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ABSTRACT

Distributions of angular momenta of galaxies can be used to
test theories of galaxy origin. The observational problems are
discussed in detail. Previously, interpretations have been hampered
by physical and phyéiologicgl selection effects that operate on
visual measurements. With the COSMOS machine and the deep Schmidt
plates many of these problems: should be overcome. Before
investigating the COSMOS data, two visual sets of measures were
examined. Firstly, Brown's original uncorrected catalogue of
position angles was studied. Previous investigators claim
remarkable anisotropies exist in this data, and indeed there are
some histograms showing peaks signifioant at the 4\ g-level,

Further examination reveals little reason for considering these
excesses to be physical, and, taking into consideration the number
of histograms possible (by splitting the data with various
parameters), the anisotropies are too insignificant to use in
theoretical arguments.

Secondly, a set of visual measurements ﬁade on a deep UK
Sohmidt plate recording both position angles and axis ratios was
~examined. The position angles are consistent with that expected for
a random distribution, except for the smallest galaxies where some
selection effect may be involved. There is no evidence for a
correlation between position angles of adjacent galaxies. When the
quantization effects are taken into account the axial ratio
distributions are consistent with a random 3-dimensional orientation
of a mixture of 83 % spirals and 17 % ellipticals,A comparison of the
distribution of nearest neighbour separations with that expected for
a random distribution of galaxies: on the sky shows that there is

clustering . When combined with an estimate of the size of clusters




from a covariance analysis a mean number of 6.5 galaxies per
cluster is obtained.

Using COSMOS coarse mode measurements of a portion of plate
R1049, galaxy axial ratio distributions have been obtained; The
results can pot be explained by any mixture of gelaxy types. To
check COSMOS, the plate was scanned by eye and an assessment of
the machine is provided. At the intermediate sizes 10()/\m <2a. <200/-.m
the identifications are satisfactory, but for larger images there
are unexplained errors in the COSMOS data. For both sizes the

agreement between the axial ratios from COSMOS and those measured

. by eye is disappointing. It is concluded that further work of this

nature must be performed only using the fine-mode faciiities of the

machine,
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CHAPTER 1

INTRODUCTION

1.1 = General remarks

One of the outstanding problems in the study of galaxy formation
is the origin of the angular momentum of galaxies. There are currently
two opposing theories for the origin of the galaxies (see Jones 1976
for an excellent review of the subject), namely the gravitational
instability theory (Peebles, 1970) and the cosmic turbulence theory
(Ozernoi, 1974) . In the latter theory the angular momentum is naturaily
explained as a result of the turbulent eddies, but some difficulty has
beeri encountered in explaining the obsarved angular momentum of spiral
galaxies in the context of the gravitetional instebility theory. Here
the spin is supposedly caused by tidal forces induced by motions of.
adjacent galaxies.

Most of the slow progress in this field is caused by a lack of
observafional results especially those relating to.the angular momenta
of galaxies. The main aim of this thesis is to collect data on the
distribution of angular momenta, and to investigate whether there is
any non-rendomness in these distributions. Such anisotropies, if they
exist, could further our understanding of the origin of galaxies.

It is not possible to determine the specific angular momentum of
a galaxy without detailed studies of the stars' that conétitute it. In
order to investigate the distribution of angular.momentum for many
galaxies, we must therefore resort to allied quantities such as apparent
shapes and orientations. It is then necessary to make assumptions about
the true shepes of galaxies and the direction of the angular momentum
vector in the frame of the galaxy.

From the few detailed observations of nearby galaxies it seems
reasonable to assume that the angular momentum vector is aligned parallel

to the true minor axis of the galaxy. The situation concerning elliptical
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galaxies is still not olear, and where the distinction can be made, we
will deal with spirals only. With the above assumption we can test for
anisotropy by studying the orientations and shapes of many galaxies;
Ve now define the necessary observable quantities.

Position angle

The position angle of a galaxy is the angle measured counterclock=-
wise from some fixed direction (normally due north) to the line defined
by the intersection of the plane of the galaxy with the plane of the
sky; .that is the angle between the meridian passing through the obJect.
and the direction of its apparent maximum diameter (ma;or axis) measured
from north through east (see figure 1) . Position angles are readily
obt&inéd for all galaxies excant thnsa whosa images are nearly cireular
and those that are not elliptical in apparent shape.

a : Semi major axis

b : Semi minor axis

¢, : Position angle

~—

Inclination

This is simply the angle between the plane of the galaxy and the
line of sight, and an estimate of the inclination can be found from the

apparent flattening of a galaxy if the true shape is known.
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b : Apparent semi minor axis

B : True semi minor axis

Observer

Fig. 2

Axial ratio

The axial ratio is defined by the ratio of semi minor axis (b) to
semi major axis (a). Ths emount . of iﬁclination can be roughly found from
measures of b/a . In the simple case where a galaxy is a thin circﬁlaf disk,
fhe inclination is given by':

Cos i = b/a (seé figure 2)

The distributicn of &pparent axial ratioa for ellipticel, S0+SBO and
ordinary spiral galaxies confirm that the ellipticals have only moderate |
intrinsic flatteﬁing whereas ordinary spirals and SO's are intrinsically
flatter, possessing thin disks with little dispersion in thickness (Sandage
et 8l."1970) . In principle the frequency function of true axis ratios of
spﬁeroidal gealaxies can be dorived easily from the observed frequency
fuﬁction of apparént axial ratio under the assumption of random orientation
of the engular momentum, This problem has been often treated, mainly with
respect to elliptical end lenticular (S0) galaxics. Later we will analyse
this problem for two different data sowrces (measured Ly hand and by machine)
and the inclination in fhe general cuse will be discussed then. It should bs

pointed out, however, that position angles and inclinations can not determine
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~ the directioq of the angular momentum absolutely; in fact these parameters

give four possible orientations, since we can not distinguish between
opposite senses of spin and there is also a geometrical ambiguity.

1.2 = Description of the Data

In this research work, we have used three different types of data as

follows :

a - Brown's measurements (Brown, 1964, 1968)

The only available data on.orientation engles for large samples of
galaxies are those measured by Brown (1964, 1968).
He determined position angles and axis ratios foi more thaa S000 galaxies
on the blue and red prints of the Palomar Sky Survey in the constellations
Piscss, Virgo, Ursa-Major, Hydra and Eridanus,

Dr, Brown kindly supplied his original measurements which are, for each

galaxy :

the position (X and Y) on each plate, the maximum angular diameter, the

form (axiel ratio) and the orientation angle. We have selscted from this
data only the spiral galaxies.

In the first set of measureﬁents (Brown, 1964) position angles were listed
for all galaxies 6mitting a value only for images that were nearly oircular
(b/q’> 0.75) . Later however, this limit was reduced to 0.55 since Brown
felt that for b/a > 0.55 position angles were uncerﬁain. This data and its
treatment is discussed thoroughly in chapter 2. .

b - ROE data

The ROE (Royal Observatory Edinburgh) data, is g catalogue 6f 3051,
galaxies compiled by Professor Reddish from a IIlaJ Schmidt plate in an
area of 2 square degrees near the south galactic pole. The data comsists of

the positions, sizes (diameters) shapes and orientations.
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Spirals and ellipticals are not distinguished in this data . It is estimated-

that the galaxies observed are distributed to distances corresponding to

redshifts of about 0.5 (Dodd et ﬂ 1975).

Vie have analysed this data to examine the distribution of orientation
angles of all galaxies, the distribution of the differsnce between

orientation anglés of nearest neighbour galaxies, the distribgtion of exial

ratios of spirals and ellipticals, clustering and also the ratio of spirals

to ellipticals. The results are given in chapter 3.

¢ - COSMOS data

COSKOS is a sophisticated machine (Pratt et al. 1975) capable of
precision measurement of co-ordinates, size, magnitude, orientations and

shapes of astronomicel images.

E

llﬁ

eentinalle ths zaching ic & Fapid scanning densitometer which
analyses individual images sbove a certain threshold, A detailed deseription
of COSMOS has been given by MacGillivray (1975) and we reproduce in table 1
the main'description of this facility. |

This thesis is concerned with the measurements by COSMOS of deep
Schmidt plates taken on the UK 48-inch Schmidt Telescope at Siding Spring,
Australia. The specifio details of th@sedata and the results of the
distributions of axial ratios and nearest neighbour galaxies are provided in

chapter L.




COSNMOS

Photographio plate size:up to 356mm X 356mm

Plate cearriage:

Scanning systems:

Machine control:

Machine output:

Raster scan systems;

Spiral scan system:

moved hydraulically and positioned by a transmission
grating system to :O.%fvm.

two independent microspot cathode ray tubes, one
giving a raster scan, the other a spiral scan.
general purpose mini-computer with 8192 words of

16 bit storage.

machine tape deck of 1600 bits per inch, 75 inches °
per second.

Spot sizes of 8, 16 or 3%,°m with corresponding lane

- widths of 1, 2 or Lmm respectively; for the gp-m spot

" the scanning rate is 2 square mm per second, or one

full-sized plate per day ;
transmission digitised to 127 levels.
three magnifioations give field scanning diameters on

the plate of 256, 820 and 2049/4m respectively,

gonerates family of 1024 gensral ellipses, centres

on image and determines bestfi@tiﬁg:ellipse.
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1.3 - Comments on the distribution of angular momentum of galaxies

Possible anisotropies in the distribution of angular momenta of
galaxies have been discussed by many astronomers.

Brown (1938) claimed he had found evidence for anisotropy in Shapley's
catalogus that contains 7,889 external galaxies in the Horologium region.
He also found that the frequency function of position angles for an area
close to the south galactic cap lying éhiefly in Cetus (Wyatt and Brown,
1955) and partly in Pisces (Brown, 1964) was markedly skew,

The Cetus measurements were repeated by Kristian (1967) independently,

"~ and he used different plate material; nevertheless, his results did not

conf'irm Brown's work, that is the distribution he obtained was flat. This

discrepancy has not been resolved.

Reaves (1088) a2lec 212 not aGsept Davwa's resuit, tuererore he scanned

position angles of galaxies on two plates covering part of the region of
the Shapley survey and found no evidence for anisotropy.

Reinhardt (1971, 1973) however, agrees with Brown's comments and says
that there are statistically significant departures from isotropy indicating
a noﬁ-random distribution of angular mo@enta.

He adds that it is difficult to ascribe these departures (Brown's-reéults)
t0 selection effects, because Brown finds preférences for more than one
angle.

‘ Opik (1969) argued that Brown's observations may be subject to systema-
tic observing errors. Opik emphasized that the accuracy of Brown's
measurements and care of his investigation is not questioned, but that
there is possible unconscious bias in the selection of gala;ies. 33 suggested
that plates should be mesasured iﬁ two distinct orientations;

Brown did this for three plates gf the Pisces region but found no
significant differences. However, Hawley and Peebles(1975) add that Opik

had suggested that the two catalogues should be compiled independently,




-8
whereas Brown simply remeasured one catalogue.

1.4 - Selection effects

. In considering position angles and axis ratios of galaxies, there are
several unavoidable human and pbysical selection effects which must be
discussed. These effects will be greafly simplified with the advent of
COSNOS data; some will be eliminated altogether whilst the remaining effects
will be reproducible and can be correocted for. In the following, we explain
seyaral kinds of selection effects and later we will consider their effects
on the distribution of position angles and axial ratios in our data.

/ 1- Holmberg effects

Holmberg (1946) in comparing photometric dimensions of synthetic
galaxy images in his laboratory experiments encountered themfdilowing
Pt

physiological effects :

a_- First Holmberg effect |

This effect consists of a systematic underestimate of the axial ratio,
the deviance being lafger for edge-on galaxies (i.e. those with small axis
ratios). The effect is not very dangerous, because it only redistributes
according to inclination in a catalogue, ' |

b - Second Holmberg effect .

This effect consists of an underestimate of the maximum diameter
(major axis) by an amount which depends on the axial ratio. The deviance is
largest for face-on galaxies. In considering this effect one must be very.
careful, because it causes incompleteness in catalogues listing galaxies
down to a fixed limiting apparent maximum diameter. The second Holmberg
effect is partly phfsiological but is mainly due to the visual effect of the
intensity distribution across galaxies. One must be extremely careful -
therefore, in estimating distances from angular diameters. Isophotal
diameter must first be corrected to their'"face-on" equivalents and then

corrected again before comparing with a 'true' metric size.
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2~ Selection effect by surface brightness (Opik effect)

This effect was discovered by Reynolds(1920) and was explained
by Opik (1923) as follows, |
Galaxies have greater surface brightness at small inolinationﬁ. For
further discussion we can say if we consider two similar transparent
galaxies at the same distance, one edge-on and one face-on, the
zadiation.from the edge-on galaxy will emanate from a smaller
angular area and thus its surface brightness will be enhanced. It.
means that at a fixed angular diameter limit, these edge-on images
appear too frequently.

In the case of spirals, the effect is offset to some extent by
the increased dust absorption and this renders the correction
somewhat un?ertain.

3= Quantization effect

All measurements(positions, major and minor axes of galaxies) in
ROE data have been quantized, ?he X and ¥ coordinates are given to
the nearest 25%/~m(0,01-ipch). The major and minor axes are given
to the nearest 19/um.

This effect is also present in COSMOS data ( both position and
‘extents are given in the nearest 9/4m), but as we shall consider

only the larger galaxies for that data we can ignore the effect in

the COSMOS observations and apply corrections .only for the ROE data,

os v e it
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CHAPTER 2

Analysis of Brown's data

'2.1- The need for another analysis of Brown's data

Brown's data have been studied by many investigators, but in all cases
the result were taken from histoggams given in his papers (Brown, 1938,156.4
1968, Wyatt,et al.1955).It is important,however,to mention that Brown actually
smoothed these true histograms before presenting them in his paper (Brown, :
1968) , thus making conclusions about anisotropy rather dubious,.

We have, by kind permission of Dr.Brown, been able to computerise
Brown's original uncorrected measurements and thus we can investigate effects
of smoothing and anisotropy on the genuine data. In particular, we are now
able to correct each datum point (if required) for phvsical and physiological
selection effects and to produce many more histograms for a variety of

paremeters (forms, diameters, etc.).

2.2- Description of the raw data

The original measurements ﬁnder discussion have been described in
detail by Brown (1964) and the catalogue is simply the raw uncorrected
measurements grouped according to plate number and region of the sky. The
galaiies afe-situated in an extensive area in the southern galactic
Eemisphere; centred in the constellation of Pisoeg; also in the northern
galactic hemisphere centred in Virgo, Hydra4and UrsaPMajor.'Tﬁe measurements
were made from prints of the National Geographic Society-Palomar Observatofy
Sky Survey. Each plate covers a maximum area of 36 square degrees, excluding
overlap. For each galaxy in the catalogue we have its position, maximum
angular diameter (in arcsec.j, form(axis ratio) and, for the spirals the
position angle.

There are two possible ciassifications for the form (measured by the

ratio of the apparent minor axis b to the apparent major axis a ); Harvard
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classification (FHarvard=1°(1' b/a) ) and Brown's classification
(Faromn=10(0/3) ).
In this work, the form was given.in the Brown classification; eg., form 1
means : 0\< 'b/a.\(o.15 , form 2 : 0.15<b/a40.25 etc. up to form 10 :
0.95( bv/a Q..o . Note that the intervals are not quite uniform.
- In the first set of measurements (Brown, 1964) position angles are
listed fgr all spiral galaxies omitting a value only for im;gés that were
nearly circular (b/a:>0.75). Later howevér, this limit was reduced to 0.55
since Brown felt that for h/§>'0.55 position angles were uncertain. As'
Opik (1970) has pointed out, in studying the angular. momentum distribution
this selection in b/a is unnecessary, |

Circular objects have poorly defined position angles but the direction
of the angular momentum is fairly well determined. To make tha entira

catalogue homogeneous however,we have also had to impose a limit h/a§:0.55

for the first set of measurements,

The data are summarised in table 2 which gives the constellation, total

number of plates and the total number of galaxies recorded on those plates,

. n
down to a limiting major exis of 40 .

Table II i

Brown's data

' Constellation | Total no, of plates | Total no. of galaxies
Pisces 87 | 2843
Hydra 9 "7
Ursa-Major 7 X 1004
Virgo 6 : 5Ll
Total 109 5108

Our catalogue lists only spiral galaxies, Although Brown recorded

ellipticals, mainly for morphological investigations, he omitted them from

his position angle histograms. Opik (1970) has shown that useful information

can be extracted from b/a and position angles for a sét_of ellipticals, It

is not clear, however whether ellipticals possess any angular momentum,

—— ¢ e
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whereas with spirals the position is more favourable and furthermore, the
range of metric diameters ob;érved is much less than that for ellipticals.
Consequently any limiting angular size will 1ead.to & less ambiguous
distance.limit. .

The lower limit of diameter was fixed by Brown strictly at 0.6mm(40
seconds of arc) for the Pisces peasurements and at 0.54 mm (36 seconds of
arc) for the other regions. Although, one can readily distinguish the form
and position angle of smaller galaxies, to ensure reasonable completeness
of the survey, he considered it desirable to stop at the stated limits.

The primary consideration of observations was made on prints reproduced
from the plates taken in blue light.Prints from the red plates were
sometimes used to decide whether a galaxy was a faint spiral or a spheroidal
object, since the images of ellipticals were usually found to be relatively
stronger on the red plate than on the blue, The transitional SO types were
not clearly separéted from the elliptical and spiral forms. We included the
SO0 galaxies with the spirals, when their axis ratio was less than 0.3 .

2.3~ Statistical analysis of smoothed and raw data

In his 1968 paper Brown wrote the following :
" In most cases a smoothing out of the minor irregularities is effected by
transferring limiting position angles from the proper group of six (degrees)
to the one above or next below," Thus he altered the histograms to make them
smoother and so possibly created an interesting psychological problem. As
we know, the eye judges "noiSe" in a distribution by the scatter from point
to point, therefo;e because the minor irregularities have been suppressed
the noise or statistical scatter appears to be small and the occasional
large statistical fluctuations appear -to be more significant. Below we
define the ehi-squared and autocorrelation tests which we will use to

examine the implications of this smoothing.
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a- Chi-square (7(‘2 ) test

For the data listed in table 1 frequency distriﬁutions of position
angles have been plotted(see for example figures 3 and 4).

We wish to test whether the observed distributions are consistent with the
hypothesis of an isotropically random distribution.

A test which is often used to test the equivalence of a probability
density function of sampled data to some theoretical isotropy of the
histograms is based on the following formula :

%2 = E: {(Ni - N )2/ Ni}
i=1,n

where Ni is the count in the :'Lth angle bin (observed frequency) and No
is the mean of N_; (expected frequency) over the n=30 bins.
For a random isotropic distribution of position engles the expected value
91‘?(2 is close to Y (the number of degrees of freedom); in this case

Y/ = 30°=1 =29 . In table II we have listed for each sauple of smoothed
and raw data two different values for the following : '
N (number of galaxies in the histogra.ms),')(z (Chi-square), P(773), the
probebility that in a random d.istribution')(z exceeds the observed valus,

and finally C_= -,-_c—__ (the autocorrelation ooefficiex;t in terms of

standard d.eviarl;ionx,1 see below). The upper line refers to values derived
from Brown's, smoothed histograms, whereas the lower line refers to the

réw data.If the positiqn angles were randomly distributed, the procbabilities

P> ¥2) should be uniformly distributed from O to 4 , whereas 5 out of 10

for the unsmoothed data have P()'ﬂz) 40.01 .




.

b- Autocorrelation coefficients

This test measures the correlation betwsen the numbers of galaxies
in adjacent bins, In this regspect it is therefore a sensitive measure
of the lack of noise or ' smoothness ' of a histogram, The autocorrelation

coefficient is defined as :

2:::: ( 0)( ivg T 0)

C =
isi,n 0
vwhere :
NO = Average number of galaxies per bin,
Ni = Number of galaxies in ith bin,
n = Number of bins.
If the position angles are randomly Aistwihuted. tho Sapesisd valus ol vias

autocorrelation coefficient is zero., It is more convenient, however to
-quote the autocorrelation coefficient in terms of its standard deviation,

as folldws::
C I= G
& Va

where n is the number of bins.
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Table IIT

Statistical ﬁ&rameters for smoothed and rew data in Brown's catalogue.

Upper and lower numbers refer to smoothed and raw data respectiﬁely.

AREA | FORM |SIZE(Arcsee) | N '>L2 p(yf%) ¢ =offm
- , 346 39 0.09 Ls38
4 -2 | 40 - 64
: 337 52 0.005 1.73
PISCES
24,9 23 0.78 2.7k
3=5 40 - 64
255 39 0.10 . 0.81
. \ . 230 bW | 0 0.03 | 347
-3 » 65 /
/ 253 49 0,01 \L 2,59,
1 VIRGO
102 | 20 0,90 2,00
4L -5 > 36
. 103 34 0.24 -0,405
238 26 0.63 2.92
1-2 ] > 65
222 29 0.47 1.855
URSA~ 238 18 0o O 219
JMATOR |3 -5 | D 50
203 28 0.53 2.92
3=-5 36 - 49 .
199 | 29 0.47 1.155
3 . 0.6 2.1
4 -2 ;> 65 1 26 3 J, 9
152 58 0.001 Y -0.76
230 20 0.8 2,56
EYDRA |3 -5 | 36 - 64 3 9 5
230 35 0.20 14114
1 -2 | 36 -6 268 28 054 l 3.47
270 L9 0,01V 0.73
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From table 3, for the')Lz -test, we see that in five samples
marked l smoothing reduced the significance of the apparent non-randomness
of the position angle distributions. For the remaining five samples
P(XZ) is increased or decreased by the smoothing but in both cases is
consistent with a random distribution,

If we compare the different autocorrelation coefficients in table 3
we find that CG/ for the. smoothed data is consistently higher by about
2¢”,

The above ‘tests give us some measure of the distortions introduced
by smoothing., As expected the %values are considerably changed, and |
most of the beautiful peaks in the Brown papers are probably pure
manifestations of transferring data (by one bin). Nevertheless in tabla3
we notice five histograms that appear significant at ‘tha 1% level  =2s
determined by the')(z-test, before smoothing i.e., in the raw catalogue,
Two of these histograms, (hersafter referred to as 'remarkable !
histograxlns) are reproduced completely in figures 3 and 4 .Apart from these,
there is nothing significantly above the 25/ level as determined by the
autocorrelation test in the data .

We now turn our attention to these two histograms (in Virgo and

Hydra ) .
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2.4 - Description of ' remarkable ' histograms

In the annexed histograms (figures 3 and 4), all spirals, down to
the limiting diameter (65 arcsec) and forms (41-3, 1-2) over the whole
of the 6 plates (for Virgo ) and 9 plates (for Hydra ), are binned at
intervals of 60 o The histograms refer to the raw data, but the raw and
smoothed counts are writ'ten-:;xlongside.__
Figure 3 shows that the position angles of spirals, and with axis ratios
iying between 0 and 0.25 or f‘ofm 1=2, show a strong preference for values

near 36 0 and 120 0 . It is inferes.ting that the number of galaxies in tﬁese
two peaks are the same for the smoothed data .

If we compare the number of galaxies in the raw data (figure 3) with
the numbers in the smoothed data between position angles 360-1.20, we find .
that, there is little difference; in other words. Browa's smoothing , in
this case,has not changed the original histogram very much.

Figure L4 shows a.nother" remarkable ' histogram of position angles in
Hydra region. Here the_re is a preference for values at 300-560 and 1680-171+°°
The number of galaxies in the first peak { 30°-36% ) is equal to that in
Brown's paper, whereas in the second peak (1-680-171..0) the counts are different.

To examine the significance of these peaks their height in standard
deviations a.bové the mean can be calculated. In figures 3 and L the solid
line shows the mean number of gelaxies :Ln a binn while the dashed lines

' 1
show the + g’ limits where tho standard deviation 6= (x'i)2 . In figure 3
the peaks at 360-42°, 1260 - 1320are respectively 4.7 ¢’ and 1.9 67 above

the mean. In figure L those at 3.00-360 and 1.680-1740 are 3.1¢” and L4 g7

above the mean,
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To investigate further these seemingiy significant peak#, we plot the
histogrem in the region of the peaks with a finer interval.The purpose of
doing this is to see whether the surprisingly sharp rise at the peak is
due to some excess at one position augle. The results for the two bigger'
peaks are given in figures 5 and 6 . They show that, in the case of Hydra
there really does appear-to be an excess at 174 - 29.

In yirgo however, the positioﬂ angles are spread quite evenly across
the 6° bin . Since the accuracy of measurement is only about 5° this
latter result is reasonable whereas the Hydra result seems quite suspioious.

A further test of the reality of these peaks is given by the spatial
distribution of the galaxies concerned., It would for instance, be

interesting if the galaxies were higﬁly clusterad.
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Table IV

Fractions of spiral galaxies in Virgo with position angles

in the peak  30%p { 47°

PLATE NUMBER FRACTIONS
1401 ' 7/9% = 0,07
1405 8/86 = 0,09
1578 : /44 = 0,10
1023 3/62 = 0.05
1066 10/128 = 0,08
1400 157431 = 0.06 )
Table V

Fractions of spiral galaxies in Hydra with position angles

in the peak  162%(ch { 175°

PLATE NUMBER FRACTIONS

28 8/82 = 0,10

922 2/87 = 0,02

233 4/ T = 0,05

649 1/78 = 0.01

1359 | 1/75 = 0.04
470 ' 2/131= 0.02 | ]

1530 1/67 = 0.01

i
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- Table: 3 and L show the fractions of spiral galaxies with position angles

in the peaks mentioned above, for each plate in both areas,
Clearly there is little large - scale clustering on the Virgo area since
the fractions vary by only + 30 % .

On the Hydra data however, plate number 28 shows a marked excess of
galaxies, though otherwise the distribution is quite even,
To examine this, and also to investigate the possible clustering of such
galaxies on scales smaller than 6° the distribution of galaxies on
individual plates was studied.

Figure 7 refers to such a distribution for the plate number 1600
in Virgo and figure 8, to plate number 28 in Hydra which we mqntioned above.

The positions are given by Brown to the nearest 0.5°only.
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We can measure the median of the observed separations between
nearest neighbour of galaxies ‘in figure 7 and 8, by hand and the results

are as follows :

©

For plate number 1600 median of the observed separation =1.15
For plate number 28 median of the observed separation =0.5°
We must note that in plate number 28 for Hydra, we have five within
the same 0.5° X 0.5°square and having position angles between 169°-172°.
By using the following formula, we will be able to find expected
median of the separations between nearest neighbour of galaxies in the
figures 7 and 8 :
exp(~-[1n/A 0ied.) =%
where C’Led. is median angular separation between nearest neighbour
galaxies, n is;tha total numhar af salawias in cach lzis, anl L 15 lhs

area. of the plates, : -

For plate number 1600 c%md. = 0.9°
For plate number 28 Cmed. = 1.0°

Comparing the two values for the observed and expected medians, we
find that they are quite close for Virgo, and therefore, the galaxy
distribution in figure 7 is;pot significantly clustered. For the Hydfa
dqta however.th; situation gs affected strongly by the 5 galaxies at the
same co-ordinates.

The raw catalogue was checked and this seems to be a real effect

vhich in itself is of some interest.
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2.5 - Opik plots

Unlike_axis ratios, little is known about possible selection
effects that might operate when recording position angles; laboratory
experiments like those of Holmberg(1946) would be most helpful,

Opik once suggested(1970) that, ome can combine the distributions of
position angles and axial ratios to get a better picture of the
distribution of angular momenta. Here we investigate this possibility
by means of a polar diagram.

.Opik (4970) suggested two-dimeﬁsional.statistics in polar
coordinates, P(position angle) and R=(1-Sin i)% (r;dius) with equal
s0lid angles represented by equal areas in the two-dimensional
projection,

» According to figufe 2 (chapter 1), i is the inclination and
because of the finite thickness of a galaxy, we can substitute for -
Sin i, the apparent ratio of the axes (b/a), so that the polar
coordinates become P and R=(1-h/a)% .

Figure 9 represents such a polar histogram for & sample of
galaxies in Virgo. Note that all axis ratios below 0.55 are included,
but that the quentization of b/ a seriously hampers the interpretation
ana use of the diagram,

It will be recalled thet this sample shows a marked excess foriﬁa-a36°
for b/a < 0.3 . The plot reveals however, little evidence for a general

clustering in this area on the two-dimensiunal plot.
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2,6- Conclusion

Brown's investigation s.upports the view that there are
significant departures from randomness in the distribution of
position angles of galaxies in different regions of the sky. As we
haire seen, Brown moved galaxies to make the histogram smoother and
found strong skew distributions of position angles, Our statistical
tests (Chi-square and Autocorrelation) showed that the smoothness in
. Brown's histogrems is not significant, though the smoothing has, if
anything weakened the significance as determined by 1:116')(‘2 ~test,

Among all of Brown's published histograms, there are two that
show individual peaks significant at levels above 4&”7. The total
number of possible histograms is however quite large because of the
varioue nperemetorz Brown Lad &t nis disposal.

We estimate the total number of bins as follows :
6(regions) X6(forms)X5(sizes) = 180, 180 X 30(bins) = 5400 bins
Therefore the probability of exceeding at 4 & once would be :
| 1 in 1600 / 5400
or
1 in 2,96
and for two peaks at L ¢~ the probability is :
1 in  (2.9)% = 8.8 , which is not very small.
A closer investigation of these peaks and the galaxies mthm
them has not, however, given any further evidence that the excess is

phySioala

e
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CHAPTER 3
ROE data

3+1- Description of ROE data

The data for this chapter are taken from a photograph of a field
near the south.galactic pole taken by the UK L8-inch Schmidt Telescope
in Australia on nitrogen sensitized Kodak IITaJ emulsion. Such photographs
reach magnitudes B=23 in exposures of one hour (Corben, et al. 197&).
In an area of 2(degree)20n this plate, 3054 galaxy positions, diameters,
forms and orientations have been measured by Professor V.C.Reddish. In
 high southern galactic latitudes/~4105faint galaxies are measured on a
single plate covering an area of sky l..O(arcdegree)2 (Doad, et al.1975).
Most galaxies are at distances of several thousand megaparsecs, and these )
galaxies_probably have redshifts up to about Z ~~0.5 .

All measurements in the ROE data have been quantized. The positions
are given to the nearest_ZSQ/A.m (0.01 inch) and the axes to the nearest

1q/u-m.

' The parameters of the photograph on which the measurements were
made, have been'given by Dodd, et al.(1975) and are reproduced in fhe

table below :

Table V
" Date : | 1973 September 2-3
Plate number : J --149
Size : 14 in.X 44 in,
Emulsion : | BEastman Kodak IIIaJ, nitrogen sensitized.
Filter : Schott GG 395
Exposure : . 120 min,

Guiding : Photoelectrio
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Plate centre (1973-5) Ra 02" 42'"'0, Dec, -29° 54'
Sky brightness : B = 22,1

Limiting magnitude : ' B;> 23

Plate scale : 67 ercsec. mm "

J+2- Frequency distribution of orientation angles

Of 3054 galaxies measured in the ROE data, é54 have measurable
elliptiocities(1-b/a) and hence position angles. |

It is recognized that, insofar as these measurements (ROE) are
concerned, several subjective effects, in particular selection effects
of the type disoussed by Opik (1969) and references-therein, have
most probably operated on the data, It is felt that investigations of
this type, although subjective, are merited, especially in view of the
deeper penetration in space of plates taken with the UK 48-inch-
Schmidt Telescope and the corresponding insight gained by epproaches of
this nature.

For the 854 galaxies, which have measurable position angles, the
ROE data givgs the angle to the nearest 1% Figure 10 show the frequency
distribution of position angles in 1° bins, It is immediately apparent
that there are large pesks at ¢ = 0°and ¢=90_°and that fhere are
subsidiary peaks at multiples of 10%in < . An explanation of this is
that fdf the smaller or more néarly circular galaxies the error in
measuring <2 is much larger than 1°and there is a tendency to assign
the value to the nearest multiple of 100, thés tendency being larger
for galaxies with <> near to 0%and 90° . To reduce this effect we
have, in figure 11 , replotted the same data regrouped into 10%bins
centred on the multiples of 10°. The peak around 0%s no longer
- significant but that around 90°remains. It is also apparent that there
are considerably more galaxies with qﬁ< 90° than with¢)90°.’rhat the

observed distribution differs significantly from isotropy is borme out by
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1ts7(§f‘ 60.6 fox" 17 degrees of freedom (P(')(z) < 10~ Ye

Although we can think of no measuring biasses that would favour
P { 90%ver 5 90° there is still the possibility that the peak
around 90°is an artificial if there were a tendency to assign a <& of
90°to small galaxies or those having very small ¢llipticities. To
investigate this’the distributions of sizes and axial ratios of the
galaxies in the peak around 90°were compared with those for the complete
sample of 854 galaxies, There was no excess of small or nearly circular
galaxies in the 90°peak. As a final test the N(<P) distribution
was found for the larger galaxies for which measuring error should be
smaller . The dashed histogram in figure 11 is the distribution for
39 gelaxies with 2a > 110 A m '« This is moré uniform and the peak
around 90°, although still present , is rot st.atistioally significant.

The )(zagainst the hypothesis of isotropy is 1k.1 (P()(?) =0.8 ).
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3e3= Frequency distribution of difference between position angle of

The material presented in this section is the observed hiétogram
of the difference between orientation of nearest neighbour galaxies, on
a UK 48-inch Schmidt Telescope pla%e.

The motivation for the search of distribution of orientations of
neighbouring galaxies is that galaxies in any small region may have a
preferred orientation, but that the preferred direction varies in a
random way over scales larger than some coherencellength or domain
size (Howley, et 2l1.1975). We can suppose that the angular momentum of
internal rotation of galexies must add to'zero in small regions. Henoe
rotetion axes woulld tend o Ue auu;yc¢n¢ici and iong axes paraiiel .
Also we can say that if the coherence length were much smaller than the
size of our regions the anisotropy would be averaged out.

The relative orientation Agb of the pair is defined as the acute |
angle between position angles of nearest neighbours. We have counted
in bins of 10° for ROE data, and they are plotted in the form of
histogram in figure 12.

There is a difference between our histogram and histogranm of
Dodd, et al.(1975), because Dodd, et al. ignored any nearer galaxy
with unknown position angle (Round galaxy) in measuring the difference
between position angles of nearest neighbours, whersas in our plot of
zxgé', if the nearest neighbour to.a galaxy with measured position
angle iS one with unknown position angle, we ignored both of them,

Accordingly the total number ofﬁAgﬁvalues is reduced from 854 to 181 .

In the following, the normal observational 'yiz parameter is

used as a test of uniform frequency dlstrlbutlon , ie.,

o'bs th )2
‘X -

i=t,n f

f
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where f:bs is the value from the observation and fzh'is the mean

number of galaxies per bin .

The observed distribution has‘)12=8.55 for 8 degrees of freedom, This
has a probability P(%2) =0.4 and is this consistent with a uniform
distribution., We note, that in any case that part of the excess for
the 0%%o 10° and 80° to 90° ranges of AP will be due to the artificial

peaks at ¢© =0° and ¢b =90” that we noted in the n(¢P ) aistribution .
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3.4~ The clustering of galaxies

a~- General remarks

The spatial distribution of galaxies is a problem of great
interest in cosmology and investigations are usually based on the
following four main assumptions (Neyman and Scott, 1952) :

- Galaxies occur only in clusters,

2= The number of galaxies varies from one cluster to another
in a manner subject to a definite probabilistic law, the same for all
clusters.

3~ The distribution of galaxies within a cluster is random
and is subject to a probabilistic law which also is the same for all

L- The distribution of cluster centres in space is random.

The tendency for galaxies to clustering has been known for soms
time. Most bright galaxies exist in systems of pairs, triplets or
multiplets which are themselves usually subsysﬁems of larger groups
or clouds of galaxies (de Vaucouleurs, 1971).

In the published aﬁalysis of the distribution of galaxies in
the ROE data Dodd, et al. (1975) state that the results are consistent
with the hypothesis that all galaxies are contained in clusters
containing from 2-6 members, and also they found evidence for small
scale clustering,.

| Anothe; recent analysis on the abave‘data involves the angular
covariance function for the distribution of the 3054 galaxies(Dodd,
et 8l.1976). They found there is clustering of galaxies present with
a scale length of 3OOQ/M.m on the plate corresponding, at the typical
disténce of the galaxies, to a metric scale of 1 Mpe. Here we investigate
Phese conclusionsby comparing the observed frequency distribution of

angular separation of nearest neighbour of galaxies on the same data,

with that expected for a random distribution.
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b- Observed and expected frequency distribution of angular

separation of nearest neighbours

Figure 13 (solid lines) shows the observed angular separation of
nearest neighbour galaxies counting mutual separations twice.

The expected distribution of nearest neighbour separations for
a random distribution of galaxies on the plate is: given by the dashed
line.In calculating this,one has taken into account the quantization
of positions, whereby the area of the plate is divided into 254/~ m by
254/-m cells and the posifion quoted is the centre of the cell in
which the galaxy falls. The probability distribution of recorded
separations has been caiculated as déscribed in Appendix 1b and has
been normalized to the tetal of 3054 gala#ies. The recorded positions
are plotted in 109/um bins. One can see that the quantization effect is
very impor:tant for small separations, The first three non-zero bins
corraspond to recorded separations of 0, 254 and 353#‘“'

c- Comparison and interpretation

Figure 12 shoﬁs.that the observed number of nearest neighbours
with recorded separations of 254 and 359/ﬁvm are significantly
gréater than those predicted . Correspondingly there is a general
deficiency of larger separations, This confirms that the:galwxias are
non-randomly distributed ie. that there is some clustering . One can
combine the result of the nearest neighbour analysis with that of the
covariance analysis, which gives a cluster diameter of r~/5009/~um
to get a rough estimate of the number of galaxies in a cluster ., Let us'
assume that the-small separations are recorded almost entirely by
galaxies in clusters., To account for the excess of small separations
the mean density of galaxies in the clusters must be greater than the

overall mean density of galaxies on the plate.
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In particular the observed frequency of 25ﬁ/h-m and 35?/ﬁbm separations
will be reproduced if the density of gala;ies in a cluster is 0.06 per
254 X 254 /1~m2 cell compared with 0.03393 for the overall mesn density.
Multiplying the former density by the area of a BOOQ/A~m diameter

cluster gives an estimate of 6.5 galaxies per cluster.
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3¢5 - Distribution of axial ratios

a- General remarks

Assuming a random distribution of the three dimensional
orientation of galaxies, it is possible from the distribution of
axial ratios to find the fraction of spiral and elliptical galaxies .
This is of interest since we have little knowledge of such a fraction
at the epochs corresponding to the data observed on deep plates.,

The galaxy classification systems which are conventionally |
used are based on the two-dimensional images of galaxies and therefore
do not neosssirily characterize the true three-dimensional form of

.the object., There is no easy way of constructing a three-dimensional
model from the two-dimensional plate, but by using dvnamiecal

argunents or statistics it is possible to obtain information on true
forms of galaxies. For instance,an E0 galaxy might be spherical or it
might be e very eccentric ellipsoid viewed face-on . Eventually, it

is hoped that exceedingly high-precision photometry might be able to
distinguish between these possibilities, but so far the distribution
of orientation of elliptical galaxies has only been attacked
statistically. |

Nodel for true distribution of axial ratios

' The frequency function of true axial ratio (r°=3/a):of spheroidal
galaxies can be de%ived easily from the observed frequency function
of apparent axial ratios (r = b/a) under the assumption of randon
orientation of the spin axes. This problem has begn ofteﬁ treated ,
mainly with respect to elliptical, lenticular and spiral galaxies
and most recent by Sandage et al,(1970) from statistics of the BGC
data (de Vaucouleurs, 1959 ). In this section we reanalyﬁe this
problem on the basis of the expected frequency function of axis ratios

with semi-major axis between 10g/h m and 409/~m in the ROE data.
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According to shapes given by Sandage gﬁ_g;;(1970) , the frequency
distribution of apparent axial ratios for spirals and SO types is
centred at about r=0.25,and has small dispersion . A singie Gaussian
with r_=0.25 and ¢”=0.06 is used for both the SO and SBO snd the
Sa, Sb,and Sc groups, The result that elliptical galaxies may not be
uniformly distributed in r, 5ut may have a peak ﬁear r=0.6 is of
some cosmogonic interest . A single Gaussian with r_=0.65 and &’=0.18

is used for elliptical galaxies, A

The relative abundances of different types of galaxies

When galaxies were first catalogued,it was thought that the
spirals: were far more numerous than any of the others, though some
investigators believe that there are as many ellipticals as there are
spirals. Hubble(1936) obtained the accompanying table (table VI) of
relative abundances of different types of galaxies; We‘must, however
realizg that in this sort of frequency analysis,selection and sampling
play a very important role since we classify into groups only those
galaxies whose structure can be clearly resolved, and these are

generally the galaxies with large apparent diameters.

Table VI

[

Relative frequency of galactic types

Type Frequency(per: cent)
E0 - E7 17
Sz, SBa 19
Sb, SBb 25
Se, SBe 36
Irregular 2.5
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A survey of photographic plates of ext-ragalactic objects shows that
the greatest number of images is very small objects whose structures
can not be discerned with sufficient accuracy to allow classification.
Hubble(1926) in his analysis used only the very brightest galaxies
listed in the c.ataa.ogue of Shapley end Ames, so that no question
could arise as to the classification of these galaxies., We must
therefore expect to find strong departure from these abundances in
local samplings, and, indeed, we know that in many clusters of
galaxies the number of ellipticals .is greater than that of spirals,
Within our own ﬁocal group of galaxies consisting of 17 individual

_ members, there are probably nins ellipticals.

According to deVaucouleurs (1963) , for Boe <12.7 the proportion

of galaxies in each class is appré:d.mately as follows:

E 13 %
S0 21.5%
> } 61 %
SB

Irr. 2.5 %
Uncettéin 2%

If we add S0, S, and SB together and ignore tke Other classes we

would have :

Ellipticals Wl %
Spirals 86 %

Van den Berg '(1 975) obtained another :E_'requency of classificetion

as table VII .
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Table VII

Relative frequency of classification of

galaxies
Type Percentage
E+S0 22,9
Sa 7.7
Sb 27.5
Irr, 2.1
lg?thcrs 1Ze5

He does not separate the E and SO galaxies. In the Reference

Catalogue of Bright Galaxies (de Vaucouleurs,et Qgijﬁéu)the total

numbers of E and SO galaxies with measured redshifts are.177

and 174 respectively. In the above table we therefore take it
that these should be 11.5 % for E only,
Adding SO int§ Sa+Sb+Scland omitting the Irr. and ' Others' we
obtain :

Ellipticals 15 %

Spirals 85 %

which is close to that of deVaucouleurs.
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Remarks on selection effects and their corrections

The discovering of galaxies is severely limited By observational
selection of surface brightness and appérent diameters. Galaxies
having an average surface luminosity less than//m£=27 mag.(arcsec-z)
are not optically detectable by present techniqﬁes. Galaxies having -
an aﬁparent diameter less than f\a1"are not readily distinguishable
from stars with current instruments (deVaucéuleurs,1974 )e It is
probably not by accident that the average surface brightness of the
s0 -called 'normal'galaxies is only slightly above that of fhe night -
sky(de Vaucouleurs, 1957 ). '

Further selection effects arise in the formation of catalogues.

s we know, the selection effects are different for spirals anﬁ
ellipticals. Reinhardt(1972) has given the following formula for
correction of selection effects kmown to operate on axial ratio
measurements.

1- Correction for first Holmberg effect :

0.745
(h/a)corrected = (b/a)apparent For ellipticals
- 0.812
(b/a)corrected= i<h/a)apparent For spirals

In ROE data we used the average powers of above formula, because we are

not gble to distinguish between spirals and ellipticals, that is :

0.778
(v/a)

a apparent

(v/2)

corrected ~

2- Corrections for second Holmberg effect and Opik effect :

-0.169 " PFor Spirals
D(r)apparent =D(1) r corrected » r =(v/a)
- -0.296 Ellipticals
D(r)apparent =0(1) r corrected - For P

where D(r) is the maximum diameter (apparent) and D(I) is a corrected

" face on " maximum diameter.
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b- Observed and expected frequency distribution of axis ratios

Figure 14 shows the histogram of axial ratios for 3054 galexies. In
this histogram we see 2221 galaxies with b/a = 1 . This is mainly
because of large quantization effects in the measurements.

The smallest non-stellar imagés measured have diameters 2a = 594.m
(3.3 érc sec) . Above this)values of 2a and 2b are given to the nearest
19/mm. The lower limit to 2bh is also SQ/-m. Thus all galaxies with
2a = 59/~m will have a recorded axial ratio b/a = 1 vhile those with
2a = 60/1.m will be divided between b/a =1 and B/a =0.83 and so on.

The effect of the seeing disc of 3€f~m(2 arc sec)diameter also has to
be considered. It can be approximately accouﬁted for by suhtrﬁcting
304 m from the measured values of 2a and 2b . It is apparent that for
the smaller galaxies which dominate the data the quantization effects
and the correction for seeing are of overwhelming importance and it
is doubtful whether any useful information on the intrinsic forms

of galaxies can be obtained from the overall distribution of axial
ratios. Hence we restrict the range of‘major axis in the observed
histogram of axial ratios to those between ‘IIOO/a m\<2a\<l|.00/.m .

" Pigure 15 shows the frequency distribution of axial raﬁids for the
779 galaxies with major axis in-the ebove range. As the correction for
seeing is of less importance for these galaxies we initially ignore

it. It is considered at the end of this section,
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For interpreting of the observed histogram, we plot first of all the
‘expected frequency function (i.e. differentisl distribution) of axial

ratios of galaxies, without using corrections for the Holmberg and

Opik effects (chapter one ), that is ;

1
f(r) = r [(rz-ri) (1 -i‘i) 1 i

where r°=B/a is true axis ratio (for further details about frequency

function and frequency distribution equations, see appendix 2). The

quentisetion has been allowed for.

Figure 16 shows this expected distribution of axial ratios fér
four different values of T, . In these hisﬁograms, the effects of
quantization can be clearly seen.

ror each major axis value the predicted numbe? of galaxies with
2b 4;59/um have been summed . This gives a peak in the distribution
at b/a = 0.5 for those galaxies with 2a = 109/um . Since galaxies of
this size give the largest single contribution to the total there is

a peak at b/a = 0.5 in the overall distributions that have r =B/a ( 0.5.
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Now to account for the selection effect discussed in chapter
one, we must multiply the frequency function by a selection function
S(r) . For the second Holmberg effect and the Opik eff'ect, we are
effectively considering different volumes for different axial ratios
with the same limiting angular ﬁiameter. Assuming a constant space
density the number of galaxies entering the catalogue will be
proportional to the respective volumes, ie., to [-D(r)/D(1) ]3 ,
therefore this gives us with the Holmberg correction (Reinhard£,
1972)

' " S(r) = (r-0.336>3 -t r—1.01
or

s(r) & ;-"1

hence from above :
: -5
£(r)= {(rz-ro2 )(1- g)J - X const.

If we integrate between r and r, ., we find the normalized distridbution

function as foiIOWs :

Flr)-

’ :
)\ r( ---r 4~ =Ty )J-— XGonst.-dr | n

(o]

2%,
(o] /T

P(r) = Log {r+ )/ Log \|+\1-r ; )

In fiéure 17, we have plotted the expected distribution function
.of axial ratios allowing for the above selection effects, for the four
different values of T, . In these histograms we see the main effect

of the corrections is to shift the numbers to smaller Y/a.
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Fraction of elliptical and spiral galaxies in the ROE data

By weighting the previous histograms according to @istribution
of true axial ratios for elliptical and spiral galaxies given by
Sandage et 21.(1970), we plot expected histograms for spirals and
ellipticals separately. Figure 18 shows the observed frequency
distribution (100/1- m\<a. Q;.O()/gm Ytogether wi’f;h the expected frequency
distribution of ellipticals and spirals , According to figure 18, if
we compare observed frequency distribution of axial ratios with the
expectéd frequency distribution of spirals and ellipticals, we s£111
find that there are too many galaxies with axial.ratios of one., This
is matched by a deficiency in the range 0.8<r=‘b/a. <1 which suggests
that there is 2 tondency for nearly circuiar images o be given an
axial ratio of one. There is also the possibility that there is a
residual contamination of the data by stars which will all have r =1.
We therefore ignore the galaxies with r =1 in comparing predicted and
observed distributions,

We performed a chi-square test on the observed end expected
freépency functions as follows . |
If we suppose that G is the fraction of galaxies ﬁhich are spiral and
(1-6) is the fraction of galaxies which are elliptical, the expected
frequency function for spirals and ellipticals together is ;

£7P°2 G - £(r) + (1-6) - £5(x)

where fs(r) is the expected number of spiral galaxies in each bin of

r and f'E(r) is the same for ellipticals. Therefore, we have:

7(? _ ‘Z:r (fobs._fexp. )2 / £°%P-

and we minimise '7(21;0 £ind the best fit value of G.

We find a minimum value for’)(g of 126.84 for G=0.30 . This value of

75 with 15 degrees of freedom is much too large for the fit to have
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any meaning . This is obviously a poor fit because the prédicted
‘frequency function of spiral galaxies (in figure 18) is quite different
from the observed function,mainly- because of the large peak at

r = 0.5 . This peak is largely due to the galaxies with 2a = 100/‘m
for which the minimum b/a = 0.5. The seeing gjsc correction of 30/\~m
is still important for galaxies of this diameter. As a final correction
we take this into account. Following Dodd et al. (1975) 30/~m is
subtracted from the major and minor diameters of all galaxies. The
observed frequency distribution of corrected b/a 'is showﬁ in figure 19
for the 339 galaxies having corrected major diemeters between 10/&m
and 40 /Hm.Aga.in an .attempt was made to find the best value of G, the
fraction of spirel galexies in the sample, using the predicted b/a
disiribulion for spirais and ellilpticals of figure 18 . It is obvious
that no value of G will givea fit to the observed distribution for

r>‘0.9 . As it seems likely that most galaxies with 0.9 \Qr < 1

have been recorded as r =1 we fit only to the observations for r< 0.85 .,

The best fit value of G is 0.83 and the predicted distribution
for this, normelized to the total observed number with r<0.85 s ;i.s
2lso shown in figurei9 . It is interesting that with this _nomalis.ation'
the predicted total for r} 0.85 is 41 while the observed total is |
43. Thus the observed excess at r =1 can be accounted for by the
"deficit of nearly circular galaxies and no real excess of r = 1
galaxies is indicatmd . |

The best fit of predicted to observed numbers has '>L2 =48.5 for
1.5. degfees ;:Jf' freedom. This is better than the previous case but the
large >(2 still \casts doubt on the value:of G obtained. The worst
discrepancy is. for 0.5\( r (0.6 .
It is possible that in practice the lower; limit on the measured values

of 2b is not so clear guj; as has been assumed in deriving the predicted

curves . This would widen the peak in the predicted distribution .

3
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We conclude that the distribution of observed axizl ratios for
galaxies with corrected major diameters£>109/1m is consistent with
that predicted assuming the normal mixture of spirals and ellipticals,
A stronger statement can not be made because of the necessity of

invoking plausible but unsubstantiated bizsses in the measurements

to account for discrepancies.




The results of the present investigation are brought together
in the following summary. The main conclusions relate to four points :
(a) the distribution of position angles, (b) frequency distribution
of differences between the position angle of each galaxy and its
nearest neighbour, (c) clustering , (d) the distribution of axial
ratios,. _

a- The observed anisotropy in the distribution of N(¢>) with a .

" peak around P =90° is significant only for the galaxies with smaller
angular sizes, This can be-either a real effect for the more distent
galaxieg iﬁ this region of the sky or could be due to some unde#efminéd
biazzes in The posiliun angle measurements ot the smaller images.

b- The normal observational i%? parameter showed that the
observed frequency distribution of difference between pbsition angles
of nearést neighbours in the ROE date:is consistent with a uniform
distribution . The excess for the 0° to 10° and 80%o %0° ranges of

- D (figure 12) is due to the artificial peaks at gb =0° and ¢ =90°.

é— The ;esults from measurements pn_distant.galaxie§, are
important for the extension of quantitative investigations of these
objects out to very great distances, z ~0.5 . Comparing the observed
frequency distribution of angular separations of nearest neighbour of
galaxies with that expected f6r a random distribution, we see that
the galaxies are non-randomly distributed, that is,there is
evidence for significant clustering. The covariance analysis gives a
value for the angular extent of the clusters which allows us to obtain
an approximate-;stimate of 6.5 galaxies per cluster. This number
of galaxies in a cluster is cousistent with Dodd,et &l. (1975), who
using a different approach to the same data, found between 2 and 6

galuxies per cluster.
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d- From the observed frequency distribution of axial ratios , we
found out that there are large quantization effects in the axes
measurements.

We do not believe that information on intrinsic forms of galaxies

can be obtained from the axial ratio distribution of all 3054 galaxies
since the data are dominated by the smaller galaxies for which the
quantization effects are overwhelming . If one selects only those
galaxies with corrected diameters}} 100Am (7 arc sec) and corrects

for the Holmberg and Opik effects a ratio of spirals to ellipticals

is indicated which is consistent with £hat obtained by de Vaucouleurs
and Van denBerg for bright galaxies (section 3.5 a) . For these
galaxies there is no real excess at r =t . We regard the conclusion

of Dodd et al.(1975) that the peak at r =1 for the smaller galaxies
indicates the presence of substantial numbers of spherical and
ellipsoidal galaxies as questionable., The possibility that it is solely
due to quantization and selection effects in the measurements can not -
be ruled out.

Th; huge quantities of data involved make manual measurements
out of the queéfion from a pr;;tiéél view, ﬂot to mention bias-

'through severe physiological , subjective and selective effects
(Holmberg,i 6; Opik, 1969) . It was necessary, therefore, to

develope a high-speed machine capable of performing, objectively and
accurately , the measurements of the properties (positions, sizes, étcs)
of the.VAry large numbers of faint images recorded on the photographs. |
Therefore, we: turn our attention tothe COSMOS machine in tﬁehnext

chapter,
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CHAPTER L

COSMOS DATA

L.1- General remarks

A preliminary analysis of the properties of faint galaxies
recorded Qn the plates taken with the UK 48-inch Schmidt Telescope .
has already been discussed (chapter 3). Such visual measurements
. of images may, however, be subject to severe subjective effects
(Holmberg,19u6; Opik, 1969), are extremely tedious and considerably
time consuming., For these rgasoﬁs; the COSMOS machine was constructed
at the Royal Observatory Edinburgh with the capebility of carrying

out large numbers of measurements of the type useful in cosmological

L A R -
siuudises Fositicas, sizos, tramcmiszsicn, srisntations omd shomes)

objectively, accurately and at high speed. The combination of good
quality, deep plates from the UK Schmidt Telescope and automatic
measures from COSMOS provides a powerful system for carrying out
objective measurements in cosmology.

It is the purpose of this chapter to describe the distribution
of axial ratios qf_gélaxigp_an@ also the Qigfribution_of separaﬁion;
between each galaxy and its nearest neighbour from the COSMOS
computer output, In,forthcoming pageg, results obtained with the

technique will be presented.
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4,2~ The COSMOS automatic, plate-measﬁring machine

COSMOS is capable of precision measuremeni of Co-ordinates,
Sizes, Magnitudes, Orientations and Shapes of images of stars and
galaxies at rates of up to LO00 images per second . The meaéurements
are recorded on magnetic tape, which are analysed on the ICL 1906A
computer at the Atlas computing laboratory.

There are three molvs of operation; coarse, mapping and fine.

3

I !;;-

1. Coarse measurements

This is a ?aster scan in increments of about %/umCPratthgg al.
1975)in which an artificial threshold can be incorporated. This
enapies the selection of objects greater than a certain surface
brightness, and within the resolution it is possible to get rough
areas and shapes. An important aspect of the coerse mode is the
sepaﬁation of stars and galaxies by means of a magnitude-area
‘relation which stars obey and galaxies do not. It is therefore
essential to use the coarse mode first when studying galaxies.to

avoid wasting time in the fine mode(see later).

The final results for the objects of interest are coordinates
to + %/um, and'rough values for the areas and shapes. Typically the
machine scans in coarse mode at 106 images/hour .

2. Mapping mode

This is the séme type of scan as that.in coarse measurement,
but fhe output consists of a measure of the transmission fo an _
accuracy of 1% at every é/mm increment, This mode allows the detailéd
ezxamination by off line computer analysié of areas of doubt or
complexity such as bridges between galaxies or galaxies with

complex structure .




3.Fine mode

This gives more precise values, When operational, it will give
coordinates + O.%/h m, magnitudes to 0,016 and oéientations to + 30 .
To obtain shapes and orientations the image is sampled in 1024 concentric
ellipses of varing inclinations and ellipticities. Iterating on
harmonic signals produced by the various shells gives the result, The
speed here is about 103e10ngated images per hour. Fine measuremenf
produces the type of ipformation useful in the study of the properties
éf faint galaxy images (positions, sizes, shapes and orientations); it
has been seen, however, that this mode of measurement is rather slow,

a good deal slower than coarse meassursment,

4.3~ Description of COSMOS data

. Galaxies are identifiable visqally from stars on photographic
plates by their genérally tenuous appearance, odd shape and or low
surface brightness. These qualities distinguishing galaxy images may
similarly be used by the computer for separating the two types f?om
COSMOS data (MacGillivray, et 2l.1976) . .

In coarse measurement mode of operatio;, the parameters obtained
from the mgchi;e for each image (as our data) are the rectangular
coordinates (X and Y with arbitrary zero point), the extents in the
X and Y directions ( in 8am increments), the area (in 8, m X 8,m
squarss) detected above 12; threshold, and a measure f&gf;he még;mmi
transmission (Tmin) within the image on a scale from 1 to 128 with
ﬁhe darker parts having lower values, In this work, we selected only
the rectangular coordinates, the extent in the rectangular ;oordinates,
and the area for diameters greater than 103/bm. These quantities are
sufficient for a crude examination of the distribution of axial ratios

of the images of galaxies and clustering,
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Loh= Axis ratios and position angles from COSMOS data

From coarse mode data on exténts,dx and dY, and image area in
increments A, we are interested in determining the distributions of
b/a and qb for various galaxies.

Getting the apparent axis ratio b/a from dX, dY and A should
be quite simple if the image is truly elliptical; For convenience
we list three'poss.ible situations, which we code 1-3 . By defining

the area ratio as :

_ ax ., ay
AR = A

we consider these codes as follows:

. Sode 1= AR=1.00 ; 41, image is a perfect rectangle, and it is

cieariy not an ellipse. Thwrefore according W Lhé 6Gds We ucliing

the angular diameter ( (G =2a) and b/a as :
(® =2a = Maximum of (dX,dY)
ba= Minimm of (aX,dY)/Maximum(ax,dy)

Code_2-_1.00 <AR0'/” i the image can not be elliptical, but

we repeat the above analysis, It is not rectangular however.

92(}9-23-&&%—1—*&-{-; in this oase, the image can be elliptical

and our equations(sée appendix 3) do permit us to fit an ellipse to
the data.

From appendix 3 we have :

7-(z-4a/7 )2
Ya = 2

Z-b _

2 2 <%

and Cos4a={_§‘_x,_5_4_'g___]
W(a"=b")

where, ' e %
[ ]
L T

and <P is the position angle of images.
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In COSMOS data, we sometimes encountered images for which

AR < 1 , these are termed "mistakes" . We ignored them in our

consideration,

Lo5- Quantization effect in the COSMOS data

This effect is present in the COSMOS data, that is both position
(X and Y¥) and axes (a and b) are given to the nearest 8/~ m, but this

effect should generally vanish as diameter increases. e
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4.6- True values of a, b/a andgb by COSMOS data and formula

We need to investigate how accurately the COSKOS data (dX, aY
and A ) and formula (in appendix 3) can reproduce the true values of
major axis (&), axial ratio(t/a) and position angle(<P ). Ve can s#y
that this Will depend upon :

1. The true value of a {computations show that for larger a
the calculated values will become more accurate).

2. The true value of position angle ( ¢ ).

3. The true value of axial ratio (b/a).

4. The position of the centre of the galaxy with respect to the
gride

A square grid representing the 8xm X 8 4 m grid of COSKOS was
taken a.nd overlays of éllipses with semi-major axes scaled to
represent a=25/.‘m, 50/t»m and 100/“ m and with 5 values of axial
ratio b/a were.superimposed. The position angles ﬁb of the ellipses
and the positions of the centres of the ellipses relative to the
crid were varied. For each position angle and position of centre
the corresponding values of Ax, Ay and A were determined. The
formula of section L.4 were then used to obtain calculated values
of a, b/a and ¢4 to compare with the true values.

Table VII gives the results for a=50/~.m.and the ellipses centred

on a vertex of the grid (position 1).
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Table VIXI

Calculated values of a, b/a end ¢b by using true values of a,

b/a, ¢b and measured values-of Ax, ay and A .

True values | Measured values [ " | Calculated values

"bfa §5° ax | oy A Code a | v/a qPo—
0 2 8 {16 11 | 32.00 ] 0,25 | 0.25

10 2 | 10 |12 |3 L0.3L4 | 0.15 | 7.52

ou 20 L | 10 |12 |3 42,70 | 0.13 | 20.68

30 6 10 |14 |3 L6.14 | 0.13 | 30.44

40 8 1 10 {16 |3 50.82 | 0.13 | 38.45

L5 8 81 8 |3 45.11 | 0.08 | 45.00

0 L | 12 |40 |2 148 0.33 | 0.00

10 L 12 | 38 2 48 0.33 0.00

20 6 i2 140 |3 51.26 | 0.31 | 21.65

215 8 | 10 |36 |3 | 48.99 | 0.3 |37.32

juo 8 10 | 36 3 48,99 | 0.31 | 37.32

L5 10 10 | 38 3 57.77 | 0.26 | 45.00

0 6 | 12 |64 |2 48 0.5 0.00

10 6 12 | 62 2 L8 0.5 0.00

0.5 20 8 | 12 164 |3 51.9 | 0.48 | 25.E8
30 . 8 | 12 |62 3 52,41 | 0.46 | 26.89,

40 10 10 | 62 3 50.82 | 0.49 | 45.00

L5 10 10 {64 |3 50.27 | 0.52 | 45.00

0o 8 | 12 (8 |2 | 48 0.67 | 0.00

| 10 10 | 12 }8 |3 53.04 | 0.62 | 32,93

0.7 20 10 | 12 190 |3 51.20 | 0,70 | 29.15

30 10 | 12 t90 |3 51,20 | 0.70 | 29,15

4O 10 12 | 86 3 53,04 | 0.62 | 32.93

L5 jo | 101{82 |2 40 1,00 | 90.00
1.0 | © 12 | 10 {120 {2 | 48 | 1,00 90.00]
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From the table it can be seen that except for two cases the
caleculated a is within 1q/h m of the true value of Sq/u m and the

caloculated b/a is within 0.1 of the true value. Similar results were

obtained for ellipses centred on the mid point between two vertexes of

the grid(position 2) and the mid point of a grid square (position 3).
For position 2 no calculated values of a and b/a lay outside the
above limits while flor position 3 there were again 2 cases outside
"these limits. In general it can be said that if the galaxy images
are indeed ellipses the GOSMOS coarse mode measurements of Ax, &y
and A shculd allow the axiel ratios of galaxies with a.> 50/,\.m to be
determined with sufficient precision to justify a study of their
distribution . On the other hand, it can be seen that errors’

in the determination of the position angles <b. are large. There is
also an ambiguity in the sign ofq5 . We conclude that coarse mode
measurements can not be u.;ed for position angle measurements.

For a = 25/(..m the calculated values of a differ by up to 154 m

va

while the discrepancy between true and calculated b/a may reach 0.3 . -

For a=100m all calculated values are within 5/1-m and b/a are

within 0.05 of the true value.
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L.7- Observed and expected distributions of axial ratios

For the galaxies recorded by COSMOS in an area 7.37 cam k 7.37 cm
(1.37o X 1.37°)on plate R10h§rthe values of 2a and b/a were caloulated
from the data on extents and image areas. We then selected 936
galaxies with diameters 2a'> 100/V.m + The quantization effects
should be negligible for auch images,

Using the frequency distributions of true axial ratios for
ellipticals and spirals (Sandage, et al.1970) we can caloulate the
corrésponding frequency distributions of apparent axial ratios(b/a).
Figure 20 shows thése distributions, each normalized to a total of
936, together with the frequency distribution of COSMOS axial ratios.
(For. brevity we shall refer to the values of b/a calculated by us
from the extents and image areas measured by COSMOS as 'COSMOS axial
ratios' . We recognize that there will be errors in b/a for any images
that are not filled ellipses).

Without the need to calculate j%f it can be seen immediately
that there is no mixture of ellipticals and spirals that will give
a fit to the distribution of COSMOS axial ratios. The latter shows a

strong peak at around b/a =0.5 and very few near circular galaxies.

#

The parameters of the plate are as follows :

Date : 197} December 8
Plate number : R1049
Emulsion : Eastman Kodak 098
Filter : Schokt RG 630
Exposure : 60 min

h m o '
Plate Centee(1973-5): RA 02 42" , Dec =29 54

Plate Scale : 67 arcsec. mm
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Le8- Optical verification of COSMOS data

As we wers unable to explain the observed histogram of COSMOS
axial ratios with any mixture of spirals and ellipticals we checked
‘similar distributions for stars to ensure the data and reduction
techniques were corract .

According to section (4.4), for our convenience we listed three
possible situations, which we coded 1-3 ., The oomputer program was run
for stars on the tapes for J149,R1049 and J1916 plates. The results
have been given as follows (Ellis, private communication) *

Distributions of axial ratios for stars also show a. marked
absence of circular stars, and an overwhelming preference for objects
with b/a 2=0.5 . This is cbserved for largs (234> 100~m) and small
(2a <100/ﬁ~m) stars on all 3 plates.

The first possible reason, namel& diffraction spikes (which increase
the extents considerably, but not the area) is discounted by several
results : |

1) Small stars do not have spikes.

2) The effect would depend on size and brightness of the star,
There is no correlation with size or minimum transmission.

3) Extent (dX,dY)ratios should be more or less 1 and thers
should be little difference between dX/dY and dY/dX, yet this is not
so .

The extent ratios are in fact interesting. On all three plates
for both sizes there are at leagt twice as many star images elongated
in the X direction. Physically this can mot be explained.

The second possible interpretation of these curious results is
that the extents and areas are affected by the S’Lm COSMOS

guantization .
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However above 2a»~;53/.m this has virtually no effect on b/a or
dX/dY. In fact this explanation can clearly be discounted since
the effect would decrease with increasing size and it does not

do so. The problem is wital to those using COSMOS data. and should
be rectified immediately.

To investigate these results further it was decided that
direct measurements of the area of the plate R104L9 scﬁnned by
COSMOS should be made. Accordingly the plate was obtained on
loan from R.0.E. The remainder of this section is concernmed with.
the preliminary results of measurements at Durham by the author

and his colleagues, These measurements will continue in greater

Rn+nn1

The equipment used was an Olympus: Stereo Microscope with
magnification continuously variable between X10 and X4O. The
eyepiece scale covers an area of 1 cm2 at X10.

The smallest scale division corresponds to 2%/‘m at X40
magnlficatlon. In theory, sizes: of objects could thus be estimated
to wlthln 19/—m. The diffuseness of most galaxy ﬂmages, however,
made it difficult to estimate sizes to better than 2%/~.m. The
microscope was mounted on a coordinatograph which allowed slow
motion movement along two axes accurately at right angles. The
coordinatograph vias designed for automatic electronic digital
read out, however, and the coordinates could be set by hand only
to an accuracy of 1250/ﬁ~m.

From the known pattern of_bright-stars on the scanned area the
conversion constants from COSMOS to Durham coordinates were

determined.
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A list was prepared from the COSMOS magnetic type of all objects

for which the calculated 2a> 200 /,. m. There was a total of &2 ,
Each object in turn was searched for at the position indicated by

~ COSMOS. Even allowing for the setting error of 1259/~m ;t should
bave been pgsible unambiguously to identify objects of this size .
In fact 38 were identified. For each of the remaining 2l objects
there was no galaxy within the setting error distance down to one
third of the recorded size. In 12 cases there was a star within the
the setting error distance but, bearing in mind that in the other
12 cases there was no large object at all, one can not be sure that
COSMOS had recorded that star as a galaxy. Of the 38 identifications
one.was apparently a plate fault, ahd 24 were ellintical single
galaxy images for which the calculated COSMOS axial ratio should
have been correct. Details of these are given in table 9 . The
remaining 13 were complex objects : 9 were close pairs of galaxies
which COSMOS had treated as a single object and 2 were groups of 3
galaxies,

Turiting to the 24 galaxies listed in table 9 one sees tha# the
COSMOS axial ratios are systematically smaller than the dirsctly
measured ones and never exceed 0.6, This would be.accounted for if
the COSMOS extents were too large or the image areas too small.

s g . A~ |
or the largest galaxy in tabls 9 the COSMOS valuss are dA:10UO//~m,

txj

dY = 2A8ﬁ_m while the measured values were dX = 559/nm and dY =32§/~m.
For the other galaxies the discrepancies are smaller, the COSMOS a
extents being on average 15% larger than the Durham measured extents, ' ’
It seems then that the problem is ﬁainly that the recorded imége areas

are too small,




COSMOS ocoordinates and extents, calculated angular diameter

and b/a, and measured angular diameter and b/a, for all

unambiguously identified single galaxies with 2a”>209,‘m (a11

dimensions in microns).

Calculated

CoSMOS feasured
X Y ax ay 2a b/a 2a b/a
121899 67659 168 240 271 0.41 | 175 1.0
118084 55085 { 160 216 231, 0.57 | 225 0.56
117816 234,13 272 2.0 352 0.24 | 325 | 0.31
112524 59206 | 184 176 222 | 0.56 | 175 | 0.86
110281 36789 216 192 269 | 0.39 {175 | 0.71
109862 57746 | 192 128 20, | 0.53 | 150 | 0.67
107652 75900 200 152 218 | 0.58 | 175 1.0
106483 71937 1000 2,0 1000} 0.03 | 600 0.42
98178 54215 22l 208 288 | 0.36 | 225 0.33
92707 L0571, 136 184, 218 | 0.32 {250 | 0.30
92275 79989 | 120 216 235 | 0.33 {225 | 0.56
91871 . 29258 | 184 176 225 | 0.53 | 100 | 0.75
91674 25545 184 208 262 0.36 | 150" { 0.50
87338 57162 120 192 217 0.31 | 150 | 0.33
83296 73230 176 22y 258 0.47 {100 "] 0.75
79934 - 20154 22l 152 241 0.51 |75 1.0
78172 69235 240 200 276 0.53 {175 0.71
69628 40906 | 232 216 . 281 | 0.52 [100 | 0.75
68168 37218 | 256 112 267 | 0.31 {225 | 0.22
65796 52782 176 152 207 0.51 {100 1.0
61460 43938 168 10 203 0.4 |175 0.71
59622 55591 256 248 341 0.31 |200 0.38
574,98 36696 272 552 607 0.16 |550 0.18
53495 89459 | 280 10 29, | 0.38 (150 | 0.67
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While the check of the 2a‘> 208/um objects was being done it

was noticed that there were some large galaxies not recorded by
COSMOS. A systematic scan of the area fof all objects with 2?>v403/.m
revealed 5 clear galaxies. Only 2 of there had been recorded as
galaxies by CbSMOS.

One must conclude that for largé galaxies ( >'209/.m) the
COSMOS data from plate R1049 are unreliable . About 30% of the
objects recorded are not present and some real objects are missed.
About 20% are pairs or groups of galaxies not resolved in the coarse
‘mode measurement. The recorded values of extents and areas of the

single elliptical galaxy images give calculated axial ratios
éystematically smaller than the true valuss.,

This may not be important if the smaller galaxies are measured
correctly since they greatly outnumber the larger ones. There are on
average 17 galaxies per cm2 with 2a ;>109/h-m. For selected 1cm X iom
areas the positions of all galaxies with calculated 2a;>1og/am were
plotted. The centres of the microscope scale having beén set by hand

.to within 259/A~m of the centre of the square it was possible to
recognize the pattern of galaxies ahd to line up the scale such
that coordinates could be measured to within 19/hm. In this way it
is possible to check the COSMOS data. over the whole 53 cmdzscanned-
area , The results of measurements of-h cmzare as follows -

In the 4 cmzarea COSMOS recorded 71 galaxies with calculated
2a/} 100 4. m,of these 60 were found to be single galaxy images, 2
were doubles and one was a triple galaxy with components separated
by <'1OO m ., There was one 1dent1flcat10n with a star and 2 with

parts of the dlffractlon spikes of bright stars. The remaining 5
objects could not be seen. They werse grouped together in a 2 mm2
area and nad recorded extents up to 87%/f-m. They appear to be

spurious,
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For the 60 single galaxies the mean X extent from COSMOS was 104.3/-m
and the mean ¥ extent was 105.1/4.m. There is thus no bias to larger
X extents for these galaxies., Our measured mean extents were 101...6/km
and 99.0/k-m in the X and ¥ directions respectively. The agreement
of the extents is better for these than for the larger galaxies . In'
Fig.21 are plotted the calculated COSMOS axial ratio versus the
directly measured axial ratio for all 60 galaxies . Again the COSMdS
values are systematically lower so that it seems that the image areas
are a.ga.;m too small. Figure 22 shows the distributions of COSMOS and |
directly measured axial ratios. The directly measured ratios show the
efféctive quantization of the axes into 2%/-9 increments. The COSMOS
distribution follows that given in Figure 20 for all 936 galaxies.
The indication is that the COSMOS data are considerably more
reliable for objects with 100/4.m<2a<200/«m than for the larger
objects with regard to the identification of sirzle galaxies and the
X and Y extents, Unfortunately one must conclude that the coarse mode
measurements of extents and image areas can not be used to infer the

axial ratios for any size,
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4.9=- Distribution of nearest neighbour separation

The observed frequency distribution of nearest neighbour
sepémtions for 936 galaxies with 2a > 100/t-m from COSMOS data is |
shown in Figure 23. Separations between mutual nearest neighbour
are counted twice. Also shown is the predicted distribution (see
appendix 1a) for a random distribution of galaxies on the sky
assuming an average density of galaxies per unit area equal to
that observed. There is no need to consider quantization of position
in this case.

The observed distribution shows an excess at small separations,

‘The excess in the first bin is in fact greater than that showm since,
as we have seen, COSMOS will treat pairs of galaxies as one wheﬁ

the separations;are,<;109/ﬁ\m. Again the clustering of galaxies is
confirmed. |

Although a covariance function analysis has been done for the
COSMOS data from this plate it was for galaxy images down to smaller
size limits sc. that an estimate can not yet be made of the mean
nu@ber-of galaxies in a ciusfer. In the prasent distribution, for
galaxies yith 2a‘> 109A.m, the excess occurs for separatiogs 809km
(54 a.rcqec).Inthe ROE data: whiqh includes all ga.iaxies with 2a) 50/|‘m
the excess occurs for separations <rh00/4\m. This indicates that the

‘métric size of the clusters is similar for the two sets of

observations.
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CHAPTER 5

GENERAL CONCLUSIONS AND DISCUSSION

5¢ 1= General remarks

In recent years oconsiderable advances have been made towards aﬁ
understanding of the origin and evolution of galaxies in the Universe,
On the theoretical side two theories in particular have been developed
to the point where confrontation with observation is possible; these are
the theories of Gravitational Instability and Casmic Turbulence(Jones,
1976).

The distribution of angular momenta of the members of great
' aggregations of galaxies can be used to distinguish between these and
other theories. Because of the lack of suitable material previous
analyses of this kind have reached-éonflicting conclusions;

With the advent of COSMOS however, many of the problems eg.
subjective biasses, will be overcome, In the fine mode of operation
the prospects for testing the theories are excellent., In this work we
have not only studiad the position angle &istributiqns but also those
of axial ratiog., The latter are more difficult to interpret in terms of
& non-random three-dimensional distribution of angular momentum because
the internretation requires a knowledgp'of the mixture of spirals and
ellipticals. It would thus be essential first to separate the
different galaxy types before discussing non-randomness. Having said
that, however, studying the axis rétios is important since it is only
by using position angles and axis ratios together that one can be sure
a non-random distribution is physical and not due to measurement

problems.,
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5.2- Frequengy distribution of position angles

There are few cétalogues that record position angles for large
numbers of galaxies. -

Brown's results(1964, 1968) concerning the distribution of
orientation angles of spiral galaxies in different areas of the sky
have been discussed and various statistical tests were applied. Brown
moved galaxies to make the histogram smoother and found strong skew
distribution of position angles. Our work shows tﬁe smoothing was
unnecessary and has significantly altered the histograms. ﬁowever, even
with the raw data there are several fluctuations significant at the 26”7
level and two above the LG level, A detailed investigation of the
S22miss 1n Uhéss lalgs peaks falled to give more evidence lor a
physical non-randomness. Moreover, when the total number of possible
histograms was computed the two events become hardly significant(a
probability of.1 in 8.8 of it having occurred by chance).

It is apparent from frequency distribﬁtion of position angles for
854 galaxies in the ROE data, that there are large peaks at b =0° and
b =90° in 1%bins, and that there are subsidiary peaks at multiples of
10°in qb (Figure 10). This clearly is due to the observer having measured
to different accuracies for different sizes, After summing the data into
larger bins to take account of this, spme'anisotropy in the frequency
distribution of orientation angles(Figure 11, solid lines) remains for
the galaxies with smaller anéular sizes; This anisotropy could be a
real effect for the moxe distant galaxies, or it could be due to some

undetermined biasses in determining their orientation angles.




T

The relatively small excess: for the o° to 10°and 80°to 90‘o
ranges of the observed histogram of the difference between orientations
of nearest neighbour galaxies (Figure 12)'can be accounted for by
ts the artificisl peaks at cp = 0° andp = 90° in the N(cP)

distributions.
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5.3~ MNearest-neighbour results

Comparing the observed frequency distribution of angular

separations of nearest neighbour of galaxies in both the ROE and

~ COSMOS data with that expected for a random distribution, we found

that there is good evidence for clustering. A recent analysis of the
distribution of galaxies on a deep IIIaJ Schmidt Telescope plate |
(Doda, et al. 1975) has shown that the results are consistent with

the hypothesis that all galaxies are contained in clusters containing
from 2-6 members. By using the covariance analysis (Dodd, et al. 1976)
that gives a value for the angular extent of the cluster we obtained

an approximate estimate of 6.5 galaxies per cluster, which is consistent

with the results of Dodd, et al.(9%5).
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5e¢4= Frequency distribution of axial ratios

The frequency distributions of apparent axial ratios of
galaxies depend upoﬁ the distribution of true axial ratios and
-upon any anisotropies in the three-dimensional distribution of
angular momentum vectors. In interpreting the axial ratios, because
we have found no strong evidence for anisotropies in position angle,
we have assumed a random distribution of angular momentum vectors.
it is should then be possible to investigate the distribution of true
axial ratios and hence to estimate the relative numbers of elliptical
and spiral galaxies in our samples df.distant galaxies.

There.are large guantization effects in the both major and minor
axes measurements in the ROE dafa. After these w;re allowed for the
fraction of spirals to ellipticals for the large galaxies was
found to be consistent with that obtained by de Vaucouleurs(1963)
and Van den Bergh(1975) . The peak at b/a =1 for the smaller
galaxies (mentioned by Dodd, et al, 1975) is due to quanfization
and selection effects in the measurements,

From the COSHMOS datﬁ it should also be possible to- obtain
a distribution of axial ratios. In the coarse mode the value of
b/a is ﬂot directly measured but should be calculable for images
that are'fiiled ellipses from the recorded X and Y extents and
image areas, The COSMOS'axiai ratios however have a distribution
peaking at bA=0.5 and strong deficit near b/a =1 .

This disfribution'can be reproduced b& no mixture of spiral and
elliptical galaxies. The need for a visual check of the data was

thus indicated.
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5.5= Visual check of an area measured by COSMOS

Only preliminary results concerning the visual check of the area
of plate R1049 measured by COSMOS are at present available,
Nevertheless they are of some interest. All recorded non;tellar
objects. with 2a.>200/4-m have been checked over the total scanned
area and objects with 2a'> 109/ﬁ.m have been checked over 4 cm2.

For both groups: the measured axial ratios are nearly always longer
than the COSMOS axial ratios but there is otherwise little

- correlation between the two., It is concluded that the coarse mode
data can not at present be used to determine the axial ratios and
further work must make use of the fine mode facilities of the
machine . There are indications that tﬁis may be due to the recorded
image areas being too small. For the larger galaxies there are some
imporfﬁnt discrepancies between the visual and COSMOS measurements.,
These have been discussed in chapter 4 . COSMOS appears to be
generating a. significant number of spurious objects and has missed
some of the largest clear galaxies. For the smaller galaxies thera
is ﬁﬁ‘h-be%fE?'agreemen% between the measurements. It is important
to extend these investigations to see, for instance, whether the
use of the coarse mode data for covariance analysis of galaxy
clustering is Jjustified. Further tests would include, increasing the
areaovex~which;checks-of2€>109ﬁm objects have been/made and

then extending the checks to still smaller objects. It is
important to account for the assymmetry in'the recorded X and ¥
eﬁtents for stars. A syétematic visual sﬁan of at 1égst part of
the area for all objects wi%h,”;ay, 2a;> 58/& m should be-made to
see whether COSMOS is missing a significant proportion Af all the .

galaxies or just the largest ones, This is probably the most

important check as far as the covariance analysis is concerned.
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APPENDIX 1

207500 el e e e KRR Tl

Fxpected distribution of separation of nearest neighbour galaxies for

a) No quentization of position measurements

We take a ring with radius (9 and width a& . L we assume that
f is the average number of galaxies per unit area, the expected
number of galaxies in the area (T 0'2) enclosed by the ring would be
f/z 02. The probability of there being no galaxies in this area is
oxp(-1f8°) . |
The probeﬁai‘l.ity of the distance to the next neighbour lying
between ¢ and ¢ +d@is given by the product of the probability
that no galaxies lie in the circle of radius ¢ and the probability
that one galaxy lies in the ring of width 44 ,ie.,
P(@ )acd= exp(-rcfaz) 2ftfose”

and, the probability of a separation between @&’ 1 and (& > is :
o,

P(G)a0 =) exp(-rf6?) 2nfead
% .
— ( X 2 4 f p o2 )
= exp -f0'1 )-exp(-l(/"(y'2

Therefore, multiplying the total number of galaxies in the dafa by

above number, we find the expected number of nearest neighbour galaxies

without quantization in position.

”%0'% o
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b) With quantization of position measurement

When the positions of galaxies are quantized , as in the ROE data,
the derivation of the expected distribution of separations of
E;alaxie.s on the hypothesis of a random distribution of galaxies on the
photographic plate.is as- follows.

Consider the area of the plate devided into a number of square
cells each having sides of length S. The expected number of galaxies
in one cell is f s2 and the probability of there being no galaxies in
a given ceil is exp(-/Sz) o The recorded position of a galaxy will
be that of the centre of the cell in which it falls. If nearest

neighbour galaxies are both in the same cell their recorded

4 T ~ T ~~on e PRI N TR . N
canavation, @’K will he eare, T8 noorcot nmoighbour oo in aljocany

cells 0R= S and so on , The possible values o:f‘@;I and the number
of cells having that separation from a given cell, N( O’R) can be
easily assertained by drawing out a square grid. The possibility that
the recorded nearest neighbour separation ‘inﬁR is given by the
probability that there are no galaxies in the cells with separation
<6R minus the probability that there are no galaxies in the cells
with separation <(9R s ie.,

P(T ) =exp(-N((0p) S8%)~ exp(-N((o7) 5% )
For the ROE data :

5 =25 pm f5%0.03393

and the probebilities for the first few values of@’R are listed in the

following table:




@ W, n
Nj= N

W

S - T R SR

iy & 1

N(TR) P(O; )

-

0.0334
0.1227
0,107
0.0935
0.1529
0.0622
0.0543 -
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APPENDIX 2

¥ viesie o 0% o 26 e s 2%6 o o 2l ¢ o

Frequency distribution and frequency function equations

Schematically, we assume an elliptical contour for the galaxy
drawn in cross section through the centre O at right angles to its
plane in the direction of the observer, SE or OE' being the line of
sight, OY the polar axis of the galaxy.(See Figure A1),

Let OE' be the line of sight to the observer, making an angle i
(inclination) with OX-Er major axis and let OR be perpendicular to
SE. SE is a tangent to ellipse , parallel to and at a distance B
from OE' . The apparent axis ratio is determined by b/a, which, for
various values of angle i, ranges from b to a .

Ine proview is v &cta:;i;;'th;.a;;:rcnf innlination (i) din terms of

apparent and true axial ratios. If we write equation of tangent, SE ,

y=-xtg i +\/&2tgzi + B2

where Y= aztgzi + Bz is the intercept of the tangent on the

as follows-

Y-axis.

In triengle OO'R we can write b= ¥y, c08 i

.2 2 2,
or b= ¥, cos 1
b2= (aztgzi + Bz)doszi
2 2.2 2 2

o’
1]

a sin i + B cos™ 1

b2 = a%sin®i + B2(1-sinzi )
b2 = a%gin®i + B2-b2sini
b2 - B2 = sin%i(a2-3%)

If we divide above equation by a2, we would have :

2, 2 2
b’/ a°-p°/ a2 = sin%i (1-8%,2)




N

As we icnow : _'
I = b/a » r°= B/a

Therefore,

e}

1
"’N
n

sin2(1-r2)
0
1

[(r2 - roz)/(1_r§) ] :

As we said in context : F(i)= sin i

E.

then
oy

F(r) =[ rz-rﬁ)/ (1-r§-) ]

is frequency distribution of apparent axial ratio.

of freauencv distribution as follows :

£(r) = ¢/ar (F(r)) -

o) = o/ax | (Pr?) / (122) F -

i [2:-(1- ﬁ)/(t- f,)] [(rz-roz) / (hrﬁ)l

then :
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APPENDIX 3
(slejels[olelolo]elolejels)

Getting axial ratio(b/a) and position angle (qb) from COSMOS data

If we suppose the image is truly elliptical, we can find the axial
ratio and position angle by aid of geometry as follows:
We construct two axes x' and y' for the ellipse and write down the

elliptic_al equation : 45" X

f=x '/&2+y'/b2
By differentiating the above relation, we have :

21/ax' = 2x'/a , Df/2y" = 2y'/b°
50 tgp =y'/x'.az/b2
In terms of COSMOS axes (X,Y)we are able to write :
| dX=2rCos{sF =y)=2 [x'Cos? +y‘Sin¢J]
where r is the dis_ta.nce between point B and centre of ellipse, but

2,2 2 : a2 1
- x'=y'/tgP.a’ /b or y's Lot 3 (=1
o v*gzs b J

hence ;

[V

. 2 2 2. 2,
aX=2y" [Sm#’ +aZCos#’/b tgA: 2 [a 005275+ b Sinzﬁj
Similarly for d&, we have : ;
* 2 2,12 ' \
dy= 2 [azsmgbmz,Cos ¢J ®
Also the area of ellipse would be, A=[{ab @

If we combine@ a.nd@, we have :

o
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3
—Lbz A]

- b2)

Cos P = [

h(a

Z =.a+b

position angle( qb ), we can use the following equation:

2 .2
a.2+b2- dX"+dY
42
or (a+b)2= X +d¥ +2h/r
2 .2
Let; Z2= (a+b)2= %ﬂy_ + 20/ or
Then: ‘
b +4/[(b =2 de., b-Zb +A/r =0
So that :
2 i
be2- 2%/ 1 )22
a= Z-b
For finding
aX=2(a“Cossp +b“Sin‘ch )?
ax?= 1(a%Cos%p +b7sin’p )
ax®= 1 [ %oos’p +5%(1-Cos3) | ska®Gos%p +ub-unCosp
Then : ‘ o
l|.C0824’ (a.2-b2)= ax2-4b2
or :

this equation gives an orientation between 0. and 90°

N.B.1- In above discussion, we are not able to distinguish between

'positive and negative values of #? .

N.B.2- The equation for the axial ratio(b/a) has no solutlon when

2 { uafy

dx2+dY<"//z

ie, when .

R WYY .
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