 galaxies, and the four most populous eompanson areas.
The number of physical companions to the central spiral system in a survey area
is, in a statistical sense, represented by the difference between the number of galaxies
in this area and half the total number in the two oomparlson areas However the cen-

Table 2. Summary of obserVatiohal 'da‘;ta,.

Class 4 ; Class B . Class G ‘ Al
Number of survey areas ‘ 62. 64 AR Co17e
(number of galaxies) * (436) E ; (441) S (396) ! (1273)
Number of comp. areas 122 , 126 ' 96 344
(number of galaxies) (760) A702) (622’) E (2084)
| 518

- (3357)
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Fig. 2. Sta.tlstlca,l distribution of 174 survey areas conta.mmg different number of galaxies. The
: ' smooth curve is the correspondmg Poxsson dlstnbutlon E

tral systems with a mean major dla,meter of 27 kpe, sereen off parts of the survey_
areas, about 3 % (class 4) and 5% (class .B). The comparison number is accordingly
\mul‘aphed by 0.97 and 0.95, respectively (since for spirals of class 4 the physical com-
panions are confined to position angles of 30°-90°, the factor will in reality be 0.65).
For class C, comprlsmg spiral systems of different inclinations which sometimes have
large companions within the survey areas, the average. factor is 0.95. It has been -
found that the accuracy is improved if the individual comparison number is replaced
by the mean number derived from all the comparison areas as a function of the dis-
tance, the accidental fluctuations being reduced. The results listed in Table 7, as re- -
gards the number of physical companions (diam. >1.0 kpc), are based on these"
smoothed-out comparison numbers. The values of N, range from —2 to +7, the
estimated mean error of an inMvidual number being a,bout 1.2. It should be remarked
here that the statistical distribution derived later for position angles, separations, and
- absolute diameters are based on the total number of optlcal oompamons correspond--
" .ing to all the comparlson areas. o .
There does not seem to be any systematic dependence of t‘qe tabulated NV,;, on the. -
galactic latitude, which may indicate that the surface-brightness gradients in the
outer parts of the satellites are so steep that the measured diameters are not seriously
affected by galactic absorption. On the other hand, the results obtained in the extend- -
ed survey (diam.=0.6-0.9 kpe) indicate a certain latitude effect, probably explained
by the somewhat lower surface magnitude of these small satellites. For this reason,
spiral systems with galactic latitudes below 29° (NGC 891, 925,1023, 1560, 2835, 7640)
‘will not be included when the results of the extended survey are used in the deter- :
mination of the distribution of absolute diameters (sect. 10). , '_
It was stated above that survey areas with more than eight galaxies (dmm >1.0
kpc) have been excluded, in order to reduce poss1b1e disturbances by background clus-
ters. It is possible to make a check on the remaining part of the material by means of -
‘the charts of the distribution of distant clusters given in the catalogues by Zwicky
et al. (1961, 1963, 1965, 1966, 1968). From the charts we estimate the fraction, f, of
. each survey area that is pro;]ected on. & background cluster. If only clusters of a lim-
ited size are included, the very extended clouds being omitted, we find that f=0 for
~ about half the number of survey areas; on an average, f amounts to 0.22. It is not -
~ possible to establish a statlstlca]ly mgnﬁlcant relation between N ohus and f the coeffi
01ent of correlatlon bemg as sma]l as —[—0 10 —I—O 10 (m e. ) e i
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For a reliable determination of the distribution of absolute diameters for galaxies
in the physical groups it is important that the apparent diameter measures form a
homogeneous system, that is, that the diameters are free from systematic errors that
are a function of the diameter or of the distance modulus. All the diameters have been
measured by the writer using the same eyepiece and taking care that the observing
conditions were the same, for instance, as regards the illumination of the Atlas
prints. A great part of the work has been repeated, with no indication of any serious
changes in the diameter measures. The homogeneity is supported by the fact that
Nopnys, as listed in Table 7, shows no systematic dependence on the adopted distance
modulus. Furthermore, an examination of the statistical distribution of the diameters
of the galaxies in all the comparison areas shows that this distribution is compatible
with the assumption of a constant space density of galaxies (cf. sect. 14). There is only
a slight decrease in the number of galaxies with diameters less than 0’35, which may
be explained as a redshift effect in the diameters, since most of these small galaxies
are at estimated distances of the order of 100-200 Mpc. It should be noted here
that the diameters of the small physical satellites of the spiral systems do not suffer
from any redshift effect; whereas most of the background objects are glant galaxies
at very large distances, the satellites are dwarf systems with an average distance

modulus of about 30.0.

6. Colors of nuclei of spiral galaxies

In view of the current discussion on the possibility of explosive events in the nu-
clear parts of spiral systems, resulting in the ejection of matter, it seemed Important
to look for indications in this direction in the analysis of the present material. Since
calibrated pg and pv plates are available for most of the spiral galaxies of Table 7,
we may as a starting-point try to collect some information regarding the nuclei of
these systems. On account of the difficulty of defining the extension of a nucleus,
no attempts will be made to determine apparent diameter or magnitude. The color
index of the central part of the nucleus can however be easily measured.

Nuclear colors have been determined for altogether 172 spiral galaxies listed in my
previous catalogue (Holmberg 1958). As a rule, 2 pg and 2 pv plates are available,
taken with the Mount Wilson 60-inch or 100-inch telescope; the plates are calibrated
by extrafocal exposures of stars. A number of galaxies could not be included, due to
the fact that the nucleus is wholly or partly covered by absorption lanes; in a few
cases, the central part of the nucleus is over-exposed. The measurements refer to a
central cross-section along the minor axis of each galaxy, the derived color index being
a mean result, corresponding to three points on either side of the center of the nucleus
at distances of 2" 14" and 4-6''; in the case of large nuclei, the distances have
been increased to 4", 6" and 8”. The colors have been corrected for selective galactic
absorption by means of a relation derived by the writer in the above-mentioned paper,
and for redshift effect (—0™015 per 10% km/sec); the latter correction is in the present
cagse rather small. The mean error of a final color index (2+2 plates) amounts to
07045, as found from the internal agreement.

The nuclear part of a spiral system is apparently free from absorbing matter, the
color index showing no systematic dependence on the apparent diameter ratio as long
as this ratio is larger than 0.52, corresponding to an inclination of about 30° of the
principal plane to the line of sight (absorbing matter could however be present, if
it is assumed to have a spherical distribution). For diameter ratios smaller than 0.52

Gt
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Table 3. Mean pg-—pv colo'rAindiees, corrected for galactic absorption and redshift -
effect, for the nuclei of spiral galaxies of different types.

Type  Number 0 " Disp.
Sc+ ‘ 21 ‘ » + 0™ 38 07093
Se— 45 0.62 - - 0.108
Sb+ : 21 0.74 : 0.093
Sb — Sa, 20 0.76 - E 0.092
So - 19 0.77 - 0.064

the color index increases, indicating that the nuclear part, although no absorptionlanes
are visible across the nucleus, is being covered by obscuring matter located in the
outer parts of the system. :

Table 3 gives the mean pg—pv colors for different types of galaxies, and the dis-
persions of the individual values around the means; the results are based on galaxies
with diameter ratios larger than 0.52. As the type changes from Sc+ to So, the color -
'index gradually increases from +0738 to +0™77; the latter color happens to be the
same as the mean integrated color prewously derived by the writer (1958) for ellip-
tical galaxies. _

In Table 7 the nuclear color excess, ACy, or the difference between observed color -
and mean color, as given in Table 3, is listed for 110 galaxies. For those objects that
have diameter ratios <0.52, a correction for internal absorption (as derived from the
material) has been applied; in a few exceptional cases thls correction may be as large
as —O0715. 8

It is naturally of the greatest interest to study the nuclear colors in those cases
in which the spectrum indicates an unusual activity in the nuclear region or in which
the nucleus in other ways appears to be peculiar.. Unfortunately, the present material
includes only two Seyfert galaxies, NGC 4051 and 4258; the‘y both have large nega-
tive color excesses, —0™11 and —0™09, respectively. From aninspection of the Hubble
plate collection, Sérsic and Pastorlza (1967) have selected 20 galaxies that appear to
have abnormal nuclei; it is a very interesting fact that the list comprises only barred
spirals. The present material includes eight of these galames their mean nuclear color
excess amounting to —0706. The presence of the emission line 43727 (0 II) in the
spectrum also seems to affect the nuclear color. When this line is present in measur-
able strength in the nuclear region, as indicated in the redshift catalogue by Humason
et al. (1956) the mean color excess is —0”‘03 when the line is not present the mean
excess is +0703.

In conclusion, it should be remarked that there is a fairly pronounced correlatlon
between the nuclear color index and the spectral class, as listed by Humason in the
redshift catalogue. In those cases in which the spectrograph slit has been put across
the nucleus, the spectral classification apparently refers to the nuclear part of the
galaxy. The. linear regression line gives a mean color index of 0744 for F0, 057 for
F5,0™70 for GO, and 0™82 for G5, the dispersion in the residuals being 07087. Thereis
also a correlation between the nuclear color excess, as defined here, and the devia-
tion of the observed spectrum from the mean spectral class corresponding to the mor-:
phologlcal type. The good agreement mdmates that the data, avallable on nuelear 001

ors and spectra form a cons1stent system.

316



, ‘AR:KIF'V FOR ASTRONOMI. Bd 5 nr 20

Flg 3. Combined distribution of 218 gala.x1es in 58 survey areas around splral systems of class 4

(edgemse orlentatlon) The elhpse shows the average size of the central system.

Chapter III AnalySIS of results e
7. Dzstnbutwns of posmon angles and sepamtwns

As stated above we have determmed for all the galames (dlam >1 O kpc) in the
survey areas the separation from the central splral system and the posﬂ;lon angle as
measured from the direction of the major axis of the system. It may be recollected
that 14 survey areas with more than elght galames have been excluded the remam—
ing material refers to 160 survey areas. e s S

The map in Fig. 3 gives the combined dlstrlbutlon over the survey area. (radlus ==
50 kpe) of 218 physical and optical companions belonging to the 58 spiral systems of
class 4 (edgemse orientation; no disturbance from the outs1de) The ellipse shows
the average size and shape of the central galaxy, whereas the straight lines represent -

~position angles of £30° An examination of the figure mdlcates ‘quite unexpectedly,
that the position-angle interval between —30° and +30° is ‘under- represented most
kof the companions being located in the remelmng part of the area. ‘ '
- The statistical distribution of the position. angles, as derived from the same mate-
‘rial, is reproduced in Fig. 4 (upper part); the frequen01es refer to 15° intervals of the
position angle @. The broken line represents the distribution - corresponding to the op-
tical companions alone, the position angles of which are assumed to be distributed -
at random. There are in all the: companson areas referring to the 58 class-4 systems"
a total of 300 galames, if this number is divided by 2 and multiplied by 0.97 (cf.
sect. 5), we arrive at 24.2 optlcal companions in eech pomtmn-angle class. The con-
~ clusion seems to be that all galaxies of the interval 0°-30° are optical companions,
the physical companions bemg concentrated in the interval 31°-90°. The total num-

ber of physical companions, in all about 74 is represented by tﬁ ar
:fu]l dlstrlbutmn curve and the breken lme B e
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40 ~

90° 80> 30" ¢ 0
Fig. 4. Statistical distributions of positioh‘anglés of 'compa,nions to spirals of class 4 (upper part
‘and spirals of class B (lower part). The broken lines refer to optical companions.

e

~ On account of the peculiar distribution in position angle, we have, in determining
the number of physical companions to individual spirals of class A (Table 7), included
only those companions that have position angles larger than 30°. The comparison num
~ ber referring to optical companions has been multiplied by 2/3-0.97 =0.65. :
The distribution .of the position angles of 219 physical and optical companions be-
longing to the 57 spiral systems of class B (face-on orientation; no disturbance from
the outside) is shown in the lower part of Fig. 4. Half the total number of optica
companions, as found in the comparison areas, is now maultiplied by 0.95 (cf. sect. 5);
the resulting number of optical companions per position angle class is 25.6. In this
case, the distribution referring to the physical companions deviates only to a small
extent from a random one. The total number of physical companions is about 65.
Since the excess of large position angles found for satellites belonging to spirals with
- an edgewise orientation may be an important feature, it would be of interest if it
could be confirmed by material from other sources. A possibility for a check is offer-
“ed by the catalogues of galaxies, presumably complete down to-m =15.5, published
by Zwicky and collaborators (1961, 1963; 1965, 1966, 1968). From these lists we have
picked out all galaxies of types So-Sa~Sbh—Sc outside the Virgo cluster area that have .
~ apparent magnitudes m <12.0 (types and magnitudes from Humason et al. 1956 and -
 Holmberg 1958), and apparent diameter ratios bja <0.50 (diameters and position an-
gles of major axes from Reinmuth 1926). In circular survey areas with a radius of 30
around these galaxies, in all 72 (areas with more than one galaxy brighter than m=
12.0 being.omitted), there are 140 companions listed in the catalogues. An examina-
tion shows that the number of companions with position angle @ larger than 30° is
' 3.4 times the number corresponding to ¢ =0°—30°. If the radius of the areas is re-
duced to 15’ the ratio is increased to 4.2. In both cases the number in the interval ¢ =
0°—30° closely agrees with the expected number of optical companions. Although the
limiting magnitude is rather bright, and the number of physical satellites correspond-
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Fig. 5. Statistical distributions of separations of physical companions (histogram) and optical com-
panions (broken line) from the central spiral systems. _ &

ingly small, this simplified analysis thus confirms the above result. It should be no-
ted that the analysis is based on an entirely different material.

The distribution of the position angles seems to indicate that nearby satellites of
spiral systems avoid local latitudes below 30°. It may be noted that the same distri-
bution is found for the satellites of the Milky Way and M31 (Table 1), the only ex-
ception being the very distant NGC 6822 (the M81 group is disturbed by the rather mas-
sive system M82). In the search for a possible explanation, it may first be pointed out

‘that the surfaces of equal gravitational potential around a flattened spiral system are
not spherical; it seems difficult, however, to estimate the resulting effect on the mo-
tions of the satellites. Secondly, many spirals are apparently surrounded by hydrogen
clouds, which in the principal planes of the galaxies may extend far beyond the optical -
boundaries. The friction produced by the gas is perhaps sufficient to retard the mo-
tions of nearby satellites in low latitudes. If the gas clouds contain absorbing matter,
which seems unlikely, some of the satellites may be obscured. On the other hand, the
satellites are distributed in the way we should expect, if they are formed by matter
ejected from the nuclear part of the spiral. In low latitudes, the ejection may be stopped
by the gas located in the main body of the system; this seems to be the case in M82.
The discussion on the origin of the satellites is continued in the next two sections.

- The separations measured for all the galaxies (diam.>1.0 kpe) in the survey areas
extend from a few kpe to 50 kpe. In Fig. 5, the histogram gives the statistical distri- -
bution of the separations of physical satellites from spiral systems of classes 4 and B;
the total number is about 139. The broken line represents the distribution of optical
companions, which is assumed to be a random one; according to the above analysis,
the total number of these companions is about 250. The former distribution is ob-
tained if the numbers COrresponding to the latter distribution are subtracted from
the total numbers in the survey areas referring to the different separation intervals.

It is quite apparent from the figure that it would not serve any useful purpose to

fry to extend the survey work to separations above 50 kpc. Whereas for small sepa-
rations the ratio of physical companions to all companions is quite favorable, itis re-
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duced in the interval 41-50 kpe to 31 %. For still larger separations the ratio would -
decrease rapidly, since the number of optical companions is steadily increasing; on the
 other hand, the distribution of physical companions may have a maximum at a sepa.
ration of 40-50 kpe, as is indicated by a comparison of Fig. 5 with Fig. 1. An exten. -
sion of the work to larger separations is possible only if the diameter limit adopted -
for the galaxies, in the present case 1.0 kpe, is increased.

It may be of interest to mention that a study of the present material does not in.
dicate any systematic dependence of the size of the satellites on the separation from -

the central galaxy. The separation interval is perhaps too limited to permit the de.
termination of a possible correlation of this type. A : o '

The analyses of this and the two following sections do nof;yinclude spirél systems of

class C {(disturbance from the outside), since the satellites of the primary galaxy may
be mixed up with satellites belonging to_other‘néa;rby' galaxies. DR

8. Number of sqtévllites_aﬁd .ﬁu'ckleaf"‘corloféf central galaxy

As was described in sect. 6, the nuclear pg—pv color indices have been determined
for the majority of the central spiral systems. The nuclear color excesses, as obtained
by subtracting the mean colors of Table 3, are listed in Table 7. The color excesses
range from —0723 to +0724. CEE R e o

It was found above that the nuclear color excess is negative in those cases in
which the spectrum or a direct inspection. of plates indicates an unusual activity in-
the nuclear region. On account of the possibility of explosive events in such nuclei,”
it seemed of interest to examine whether the number of physical satellites of a spiral
sysbem is in any way related to the nuclear color or to the nuclear color excess.

The upper part of Fig. 6 shows the dependence of N, as listed in Table 7, on the
nuclear eolor index. The plot refers to the spiral systems of classes A-B with known.
~colors, in all 72; the number of physical companions, ranging from —2 to +5, also.
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totals 72. A study of the figure shows, quite conclusively, that there is no indication
of any systematic variation in N, with 0. S

- Conditions are somewhat different, when N, is plotted against the nuclear color
excess ACy: a correlation seems to be indicated. About one-third of the spirals, those
with color excesses larger than +0™06, have a mean number of satellites equal to
0.0; for the remainder the mean number is +1.5. If two spirals with exceptional
color excesses are omitted, the coefficient of correlation amounts to —0.31 + 0.11.
Since the coefficient is almost three times the mean error, the result is supposedly
significant. The straight line represents the regression line.

It is naturally tempting to try to interpret this result as indicating that the satel-
lites have been formed from matter, presumably gas, ejected from the nuclear regions
of the spiral systems. It should however be pointed out that it is possible to deter-
mine the morphological types of satellites with diameters above 2.5 kpe, and that no
correlation exists between these types and the nuclear color excess of the central gal-
- axy; for all values of ACy there is a mixture of all types from E-So to Ir L. Even
without knowing anything about the process by which the gas may be condensed into
satellites, we would have expected such a correlation if the suggested Interpretation
were correct. The material at hand does not seem to offer any other possible expla-

nation. :

9. Number of satellites and mass of central galaxy

It seems natural to assume that the number of physical satellites must be a func-
tion of the size of the central galaxy or of some other parameter that is related to
the size. In this section, the dependence of N, on total mass, hydrogen mass, and
other absolute characteristics will be examined. : _

- The total mass, and the Hr mass, can be estimated from the absolute luminosity

and the integrated color index (or the morphological type); in the present case, cer-
tain relations previously derived by the writer (1964) have been used. For a number
of nearby galaxies direct observational results are available. The total masses for the
majority of the spiral systems of Table 7 have already been listed in the above-men-
tioned paper. For the 38 spirals included from the Reference Catalogue the apparent
magnitudes needed have been assembled from various sources, in the first place from
the catalogue by Humason et al. (1956). , . o

In the upper part of Fig. 7 the number of physical companions has been plotted
against the log. total mass (solar units), the material comprising 113 spiral systems
of classes A~B in Table 7 (two objects omitted on account of missing data). The log.
mass ranges from 8.7 (NGC 4236) to 12.1 (NGC 4594). Quite unexpectedly, the plot
does not indicate any correlation between the two parameters. The negative result
may possibly be due to the fact that the separations of the satellites are limited to 50
kpe. It seems possible that the more massive spiral galaxies have satellite clouds of
larger extensions than the less massive ones.

In the middle part of the figure, N, for the same material is plotted against the
log. Hr mass (solar units); the hydrogen mass ranges from 8.3 to 10.3 in the logarith-
mic scale. In this case a correlation is indicated, as represented by the straight re-
gression line. The number of satellites approaches zero as the log. mass decreases be-
low 9.0. ‘ ' . R : ,

- As was mentioned in the preceding section, spiral systems with nuclear color ex-
cesses larger than +0706 have a mean number of satellites =0.0. The correlation
321
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Fig. 7. Variation in number of satellites with ‘total mas"s‘jaknd‘HI mass of central galaxy (in the

~bottom part spirals with nuclear color excess > +0706 are omitted). The square represents the
) . mean result referring to 8 central galaxies of type Ir I. . o

found above is naturally reduced by the presence of these systems in the material.
If the 26 spirals with high color excesses are left out, we arrive at the diagram in the |
‘lower part of Fig. 7. The coefficient of correlation now amounts to +0.28--0.10
since the result is about three times the mean error, it is presumably significant.
The open circle introduced in the three diagrams shows the position of the Milky
Way (two nearby companions). The square gives the mean position referring to -
eight galaxies of type Ir I (NGC 1156-2366-3109-4532-6822, IC 1613, Ho 1T, WLM). -
- In circular survey areas with a radius of 50 kpc around these galaxies a total iumber
- of three physical satellites have been found by applying the same procedure as that *
used for the spiral systems. Since the number does not significantly differ from zero, -
it seems likely that Ir I galaxies do not possess any physical satellites. i
- Asregards other absolute characteristics of the spiral systems, there are weak corre-
lations between NV, on the one hand, and absolute magnitude, absolute diameter,
and morphological type, on the other. All these correlations are very likely reflec-
 tions of the relation between &V,,,, and hydrogen mass. e '
~ To summarize the results of this chapter; it is recollected that physical satellites
of spiral galaxies are apparently concentrated in high local latitudes, and that they
seem to favor systems which have nuclear color excesses below a certain limit and
‘which contain large amounts of gas. The results seemingly point to one interpreta-
~ tion: that the satellites have been formed from gas ejected from the central galaxies..
tati b 7 s hypothesis, since the statistical evidence
_ presented is not of a conclusivenature. =~ .
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As regards possible ejections of matter, definitive results have been obtained from
direct observations of explosive events in the nuclei of a number of systems, in the
first place, some well-known Seyfert galaxies. In M82 (Lynds and Sandage 1963;
Solinger 1969), and in NGC 1275 (Burbidge and Burbidge 1965), observational evi-
dence shows that material has been ejected to great distances from the nuclei. In NGC
1068 (Walker 1968 a) nuclear clouds are being expelled at velocities that are probably
in excess of the escape velocity; similar processes are apparently also taking place in
NGC 4151 and NGC 7469. Nuclear clouds of the same type appear in the central re-
gion of the elliptical galaxy M87 (Walker 1968 b), indicating that the cloud-ejec-
tion process is not confined to spiral galaxies. Several attempts have been made to
show that the ejected matter condenses into galaxies; references may be made to Arp
(1967, 1968 a, 1968 b), and to Sérsic (1968). So far these attempts, which are based on
statistical analyses of available data, have not yielded any results that appear to be
conclusive. From a theoretical point of view, the construction of a model for the con-
densation. process seems to encounter serious difficulties. In any case, if the veloc-
ity of the ejected gas is larger than the escape velocity, which often seems to be the
case, possible condensations cannot give birth to gravitationally bound satellites.

While awaiting the accumulation of further observational data that may eventu-
ally lead to a settlement of the question, the conservative position to adopt for the
present is naturally to assume that all the members of a physical group of galaxies
have been formed more or less simultaneously from different parts of the same gas
cloud. The formation of galaxies would thus be a parallel to the formation of stars in
associations. In a previous investigation on the evolution of galaxies the writer (1964)
has presented some arguments in favor of the assumption that all galaxieshave ap-
proximately the same actual age.

Chapter IV. Distributions of absolute diameters and magnitudes

10. Daistribution of logartithmic diameter

Before studying the statistical distribution of the log. absolute major diameters of
the members of the physical groups, we shall reduce the apparent diameters, as meas-
ured on the blue Sky Atlas prints, to the writer’s photometric diameter system.
This system, which is defined by the diameters listed for 300 galaxies in Holmberg
(1958), is based on a homogeneous plate material from the Mount Wilson, 60-inch and
100-inch telescopes, and refers to a pg isophote of about 26”5 per square second. A
- comparison of the Sky Atlas diameters with the photometric diameters indicates that
the latter are, on an average, 1.46 times larger. The correction factor naturally de-
pends to a certain extent on the type and the surface magnitude of the galaxy; for
the smallest objects the factor can be determined only by extrapolation. However, if
all log. diameters, as derived from the Sky Atlas, are increased by the same amount
or 0.16, the internal consistency of the diameter system will remain unchanged. For
most of the larger galaxies to be included in the analysis of the diameter distribu-
tion, the diameters can be taken directly from the writer’s catalogue.

The statistical distribution of the log. major diameters, log 4, of all the satellites
in the 160 groups referring to spiral systems of classes 4, B and (' is given in Table 4.
By the above correction, the limiting absolute diameter (in the extended survey
with distance moduli <30.0) has been increased from 0.61 to 0.89 kpe, corresponding
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Table 4. Statistical distribution of log. absolute major diameter, log 4 (pe), as derived
for the physical companions in 160 survey areas.
Columns 2-5 give the mean absolute pg mdgnitude (cf. Fig. 9), the total number of objects in the

' survey areas, the number of optical companions to be expected (as found from the comparison. -,
areas), and the resulting number (with mean error) of physical companions. "

log4 Mbg ; Niot N opt N phys
2.95-3.15 ~11.16 363% 0.413-760°% 49% +11.4
3.15-3.35 1 -12.36 367 0.425-675 80 11.0
3.35-3.55 —13.56 122 0.425-169 50 5.5
3.55-3.75 ~  —14.76 : 48 0.425. 43 30 2.8

:'8.75-3.95 —15.96 25 0.425- 10.8 204 14
3.95-4.156 —17.16 24 . 0.425- 2.7 22:9 - 0.7

4.15-4.35 -18.36 14 0.425- 0.7 13.7 —
4.35-4.55 —19.56 7 0.425- 0.2 6.9 —_
4.55-4.75 —20.76 1 0.425- 0.0 1.0 —

@ QOnly galaxies with m—M < 30.0 (57 survey areas); the frequencies
should be multiplied by 2.92. :

to a log. diameter (pc) of 2.95. 'The absolute magnitudes contained in the second col
amn of the table will be explained in the next section. The third column. gives for -
successive classes of log- 4 the total number of physical and optical companions in :
the 160 (57) survey areas (class 4: pos. angles >30°; cf. sect.7). The number (slightly -
smoothed out) of optical companions, as derived from all the comparison areas, i
listed in the fourth column. Tt may be recollected that this number should be mul
tiplied by the factor 0.65/2 (class A4), or 0.95/2 (class B-C); the mean factor amounts
+0 0.413 in the first diameter class, and to 0.425 in the remaining classes. The result
ing number of physical satellites, in all 274, appears in the last column. The mean
error listed reflects the accidental fluctuations in the number of optical companions;
it has been derived from the square root of this number. _ _ :
Tt should be pointed out here that the central spiral systems have not been included
in the analysis. ‘Since all the survey areas are centered on prominent galaxies, the
inclusion of these would lead to a serious over-representation of objects with large dia-
meters. The correct procedure would be to include those galaxies which would fall |
_within the survey fields, if these fields were distributed at random over the sky. .
The. total area covered by all the fields amounts to about 70 square degrees (the
large fields of NGC 224 and 598 being omitted), corresponding to approximately
0.49, of the area covered by the Sky Atlas outside the galactic belt. A random dis- -

tribution of the survey fields would thus include less than one of the 160 spiral-

systems. S :
" In the first diameter class, log 4 =2.95—3.15, the value found for N, must be.
multiplied by a certain factor in order to be comparable to the other class frequen-
cies. The-57 survey areas with distance moduli <30.0 contain altogether 77 physi-

cal satellites with log. diameters larger than 3.15, whereas the corresponding number
Tn the first class Ny, is thus in-

_in all the 160 areas is 225; the factor is 225/77 =2.92.

 creased to 1434-33. As is clear from the large relative size ol themean error, thedis
- turbance from optical companions is considerable in this class, indicating that at--
tempts to pursue the survey work to still smaller satellites would not be successful..
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Fig. 8. Statistical distribution of log. absolute diameter (and absolute pg magnitude), as obtained

for 274 satellites in 160 survey areas. The large open circles refer to the entire material, and the

small circles to types E—So-Ir; the filled circles represent those satellites for which the absolute’
, - magnitudes are based on available apparent magnitudes. = ‘

‘The statistical distribution of log 4 is reproduced in Fig. 8 on a logarithmic scale.
The large open circles (vertical bar=twice the mean error) represent the above
class frequencies, whereas the full curve is supposed to give the smoothed-out dis-
tribution. In the direction of small diameters there is a steady linear increase in the
logarithmic curve, no turning point being indicated, although the material includes
diameters down to about 900 pe. On the other hand, there seems to be an unexpéct-
ed maximum in the distribution for diameters of about 10 kpec. The: dotted line

- represents the distribution of the subtracted optical eompanions. N

For the medium-sized and large satellites it is possible to determine the morpho-
logical types. A division of the material in two type groups, E-So~Ir and Sa~Sb—Se,
leads to the very interesting result that the distribution corresponding to the former
group, as represented by the small open circles, can be described by a straight line
that is an extrapolation of the linear part of the total distribution curve. The region
between the full curve and the broken line refers to the Sa~Sb—Sc group. The results
indicate that there is, as has been suspected before, a definite lower limit for the
diameters of Sa—Sb—Sc spirals, about 5 kpe on the present diameter scale, and that
the linear part of the distribution curve in its entire length refers to galaxies of types
E—So-Ir. The distribution curves will be further discussed in the next two sections.

~ Although the diameter distribution leads to important conclusions, it would natu-
-rally be of greater interest to have access to the distribution of absolute magnitude. - -
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Fig. 9. Relation between absolute pg magnitude and log. absolute major diameter (pc) as obtained
from the Holmberg (1964) catalogue for galaxies of types E-So (open circles), Sa—Sb—Sc (filled
circles), and Ir I (crosses). '

Tt seems possible to derive this distribution by an indirect procedure, without any
knowledge of the magnitudes of the individual satellites.

In a previous investigation on the evolution of galaxies the writer (1964) has found
" pronounced relations between different galaxian characteristics. A study of the abso-
lute pg magnitudes and log. absolute diameters, as listed in this paper, leads to the
correlation diagram reproduced in Fig. 9. The diagram is based on 189 galaxies of
types Sa-Sb-Sc, 36 of types E—-So, 16 of type Ir I, and 5 of type Ir IL, in all 246 ob-
jects. In order to facilitate comparisons with other results, the magnitudes have not
been corrected for internal absorption, with the exception of the group Sa—Sbh—Se,
for which differential absorption corrections have been applied. If the absorption-free
magnitudes, as listed for the latter objects, are corrected by +1.0 magn. (Sa—Sb),
or +0.7 magn. (Sc), they are reduced to a random orientation of the spirals with re-
spect to the line of sight (the 5 Ir II objects have been treated as Sa—Sb spirals).
The absolute magnitudes range from —9 and — 11 (Leo I and Leo II, not included in
the previous paper) to —21.5, and the absolute diameters from 0.7 to 50 kpc. The
material thus covers the entire diameter range of the satellite population studied here.

The relation is very pronounced, and apparently linear, the coetficient of correla-
tion being —0.962+0.005. The regression line reproduced in the figure has the equa-
tion:

M = —6.00 logd +7.14. (1)

The relation indicates that the surface magnitude gets fainter with decreasing size, -
the total variation being about two magnitudes from the largest galaxies to the smal-

aon



ARKIV FOR  ASTRONOMI. Bd 5 nr 20

lest dwarfs. The dispersion of M around the regression line amounts to only 0.40 ma,gn‘.

* On account of the accidental errors to be expected in the adopted distance moduli

(and in the diameters) the final mean error in M, as derived from eq. (1), is estimated
at 0.7 magn. It is of special interest that the different type groups of galaxies do not
show any significant systematic deviations from the regression line; the only excep-
tion is the E—So group, with a deviation of about —0.3 magn. s

By means of the above relation, the diameter distribution can be transformed to
- a distribution of absolute magnitude. In Fig. 8, the only change to be made is the

replacement of the log. diameter scale by a magnitude scale. The absolute pg mag-
nitude extends from —10.6, corresponding to the smallest diameter, up to —22.0,
which seems to be the upper luminosity limit. The mean absolute magnitudes in the
successive diameter classes are listed in the second column of Table 4.

The accuracy attained in the transformation process can be checked, for instance,
by using the diameters and magnitudes available for the 160 central spiral systems.
A comparison of the luminosity distribution, as derived from the diameters, with
the same distribution obtained directly from the magnitudes indicates a very good
agreement. A more conclusive check can be made by trying to determine the brighter
end of the distribution curve in Fig. 8 directly from magnitudes. If we limit ourselves -
to luminosities higher than M = —16.5, an interval in which the disturbance from
optical companions can be neglected, we find that magnitudes from the writer’s
catalogue are available for about two-thirds of the satellite population; magnitudes
for the remainder can be obtained from other-sources, in the first place, the cat-
alogues by Zwicky efal. (1961, 1963, 1965, 1966, 1968). The distribution of the
magnitudes for the 45 satellites brighter than M= -16.5 is given by the filled
circles in Fig. 8. Considering the heterogeneity of the magnitude material, the points
agree In a very satisfactory way with the adopted ¢urve. e | '

12. The luminosity function ,

As is found from Fig. 8, the logarithmic distribution of the absolute pg magnitudes
of galaxies of types E-So—Ir can be described by a straight line extending from the
lower limit M = —10.6 to about M = —20; in the interval —20 to —22 the curve
falls off rapidly. The magnitude distribution for the Sa—Sb—Sc group is represented by
a bell-shaped curve, extending from about M = —15 to M = —22. o

It is a very interesting fact that the luminosity function derived for the E-So-Ir
group agrees with the curve suggested by Zwicky (1957, 1964) for the members of
galaxy clusters. The dense clusters may possibly have populations that are comparable
to the E—So—Ir population studied here; in any case, these clusters are practically
free from Sa—Sb—Sc spirals. The agreement also extends to the inclination of the log.
distribution line. A least-squares solution, based on the eight class frequencies that
define the linear part. of the distribution in Fig. 8, gives an inclination of 0.195-+
0.007, a result that within the limits of the accidental errors agrees with Zwicky’s
coefficient of 0.2. In a recent investigation of the luminosity function of elliptical gal- -
axies in the Virgo cluster, Abell and Eastmond (1968) have arrived at-a curve of
- the same type and the same inclination (0.2). In earlier studies of some dense clusters
(all members included) Abell (1962, 1964) has found inclination coefficients that are
slightly larger. ; o S Lo

It may be pointed out here that the shape and the inclination of the linear distri-
bution curve are not affected by the disturbance to be expected from the accidental
errors in the absolute magnitudes (or absolute diameters). However, in accordance
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- Fig. 10, The brighter end of the limzinosity functions (corresponding to the right-hand half of-
Fig. 8), as calibrated for 1 Mpc?®. The filled circles give the distributions derived for galaxies with
“known redshifts north of gal. lat + 80°. The squares refer to the Local Group and the M81 group.
with - well-known relations of stellar statistics, the curve should be corrected by a
displacement towards fainter magnitudes by the amount AM =0:195 £%/2 log e, where
~ gis the mean error of M; if the erroris 0.7 magn., as suggested above, the displacement-
would be AM = +0.11. On the other hand, it was found in the preceding section that
the absolute magnitudes of E-So galaxies, as derived by means of eq. (1), would be
about 0.3 magn. too faint. Since, as far as can be ascertained from the present material,
‘galaxies of these types make up 50-60% of all objects in the E-So—Ir group, the.
average systematic correction to the absolute magnitudes would approximately neu-
tralize the disturbance caused by the accidental magnitude errors. The distribution
curve will be accepted without any corrections. e ‘ .

With a good degree of approximation the distribution referring to the Sa—Sb-Se: -
spirals, in all 35, can be described by a normal error-curve with a mean absolute pg
magnitude of —17.7 and a dispersion of 1.2 magn. The accidental magnitude errors -

“will not affect the mean but will to some ‘extent increase the dispersion. Since the
results are based on comparatively small class frequencies, and since the right-hand
 half of the observed curve happens to agree well with the curve derived from- galaxies
of known redshifts, as will be shown below, no corrections have been applied. It -
is interesting to recollect that, except for a systematic displacement in magnitude,
the distribution agrees rather nicely with the classical Tluminosity function derived

by Hubble (1936) from a study of the brightest resolved stars in nearby galaxies;
Hubble’s material referred mainly to Sc and Sb spirals. ~ ,
- In order to make possible a more detailed study, th

 Inord . more detailed study, the distributions referring to the
- more luminous magnitude classes have been“reproduéed‘inFig. 10. The full curve
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(large open cn‘cles) and the broken curve (sma]l open c1rcles) correspond to the curves
of Fig. 8. An absolute calibration has been introduced, giving the number of galaxies
per magnitude class in 1 Mpc?. The calibration is based on the space density, 0.17
galaxies brighter than M = —15.0 per Mpc?, that is derived in sect. 14-15. It should
be pointed out here that the distribution curves may be assumed to represent an
- average volume of space, since the satellite population investigated presumably ap-

- proaches a random sample of all general field galaxies (cf. sect, 1). - ~
, In Fig. 10 two interesting comparisons are made with results available from other :
- sources. The open squares represent the three nearby galaxy groups listed in Table 1,

~ a material that is probably complete down to M = —18.5. The class frequencies are,
except in the faintest class (five galames) overlappmg means, 50 % from the central
class and 25 % from each adjoining class. In spite of the small total number, only -
18, there is a good. agreement Wlth the full curve. It should be remarked that the
Milky way and MS8I1 have been omitted, as being the central systems in the Local
‘Group and the M81 group. The large filled circles represent all the galaxies in the
redshift lists to be a,nalysed in sect. 15, whereas the small filled circles refer to the E—
So-Ir galaxies alone. It is very satlsfa,ctory to find that the luminosity curves derived
from the redshift material are in perfect agreement with the curves from the satellite:
groups, especially in view of the fact that in the brighter m&gnltude classes the former
curves are based on a much larger number of objects.

- To summarize the results obtained in this section, it can be stated that the total
luminosity function (pg) referrmg to a]l galames inl Mpo3 (general field) is descrlbed B

by the expression: ' N
tp(M) —40. 10° 195M+() 025 e—o 35(M +17. 7)2 L o ®

Where the first part refers to types E—So—Ir and the second part to types Saer-—Sc
" The formula represents the distribution from M = —10.6 to M = —19 or — 20; beyond
~ this limit the curve rapidly approaches zero. Whereas the total number of galaxies is
0.17 per Mpc? for magnitudes brighter than —15.0, it increases to about 0.8 for ¥ <
—10.6. It should be recollected that the 1ummos1ty functlon is based on a Hubble
“ parameter of 80 km/sec per Mpec. ; '

In conclusion, some results will be given that refer to deferent elasses of morpho-
logical type. In the interval M < —14.2 there are 34 E-So objects, 19 Ir I objects, and
- 81Ir IT objects, as is clear from Table 5. For the interval M < — 15.0, where Sa—Sb—Sc¢
spirals .are more yfully represen’oed _the relatlve frequenmes range f_rom 34% (Sc) to

Table 5. D1v1310n of the materlal mto separate type classes

The table lists the number of physmal compamons in the 160 survey areas that have M <=15.0
(M < —14.2), and the mean absolute pg magnitude correspondmg to a grven class of apparent
' o y : “magnitude. Sy : k

- Type . Number . M,

E-So (34)23=309 . -19.8°

IrI o (19) 13 17 o =175 e

rIT L ® 5 L (=190)
SaS . 9 o o —200
Se o 26 34 . -192
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7% (Ir II). These figures naturally refer to physical members of the 160 satellite
groups (optical companions eliminated). The mean absolute magnitude corresponding

~ to a given volume of space cannot be determined for E-So—Ir galaxies; for Sa—Sh—S¢
spirals the mean magnitude is —17.7, as stated above. It is however possible to com-
pute, by means of the luminosity functions, the mean absolute magnitude that would
correspond to a given class of apparent magmtude The results are listed in the last,
column of Table 5. The mean magnitudes are to some extent based on a combination
of the present data and the Holmberg (1964) catalogue, which is complete as regards
galaxies of bright apparent magnitudes. '

13. Magnitizde disiribution in the Virgo cluster

In previous attempts to determine the luminosity function for galaxies the Virgo
cluster has sometimes been included, the cluster being of a loose irregular type that
possibly does not differ too much from the general field, as regards population. The
distance of the cluster can be determined with a comparatively high degree of accu-
racy. According to the writer (1964), both redshifts and photometric data (Hubble
parameter =80) indicate an absolute modulus of 30.5; in a recent analysis of data re-
ferring to globular clusters in M87, Sandage (1968) has found a slightly larger modu-
lus. It would naturally be of interest to compare the luminosity function of the cluster
members with the general field function derived in the preceding sections.

For the brighter cluster members photometric determinations of apparent pg magni-
tude are available, in the first place, in Holmberg (1958) and Humason et al. (1956).
For the fainter members, down to m =15.5, magnitudes may be obtained from the
comprehensive survey lists published by Zwicky and his collaborators (1961, 1963).

As a first step, the systematic errors in the Zwicky magnitudescale (Z) will be exam-
ined. Since the magnitudes have been estimated on small-scale Schraffier films, and
since they have been reduced to the Shapley-Ames (1932) system, systematic devia-
tions from the photometric lists must be expected. A plot of the magnitudes against
the photometric determinations indicates that the systematic error is small at the
limit Z=15.5, also for galaxies brighter than Z=11.5, but that in the intermediate
interval the Z magnitudes are too faint by about half a magnitude. Since the systematic
error presumably depends on the type and the surface magnitude of the object, and since
the photometric lists in the faint magnitude classes are dominated by concentrated E
and So galaxies, a more reliable result may be obtained if the statistical distribution of
the uncorrected Zwicky magnitudes referring to all the galaxies in the general field
(all the Zwicky survey fields outside the Virgo area) is compared with the correspond-
ing distribution derived from photometric magnitudes. The latter may be repre-
sented by the distribution function (cf. sect. 14) that has been previously determined
by the writer (1958) for general field galaxies. If the Z magnitudes are referred to the
galactic pole by the Hubble (1934) absorption correction, a comparison between the
two distribution curves leads to corrections to the Z magnitudes of —0.1 (Z=15.5),
—0.3 (Z=15.0), —0.5 (Z=14.5), —0.6 (Z=14.0—12.5), and —0.4 (Z=12.0). Above
the 12th magnitude, photometric results are available for practically all galaxies. It
should be noted that at the fainter end of the Z scale the corrections given include
a small redshift effect.

The resulting distribution of absolute pg magnitudes for Virgo cluster members,
as based on the corrected Z magnitudes and all available photometric determinations,
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10

Fig. 11. Statistical distributions of absolute pg magnitudes of members of the Virgo cluster. For
comparison, the broken curve of Fi'g. 10 has been reproduc‘ed as a dctted line.

is reproduced in Fig. 11. The background——foreground fleld has been subtracted, as
is described below. The distribution refers to all physical members within an ellip-
tical area extending in right ascension from 12208™ to 12°48™ and in declination
from +2°5 to +18% (1950; cf. Holmberg 1958) that are included in the Zwicky sur-
vey lists (Z<15.5). The apparent pg distance modulus has been assumed to be 30.75.
As before, the full curve refers to galaxies of all types, whereas the broken curve re-
presents E-So-Ir galaxies alone; the morphologlca,l types have been estimated by the
writer on the Sky Atlas prints. For comparison, the distribution curve for the E-So—
Ir group in Flg 10 has been introduced as a dotted line, adjusted to fit the cluster
frequen01es in the three faintest magnitude classes. It should be noted that the fre-
quencies in the figure are all reduced to a class breadth of half a magmtude 3

The disturbance from the background—foreground field is rather serious, especially

in the fainter magnitude classes. The number of optical members in each class has -

been determined by means of the apparent magnitude distribution curve (general
field) referred to above. The optical members have been divided into the groups E—So—
Ir and Sa—Sb-Sc by means of the luminosity functions of Fig. 10, which are assumed
to represent the background—foreground population; an analys1s based on these curves
shows that a selection by apparent magnitude would lead to a mlxture of about 39%
E-So-Ir and 61 % Sa—Sh-Sc (constant space density). ‘ o
The present investigation leads to a total number of physical cluster members of
about 221 down to the limiting absolute magnitude —15.3, and a total number of
~ optical members of about 338; the mean relative number of physical members is thus
40 %. In the last magnitude class, however, the relative frequency of physical mem-
~ bers is reduced to 14 %. It may be recollected that in the satellite groups investigat-
ed this unfavorable ratio was reached first in the class centered on M =-—11.2 (cf.
“Table 4);ina class centered on M=-1551t would be about 75 %. These figures re-
flect the large difference in space density. Whereas the satellite. groups have an aver-
age density of galaxies brlghter than M = —15.0 of about 100 per Mpe? (cf. sect. 14),
‘the correspondmg densfcy n the Vlrgo cluster as defmed here 1s estlmated at about .

20,
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The results presented in Fig. 11 show that the luminosity function for cluster mem-
bers of types E-So-Ir agrees rather well with the funetion found for the satellite
groups. The only deviation is a certain excess of cluster members in the interva]
M = —18 to —19.5. This hump may perhaps correspond to the secondary maximum
found by Abell (1962) in the luminosity functiohs of several clusters; it may be noted
that Abell’s results refer to dense clusters, where the Sa—Sb—Sc group is practically
non-existent. In the case of spiral galaxies there are interesting differences between
Fig. 11 and Fig. 10. Whereas the absolute magnitudes of Sa~Sbh-Sc systems in the
~ general field extend to about M =15, there seems to be a rather well-defined limit
in the Virgo cluster close to M = —17; beyond this magnitude there are no spiral sys-
tems at all. On the other hand, the relative number of spiral galaxies of high lumi-
nosity is about twice as high as in the general field. :

Cha,pie'r V. : Spéu’:e densiiy and mass function
14. Space kdens,ity from‘ magnitudes dnddiameters

In the calibration of the luminosity function of Fig. 10 the smoothed-out space den-
sity of galaxies brighter than M = —15.0 (outside the big clusters) has been assumed
to be 0.17 per Mpc®. This figure represents a mean result derived from the analysesin
this and the next section of the magnitudes, diameters, and redshifts of galaxies.

- For comparison, it may be noted that the average space density in the 160 satellite
groups investigated amounts to about 100 per Mpc3. The volume corresponding to
each group is represented by a cylinder, pointing towards the observer, with a ra-
dius of 50 kpc and a length of about 600 kpe; the total volume corresponding to all
the groups is equal to 0.75 Mpc3. The total number of satellites brighter than M =
—15.0 is 74 (down to the limit M = —10.6 the total number is about 370).

In order to derive the space density from the magnitudes, it is necessary to have -
access to (a) the statistical distribution of the apparent magnitudes for a represen-
tative sample of galaxies; and (b) the distribution of the absolute magnitudes. As re-
gards the former distribution, the curve previously derived by the writer (1958) may
be used. The curve refers to all Shapley-Ames (1932) galaxies over the entire sky,
with the exception of the galactic belt (gal. lat. —30° to +30°) and the Virgo cluster
area. The Sh—A magnitudes have been individually reduced to the writer's photo-
metric pg system by corrections that are mainly a function of the surface magnitudes
of the objects; the mean error of the corrected magnitudes amounts to 0.3 magn. If
the magnitudes are freed from the entire amount of galactic absorption by means of -
the Hubble (1934) cosecant-law, the statistical distribution is described by '

log N(m)=0.6m—8.72, . (3a)

where N(m) is the total number of galaxies brighter than m in one square degree of
of the sky. The inclination of the distribution line indicates a space density of galaxies
that is independent of the distance. - S , :
The distribution function agrees comparatively well with the results obtained by
Hubble (1934) from counts of galagies on Mount Wilson plates. If Hubble’s limiting

magnitudes are corrected for redshift effect, and for systematic errors in the stellar

‘magnitudes in the Selected Areas that were used for comparison, the constant térm .
in the log. distribution will be approximately the same as that given in eq. (3a). It .
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may be pointed out in this connection that an evaluation of the effective limiting mag-
nitude is a rather complicated problem, since the limit is no doubt a function of the
galaxian type. A comparison with the distribution of galaxies, as derived by Shane
and Wirtanen (1967) from the Lick Observatory counts of galaxies, has to await a
definitive determination of the effective limiting magnitude. ,
According to well-known relations in stellar statistics, the space density D (1 Mpc?)
of galaxies brighter than the absolute magnitude M’ is obtained from the equation

M’ - :
N(m)=1.02D-10"18+0.6m_ f o(M)-107%¥qpr, - (3B)
assuming that the density, and the luminosity function ¢(3f), are independent of the
distance, The integral can be determined by a numerical integration based on the
curve of Fig. 10; it should be noted that in this case (M) is the relative distribution
function. If the limiting magnitude M’ is made equal to —15.0, the integral has a
value of 1.19-101%. , ‘ ‘
 If egs. (3 a) and (3 ) are combined, it is found that D =0.16. Since the result is
based on a Hubble parameter H =80 km/sec per Mpe, it can be written in the follow-
ing way: S L

D =0.16 (H/80)% per Mpc3, L (3¢)

in order to correspond to any assumed value of H. The result refers to a limiting pg
magnitude M’ = —15.0 but can easily be reduced to other values of M’ by means of
the luminosity curve of Fig.10 (and Fig. 8). L

 The statistical distribution of the apparent diameters of galaxies needed for the
determination of space density from diameters can be derived from the present ma-
terial. Measures of major diameters are available for over 3000 galaxies in the survey
areas and comparison areas. The homogeneity of this material has been discussed in
sect. 5; except for a certain decrease in the number of very small galaxies, presumably
a redshift effect, the distribution of the diameters appears to be consistent with the
assumption. of a space density independent of the distance. If the smallest diameters
are left out, the distribution of the log. diameters (as reduced to the writer’s photo-
metric diameter system; cf. sect. 10) of the galaxies in all the survey areas and com-
parison areas is described by the relation * '

log N(log a) = ~3 log d+0.43} AT . (4a)

»Where N(log a) is the total number of galaxies in one square degree having diameters
larger than a (min. of arc). The space density isin this case obtained from the equation
p(log 4)-10° 4 dlog 4, = (4b)

log A7~ .

N(loga)=4.1D- 10 12-31ea, f

where @(log A4) is the relative distribution. of the log. absolute major diameters (pc),
which is assumed to be independent of the distance. The space density refers to all
galaxies having absolute diameters larger than the limit A’. If the latter diameter
is made equal to 5000 pe, corresponding approximately to an absolute magnitude of
—15.0 (cf. eq.1), a numerical integration based on the curve of Fig. 8 gives a value
for the integral of 4.5-10'%. Accordingly, the space density is equal to 0.15 per Mpc?.
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: Although it is difficult to define exactly the absolute diameter that would correspond g

 to the above limiting magnitude M’ = —15.0, it is satlsfactory to note that the space
density found from the dla.meters is nearly the same as the densmy derived from the -
ma,gmtudes [ ;

1 3. Space densuy from redshzﬁs

The determmatlon of space densﬂ;y is besed on the redshifts l1sted in the Reference
Catalogue by de Vaucouleurs ef al. (1964), including a later addition by the same au-
thors (1967). In order to have a material as homogeneous as possible, only the northern
galactic hemisphere above B"= 430° has been included; below this latitude it is
difficult to estimate the degree of completeness of the material, as well as the syste.
madtic selection effects. To avoid all disturbances from the V]:rgo cluster, a rather large
region (c=12"—138% 6 = —10°— 4 20°) has been excluded; the remaining area amounts
to 23.9 % of the entire sky. The apparent pg magnitudes have, in order of preference,
been taken from Holmberg (1958), Humason et al. (1956), and (in a few cases) the -
Reference Catalogue All magmtudes have been corrected for galactlc absorption by
- —m25 csc BY; since the maximum redshift (corr. for solar motion) is 4000 km/sec .

the magnitudes are free from any appreciable redshift effects. \
~ Table 6 presents the distributions of the corrected magmtudes and logarlthlmc red-
shifts for all the galaxies (in the redshift lists) located in the above area. Each square
of the table gives the number of objects, as well as the mean absolute pg magnitude
corresponding to a Hubble parameter H =80; the absolute magnitude ranges from |
—16.5 to —21.5. The table makes possﬂ)le a check of the marginal distributions of
- apparent magnitude and redshift. As regards the magnitude, it seems quite clear that
the interval m =11 —12 is under- represented For m <11 the magnitude distribution -
can be described by alogarithmic expression of the same type as that of eq. (3 a); if the
distribution is reduced to one square degree, the constant{term will be about the same :

Table 6. Magmtude redshift table for galames of all types with known redshifts .
(BII > 4305 Vlrgo cluster area not incl.). ' '
~ The columns represent different intervals of apparent rg magmtude (corr for gal. abs.), and the

rows intervals of log. redshift (km/sec as red. to the gal." center) The absolute magmtudes (H =80} -
correspondmg to the d.1fferent squares are glven n brackets :

-ogm_gm _’[I ’T?'—:lo"?; S 10 11m o 1mgam
2426 o8B e L e g
e ;(—19 5 (;—‘18.5)‘ (=17.8)  (—16.5) .
S 2.6-2.8 ~ TR R I 715
8 = 205) ( 195), - (—18.5) (=17.5y
< 2.8-3.0 , S 21 2849
e S Y Ao 21 5) ,( 20 5) (—19..5) (=18.5)
e 3.0-3.2 — : 2T 86T
=Y T (—21 5) i (—20 5) (-19.5)
3.2-34 . — S e i 38->82
o = e (*21 5)  (—=205)
3436 . — 0 1022
R S SR L e (—21.5)
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or —8.68, which indicates that the redshift material is essentially complete down to -
m=11. In order to agree with this distribution, the frequencies of the interval m—
11—12 have to be multiplied by the factor 2.15; the corrected frequencies are also

- listed in the table. It may be pointed out here that it ‘would be impossible to pursue
the investigation to fainter magnitudes; in the interval m =12 — 13 the correction fac-
tor ig increased to about 10. e ' S

In a renewed analysis, the procedure is repeated for galaxies belonging to the type
group E-So-Ir, their total number down to m =12 being 65; with the same correc-
tion factor in the interval m=11-12 the number is increased to 114. The morpho-
logical types have been taken from the original redshiftlists, attention being p4aid to
the information given in the Reference Catalogue. S

- Summations along the diagonals of the distribution tables give the total numbers
referring to the different classes of absolute magnitude; divisions by the correspond-
ing volumes lead to the space densities. As appears from Table 6, reliable results
can be obtained only for absolute luminosities higher than M = —17.0. The densities,
as referred to 1 Mpc?, have been plotted in Fig. 10. The results are in perfect agreement
with the luminosity curves derived from the satellite groups. v :

It should be noted that the results have not been corrected for possible disturban-
ces by the peculiar motions of the galaxies. A detailed analysis of the redshift distri-
butions corresponding to the different classes of apparent magnitude shows that the
theoretical corrections would be small, and that they would partly be of opposite
sign, as compared to the corrections indicated for the luminosity curve derived from

 the satellite groups. Since the fluctuations in the individual class frequencies of the

magnitude-redshift tables are considerable, and since there may remain systematic
selection effects in the material (especially in the class m=11 — 12), it did not seem
possible to derive any corrections that would be statistically significant.

By means of an extrapolation based on the luminosity curve of Fig.10, the above
analysis leads to a total space density of galaxies brighter than M = —15.0 of 0.18 per
Mpe?. The integrated result is practically independent of any disturbance that may be
caused by the peculiar motions of the galaxies. The result is in good agreement
with those obtained from the magnitudes and the diameters. :

The total space density derived here agrees with the result obtained by Kiang
(1961) in a similar analysis of galaxian redshifts. On the other hand, the luminosity
functions do not agree, due to the fact that Kiang’s curve is based on the assump-
tion that the redshift material represents a selection. according to the apparent mag-
nitude, and to the fact that in the fainter magnitude classes the material has been in-
creased by the incorporation of data of questionable quality. In the writer’s opinion,
the redshift material available for the present does not permit the drawing of any
reliable conclusions about the luminosity function below M= —17.

, - 16. The mass function
The results available so far may be used as a basis for the determination of the
smoothed-out space densities of luminosity and mass, and of the statistical distribu-
tion of the masses of galaxies (general field). ke s f
The pg luminosity density or the total amount of luminosity in 1 Mpc? is obtained
by a numerical integration based on the curves of Fig. 10 and Fig. 8; the most lumi-
nous galaxies make the largest contribution. The result is 1.8- 108 solar units for the
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 mum luminosity for Ir I is assumed to be M = —19.5, and for Ir II '—20.5, wherea
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Fig. 12. Statistical distribution (1 Mpc®) of the log. masses (solar units) of the 274 satellites. Th

circles give the sum of the distributions corresponding to types E—So-Ir and Sa—Sb-Sc (broke:

curves).The squares refer to the Local Group and M81 group, and the filled circles to nearby ga

axies in the Holmberg (1964) catalogue. The full curve represents the adopted analytical mas
‘ - function (eq: 5). e R :

E-So-Ir type group, and 2.3 10® solar units for the Sa~Sb—Sc group. The absolut
- pg magnitude of the sun has been assumed to be +537. .
" The mass density may be derived from the luminosity density, if the mean mass
luminosity ratio can be estimated. The results obtained in a previous study by the
writer (1964) indicate the following ratios: 22 (E-So), 12 (Sa—Sb), 2.7 (Sc), and 1.
(Ir I), both masses and luminosities being measured in solar units (for the few Ir T
systems a ratio of 10 may be adopted). With the relative frequencies listed in Table 5
the mean ratios for the E-So—Ir and Sa-Sb-Sc groups would be 14 and 5, respec
‘tively. Accordingly, the mass density for the first group is 25- 10%, and for the second’
12108 solar units. The total density is 37:108 solar masses per Mpc?®, or 2.5-10-2
gr/cm3. Tt should be noted that the density is based on a Hubble parameter H =80
that it refers to the genéral field (the mass contributed by the big clusters would how:
ever be comparatively small), and that it does not include gas or other dark matte
" in the intragalactic space. It may be added that in a recent discussion, based on ear-

lier analyses of the observation data available, Peebles ‘and Partridge (1967) have
arrived at a mean mass density that is in good agreement with the result found here.
" In order to determine the statistical distribution of the masses of all galaxies in a_
given velume of space, or the mass function, it is necessary to have more detailed
information on the luminosity functions corresponding to the separate morphological .
types. Galaxies of types E-So, Ir I, and Ir II will all be assumed to have the same
luminosity function, the curve of Fig. 10 (Fig. 8), with the limitations that the maxi-

‘the E-So objects proceed to the upper limit of —22.0; ﬁ’these‘;eut-of’fsfare indicate
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' from studies of the Holmberg (1964) material and the redshift lists. It was found in
sect. 12 that the mean magnitude for the Sa—Sb—Sc groupis M = —17.7. A detailed
study of the present material, combined with the lists mentioned, seems to justify
an attempt to subdivide this group. The mean absolute magnitudes are found to be
approximately —18.0 (Sa), —18.4 (Sb), —18.0 (Sc—), and —17.1 (Sc+); with rela-
tive frequencies of 6%, 20 %, 28 %, and 46 %, respectively, the weighted mean of
the magnitudes will be —17.7. The large increase in relative number from Sa to
Sc+ may seem surprising but is indicated by the material at hand. The luminosi-
ty function for each spiral type will be assumed to be a normal error-curve, cen-
tered on the mean magnitude and with a dispersion of 1.1 magn.; the combined dis-
persion for all the types will then amount to 1.2 magn., as was found in sect. 12. Tt
should be remarked that the luminosity curve suggested for each of the six type
classes is necessarily of an approximate nature, but that the individual deviations
may tend to be smoothed out when all the curves are combined.

With rounded-off mass-luminosity ratios of 22 (E-So), 17 (Sa), 10 (Ir II), 9 (Sb),"
3 (Sc—), 2 (Se+), and 1.2 (Ir I), the luminosity curves are transformed into the com-
bined mass distributions for the E-So-Ir and Sa—Sb—-Sc groups that are reproduced
in Fig. 12 (broken curves). The scale on the ordinate axis gives an absolute calibra-
tion, or the logarithmic number per unit of log. mass per Mpc3. The two curves have
been adjusted to fit this calibration, that is, the total mass corresponding to each
curve agrees with the mass density derived above for the E—So—Ir group and the Sa—
Sb-Sc group. The open circles represent the final mass function or the sum of the

. two curves.

It is found that the final mass function, represented by the full curve in the figure,
can be described by a simple analytical expression:

w(log M) =0.018(12.1 —log .4)2, (5)

which gives the number of galaxies per Mpc® having masses referring to a unit inter-
val of log./#. The numerical parameters have been determined by a least-squares
solution, based on the class frequencies in the interval of log. mass from 8.9 to 11.3.
The individual frequencies (open circles) show a very good agreement with this curve.
The only deviations are found for log. masses below 8.5; even for this interval the
curve may possibly approximate to the true mass distribution, since the mass-lumi-
nosity ratios for these dwarf galaxies have probably been over-estimated. It may be
noted that the parameter within the brackets of eq. (5) has a special significance, since
it apparently represents the log. maximum mass of galaxies.

In Fig. 12 comparisons have been made with data available from other sources.
The squares refer to the Local Group and the M81 group, listed in Table 1. Although
the total number of galaxies is small, the successive class frequencies (overlapping
means) agree well with the adopted curve. The filled circles represent the most mas-
sive galaxies in the Holmberg (1964) list, which is apparently complete, as regards
galaxies with log. masses larger than 10.8 (total number =54). Even in this case, there
is a good agreement with the full curve.

The mass function can be presented in a different way, which may be of interest
from a cosmological point of view. The curve of Fig. 13 represents the function
M- @(M) or the total mass of all galaxies in 1 Mpc® that have masses referring to a
unit interval of ./Z. If all galaxies were formed directly from the primeval gas, asis
usually postulated, the curve would describe an important feature of the original con-

)
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‘Fig. 13. The mass function pre'seinted ina &iffefent way. ‘The curve gives the total mass of all gal-
’ axies in 1 Mpc? that have masses referring to a unit interval of mass. -

densation process, that is, it would show the total amount of gas that wentinto the
formation of galaxies of different mass. As is easily proved, the statistical distribution
of galaxian masses, ¢(.#), is equal to the function y(log #), multiplied by the fac-
tor log /.4 ; accordingly, the function .4 - () will be equal to 0.0078 (12.1 —log .4/ )2.
An integration of this function leads to 37 - 108 solar units, or the mass density that
was derived above. We find that galaxies with log. masses above 11.0 contribute
_about 46 ofo of the total mass in a given volume of space, and that galaxies-with-
'~ log. masses in the intervals 10-11 and 9-10 represent 40 o/o and 11 oo, respectively.
~ The contribution by galaxies with masses below 10? solar units is so small, less
than 3 ofo, that it may be neglected. ‘These figures refer to the general field, but
an inclusion of the big clusters of galaxies would presumably not change the results

_ to any great extent. e e | |

" In conclusion, it may be added that there is an unexpected agreement between the

mass function for galaxies and the mass function for stars. It seems possible to
“describe the initial stellar-mass function, as derived by Limber (1960), by an ana-
lytical expression of the same type as that given in eq. (5). A least-squares solution,
" based on the frequencies of log. stellar masses in the interval 0.0 to +2.0, gives a
distribution =const. (2.5—log .#)?. The numerical parameter within the brackets
may also in this case represent the maximum log. mass of the initial gas cloud
~ (although condensations of this size do not give birth to stable stars). It is an in-

teresting question whether this agreement is a coincidence or whether it may be in-
terpreted as indicating that the condensation processes leading to the formation of gal-
‘axies and of stars both follow the same general law. Tl - : :
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Table 7 Observatlonal data

The table lists all the 174 spxral systems th&t have been mcluded in the survey WOI‘k The succes-
. sive columns give the NGC number, the class to which the ga,la,xy has been referred (cf. sect. 4),
- the morphological type in the revised: Hubb];e syste, 1 oar color excess (cf. sect. 6), the ;
: adopted absolute distance modulus, the ompanions within 50 kpe (diam.
: =1.0 kpc), and the ae: pted number. of 1 al compamons T
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s Table 7 (aof;lt‘..)’"f« .
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