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Summary

This thesis describes hydrogen-line observations using the
‘éambridge Half-Mile telescope. %The initial chapters describe
observations of two nearby galaxies of late spiral type, namely
M33 and NGC 2403. The severe warping of the HI layer in the
outer parts of M33 was clearly seen, and the origin of this
phenomenon isg discussed., Sensitive low-resoclution maps revesl
only a very slight warp in NGC 2403, while maps at the full
resolution allowed the dynamical parameters to be investigated
and showed several features associated with spiral structure.

The later chapters describe observations of irregular
galaxies, many belonging to the class IrlIl which was of part-
icular interest. NGC 1569, a dwarf irregular galaxy, has been
the subject of interest due to its preminéﬂt HX filaments.
Observations reveal that the overall HI distribution to be that
expected of a disec in normal rotation, although there are sev-~
eral unusual features. Arp 205 consiste of an IrII galaxy (HGC
3448) and a dwarf companion less than one diameter away. A
model for the HI dynamics is presented which suggests that there
has been a planar tidal iﬁteﬁactian between these two galaxies,
NGC 2805, NGC 2814, NGC 2820 and IC 2458 form a compact group
of galaxies of which NGC 2805 is the brightest. HI was detected
in a8ll except NGC 2814, and there is good evidence for a HI
bridge linking NGC 2820 and IC 2458. It is postulated that the
HI bridge and disturbed nature of this group are the result of
a gravitational interaction. lessg detailed observations of
other irregular galaxies are also presented in this thesis,

ineluding NGC 3432 and RGC 3310,
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CHAPTER 1

INTRODUCTION

1 BACKGROUND AND AINS OF THE INVESTIGATION

This thesis describes hydrogen-line observations of galaxies
using the Cambridge Half-Mile telescope. The aims of this Chaptler
are twofold:

(1) To provide a background to, and give the aims of, the obser—
vations.

(2) To describe the operation and characteristies of the radio
telescope, together with the methods of data reduetion and

analysig,



1.l Classification of galaxies

The first step in the development of most sciences is a
classification of the objects under study. If the classification
is useful it may lead to hypotheses and predictions which, if
verified, help to form the theoretical foundations of a subject.

The most widely used classification scheme for galaxies is
that due to Hubble, and is based on the images obtained by
direct photography. The two basic classes of galaxies are the
ellipticals and the disk galaxies. Elliptical gsaslaxies are
denoted EO~ET7, depending upon their apparent axiasl ratios,

Disk galaxies generally posses a nuclear bulge, which is similar
in many respects to ellipticals, and a disk in which spiral
structure can usually be seen., Disk gelaxies without spiral
structure are classified as lenticulars (denoted 30), the
remgining ones are called spirals.,

Spiral gslaxies can be subdivided into 'Hubble types'

Ba, 8b, Sc & 34 according to:

(1) The size of the nuclear bulge relative to the disk.

(2) The opemness of the spiral arms.

(3) The degree of resolution into stars and HII regions of the
arms and/or disk.

A 'revised version of Hubble's original eclassification
scheme is illustrated in Fig. 1.0 and incorporates the additional
distinctions of 'ordinary' and 'barred' spirals (SA & SB), and
'ring' and ‘spiral’' varieties (r & s). As a matter of conven—
ience and history the terms 'early' and 'late' are used to
refer to the two ends of the sequence. Thus 30 galaxies are said
to be earlier than Sc galaxies, and 5S4 galaxies are said to be
later than Sc galaxies. These terms should not now be regarded

as having chronological significance.
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Figure 1.0 (2) Illustration of the Hubble sequence of galaxies in
its revised form, taken from Sandage {1975). Here ths ordinary and
barred spirals are separated onto opposite sides of a box. Wisthin
each family, a2 separation is made into the r and s strains, depe-~
nding on whether the srms sbtart from a ring or from the nucleus.
(b) A cross-section near the region of the $b and 3Bb spirals,
showing the manner in which the transition casss between ordingry
(A) snd barved (B) familiez, and the {r) ard (2) strains can be

accommodated (from de Vaucouleurs & de Vaucouleurs 1964).




1.2 Integral vproperties of gslaxies

Three main integral properties of a galaxy which can be
assigned quantitative values are:

(1) The total mass of hydrogen, Mﬁ, expressed in units of Solar
mass (M@)' My o< disﬁaneeE.

(2) The total mass M,, again in units of Mo Mp o= distancel.

(3) The luminosity L, in units of Solar luminosity (L@).

L ec ﬂiatanceg.

The exact definitions and means of deriving these guant—~
ities are explained later, but need not delay us here.

In a statistical study of several hundred galaxies of many
different morphological types, it has been found (Roberts 1969;
Balkowski 1973) that the parameters MH/L and Mﬁ/@@ correlate
well with Hubble type (Fig. 1.1 and Table 1.1). This correl-
ation shows that Hubble type reflects fundamental characterist—
ice which are important in the formation of the galaxy. However,

the physical significance of the classification scheme is still

poorly understood.
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Mg, 1.1 (a) Hydrogen mass to luminosity raio MH/L’
in solar units, as a function of morphological type T,
and (b) hydrogen mass to (indicative) total mass MH/MT
as a funection of T, taken from Balkowski 1973. The
symbols refer to the luminosity but =mre not used here.
The revised classification corresponding to a given
value of T is given in Table 1.1.



T revised ‘ MH/L
classification
-3 -2 -1 0 E S0 IrII  0.079
12 Sa Sab 0.105
3 ob : 0,161
4 Sbhe 0.178
5 Se 0.294
6 Scd 0.530
78 Sd 0.673
9 Sd Irl 0.617
10 Irl 0.942

Table 1.1  HMean values of the integral parasmeters

MH/MT

0.010
0.012
0.014

- 0,014

0.017
0,041
0.038
0.055
0.062

MH/L and MH/MT (solar units) as a function of

morphologiecal type (from Balkowski 1973).
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1.3 Irregular galaxies of type Irl and Iril

Many of the galaxies whose observations are described
in thig thesis are of an irregular type, and particularly
of the sub-type Iril. In this section definitions for the
two irregular categories, Irl and IrlIIl, are provided,

A detailed discussion of Iril galaxies can be found in
Chapter 5.

Irregular galaxies are those which do not fit
into the Hubble classification scheme. The distinction
between Irl and IrIl galaxies was first made by Holmberg
(1958) in a study of the integrated colours of galaxies.
He defines Irl galaxies as those with a predominant
stellar population of type I, and IrIl as those with
(presumably) a stellar population of type II. The
distinction was made primarily in order to preserve

continuity of colour acrosgs his classification scheme:

B Irll S50 Sa Sb Se Irl

red & > blue

It also had the effect of reducing the colour dispersion
amongst the irregular gelaxies.

There were only six objects in Holmberg's original
list of IrIIl galaxies (NGC 520, NGC 2968, M82, NGC 3077,
NGC 5195 = M51B, and NGC 5363). All these galaxies have
similar optical characteristics (as well as colour) which
distinguish them from the Irl category. The properties

of the two classes are summarized by Sandage (1961):

Irl galaxies are highly resolved into luminous O and B

stars and HII regions. There is no circular symmetry
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about a rotation axis, This group is, in effect, a continuation

of 1ate Sc¢ gelaxies.

Irll galaxies also show no rotational symmetry. The photographic
images are smooth in texture and show no signs of resolution into

stars, They are often crossed by irregulasr dust lanes and patches,

The photographs of M8l and M82 in Sandage (1961) illustrate
that Irll galaxies are not resolved into stars, since both
galaxies are at about the same distance, and although stars are
resolved in NM81, none are seen in M82.

The first edition of the Reference Catalog of Bright Galaxies

(de Vaucouleurs & de Vaucouleurs 1964, RCl) used a subdivision of
irregular galaxies similar to that of Holmberg. In the RC1l scheme
Im or Magellanic Irregular is equivalent to IrI, and I0 (non-
Magellanie Irregular) is equivalent to IrIl. There are twelve

10 galaxies listed in RC1,

1.4 Warping of Normal Galaxies

External galaxies with warped optical dises have been kunown
for a long time, Well-known examples are NGC 3190, 4762, 5866 and
the 'Integral-Sign' galaxy (Table 1.2). However, these seemed to
have been regarded as rare cases, probably resulting from gravit-
ational interactions (Section 1.5). Our Galaxy is also known to
possess a similar large-scale bending in the outer parts of the
gas layer (Burke 1957; Kerr 1957). A number of explanations have
been proposed to explain this warp, the most favoured being a
recent tidal interaction with the Large Magellanic Cloud (Hunter
& Toomre 1969).

In recent years 2l-cm studies of external galaxies



Table 1, 2 Warped Galaxies

Name Warp Inferred from
ﬁhe Galaxy HT

NGC 4762 Optical photograph
NGC 5866 do.,

NGC 3190=Arp 316 do.

MCG 12-T7-28= do..

"Integral sign"
183
W33

NGC 5907
NGC 4565
NGC 4244
NGC 4631
M3l

IC 342

NGC 2841
NGC 5055
NGC 7331

HI kinematics

do,

HI distribution -
do.
do.
do.

Optical photograph
HI kinematics

HI kinematics
do.
do.
do.

References

Burke 1957

Kerr 1957

Sandage 1961

do.

Arp 1966

Richer et al. 1972

Rogstad et al. 1974 |

Rogstad et al. 1976 [
gsee Chapter 2 f

Sancisi 1976
do.

do.. |
do.

Boaade 1963
Newton & Emerson 1977

Newton 1978 ?
Bosma 1978

do.

do.

notes: * denotes that the galaxy is viewed nearly edge-—on.

Not 2all references are listed.



have suggested that the neutral hydrogen layers of many
appérently normal galaxies may be likewise warped,
Where the galaxies are nearly edge-on (NGC 5907, NGC
4565, NGC 4244 & NGC 4631) the warping can be seen
directly from maps of integrated HI., However, in the
majority of cases the warps are inferred from the
kinematics of the HI. The usual model is a set of
concentric rings whose position angle and inclination
change with radius; it was first suggested by Rogstad
et al. (1974) for M83. This type of model has now
been applied to explain the kinematics observed in
M33, M31, NGC 2841, NGC 5055, NGC 7331 & IC 342, In
M3l the HI warp is of small magnitude and a slight
optical warp is also evident.

Due to problems of resolution and sensitivity,
HI warps are very difficult to detect in distant galax-
ieg (Z 5 Mpc). Since warps in nearby spiral galaxies
seem to be a common phenomenon, it may be that all
gpiral galaxies have warps. Although some warped
galaxies have companions which might produce the warps
by gravitational interactions, others do not, and the

cause of these perturbations is not understood.

1,5 Gravitational Intersctions

As Tar back as 1940 it was éuggesteé that the
bridges and tails seen in photographs of peculiar
galaxies were the result of gravitational interaction
during previous close encounters of galaxies (Holmberg
1940;19413 Zwicky 1953,1956). For many years this

interpretation did not gain wide acceptance, a notable

1-10
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eritic being Vorontsov-Velyaminov (1961). When fast
computers made simulations of galaxy encounters possible
(Wright 1972; Clutton-Brock 19725 Toomre & Toomre 19723
Eneev et al. 1973) it became clear that the original
ideas of Holmberg and Zwicky were basically correct.
These sgsimulations showed that gravity alone can indeed
produce bridges and tails during a close encounter of
two galaxies, providing the relative velocity is suffic-
iently low., Although the computer models are relatively
simple, remarkably good agreement with the observations
has been obtained in several cases, for example:

M81 and NGC 3077 Cottrell 1976
van der Hulgt 1977

NGC 4038 and 4039 Toomre & Toomre 1972
(The Antennae) van der Hulst 1977

NGC 4631 and 4656 Winter 1975

Weliachew, Sancisi & Guelin 1978
Coombes 1978

The distortions in these systems are asymmetric

and are distinguished from the gymmetric warps seen
in relatively normal galaxies (Section 1.4). A tidal
hypothesis does not seem to apply in all the cases of
gymmetrical warps. A,

The observations of irregular galaxies presented
in this thesis show several cases where the HI is
severely distorted in an asymmetrical manner, and in
these cases a tidal intéraction involving the most
obvious companion galaxy can explain many observed
features of the distortion. The methods used to simulate
galaxy interactions, and a degecription of the types of
collision that tend to produce bridges and tails are

briefly summarised in the Appendix.
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1.6 Aims of the observations

Chapters 2 and 3 describe observations of twe
nearby galaxies of late spiral type, namely M33 and
NGC 2403. Chapters 4 to 8 describe observations of
galaxies that are of irregular type or contain peculiar
optical features.

M33 is a good example for the further study of
the warping phenomenon because it is strongly warped,
has a large angular size, and its position in space
relative to other nearby galaxies is well known. In
previous aperture synthesis observations of M33, emission
from the outer regibns has been seriously attenuated by
the primary response of the antennas. By combining
three surveys each with high sensitivity and velocity
resolution; it has been possible to make for the first
time a detailed study of the neutral hydrogen at large
distances from the nucleus of M33,

NGC 2403 is a relatively nearby galaxy of type Sed.
In optical photographs it bears a strong resemblance to
M33. Semsitive neutral hydrogen observations were made
to investigate whether NGC 2403 possesses a large-scale
warp similar to that seen in M33. This information is of
importance in finding out why many spiral galaxies are
warped. High-resolution observations were also made
with the aim of resolﬁing the HI spiral structure, so
that the density wave theofy could be further tested.

The remainder of the observations are of galaxies
of irregular or peculiar type. In every case no previous
aperture-synthesis observations of HI had been published

at the time the observations were planned. Several of the
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systems which appear to be very disturbed optically also show
g disturbed HI structure. The velocity information gained

from such observations enables simple gravitational-interaction
hypothesés to be formulated. Many of the irregular galaxies
belong to the sub-class Irll. Hany data are lacking on these
extremely puzzling objects. Their origin is not clearly under-
stood, but it has been suggested that they may all arise as the
result of gravitational interactions. One of the prime object-
ives was to obtain as many 2l-cm data as possible on Irll

galaxies, with a view to understanding their origins better.
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2 OBSERVING PROCEDURES AND DATA REDUCTION

Although hydrogen-line observations using the
Half-NMile telescope are in principle straightforward,
they are, in practice, very time-~consuming. The telescope
itself is a complex piece of eguipment and great
care must be exercised during its operation o0 ensure
that it is properly calibrated and operating satisfact-
orily. Mechanical or electrical faults can become
apparent during the course of observations and often
require observations to be delayed or repeated., High
winds are also a cause of delay, preventing the dishes
from safely being moved along the railtrack, and thunder-
storms can cause power supplies to 'trip out' requiring
the observations to be repeated. During the last three
yvears I have been allocated a total of 170 days of obser-
ving time, of which approximately half have heen spent
on the'sources, the remainder being on calibration-and
time lost due to faults.

The data reduction for line observations involves
many stages and usually takes more time than the obser-
vations themselves, Although all the required computer
programs exist, many are still in a state of development
and have needed modifications by the author on several
occasions. |

The remainder of this chapter is devoted to a
brief description of the telescope, an outline of
the data reduction, and a summary of the formulae
used to analyse the final maps. Much of this material

is not original and can be found elsewhere, but includes



1-15

some useful information for future observers of line emission
with the Half-WMile telescope which is not documented elsewhere.
A few observations were made using the One-~Nile or 5-km
telescopes which are not described here, but they operate on

essentially the same principles as the Half-Mile telescope.

2.1 The Half-NMile Telescope

Tha Half-Mile telescope (Plate 1.1) was built in the late
1960s and originally comprised only two dishes (Baldwin et al.
1970). Later two more dishes were added, the receiving system
was updated, and a digital crpsg~eorr@lation gpectrometer
installed in place of the original device, which used a delay
cable (Baldwin et al. 1971; Winter 1975).

The telescope operates at a wavelength of 21 cm and can
simultaneously record observations both of continuum radiation
over a 10-MHiz bandwidth and of line radiation using the digital
gpectrometer. The telescope uses the principle of Earth rotat-
ion aperture synthesis (Elsmore, Kenderdine & Ryle 1966). Bach
of the four parabolic dishes is 9 m (30 feet) in diameter, and
they normally treck a source between hour angles ‘E
The declination renge is from $~18° to $+90°, and is set by
hand. Two of the dishes (C and D in Fig. 1.2) are fixed 60 £t
apart at the west end of an east-west rail track 0.5 miles long,
while the other two (A and B) are held 120 ft apart by a tie-bar,
but can be moved along the railtrack up to a maximum (BC)
spacing of 2400 ft, corresponding to a resolution of 47 arcsec

at A=21 om, Phage-switching receivers correlate the



Plate 1l.1. The Cambridge Half-Mile Telescope.




fixed moveable

™ i,
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Fig. 1.2 Configuration of fhe Cambridge Half-Mile Telescope
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gignals entering a selected pair of dishes to provide the
amplitude and relative phase (A and ¢) data which are recorded

during the 12%

observing period. These data provide one ring
of the complete u-v or aperture plane. In fact, the signal in
each of the moveable aerials is correlated with that in each of
the fixed serials, thus providing four egually-sgpaced rings in
the aperture plane.after one 12h obgerving period. The normal
observing program is shown in Table 1.3, 8o that after three

108

periods of observing the source, a fully filled aperture
plane from 40 ft to 260 ft has been synthesised (with rings
every 2/3 of the dish diameter). After six periods of observ—
ation the aperture plane is fully filled from 40 ft to 500 f4%,
and so on.

The system needs to be calibrated. This is done by observ-
ing a bright source which is unresolved at the maximum resolut-
ion used in the survey, and whose flux density is known by
other means. Because the path lengths from each receiver to the
two dishes are unknown, it is also necessary to calibrate the
relative phase., An accurate position for the calibrator
(often obtained from the 5-km telescope) is therefore essential.
For line work (Section 2.3) the relative amplitude and phase
across the intermediate frequency (IF) passband also needs to
be measured. The calibrator should therefore have a flat spectrum
with no intrinsic absorption or emission features. It is normal
to obgerve a calibrator for s full lQh period prior to each 3

days of source observation (ecf. Table 1.3), and also to inclnde

as many shorter calibrations as possible (minimum 3h per day).
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typical observing program of the Half--Nile

Table 1,3

telescope (excluding calibration)
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18
20

10
1z

44

70*4‘ 208 36

12

14

40 46

34
36
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28
30

48
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42

44 24 3.75 2.0 25 31

32

70
72

64

58
60 66

52

7

54

25

1.6 21

36 2.5

74

68

94
96

88
90

82

76
78
80

10
11
12

84
86

21

1.9 1.4 18

98 48

92

100 106 112 118

13
14
15

102 108 114 120

19

1.2 16

1.5

104 110 116 122 60
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The map of the region of sky observed is obtained
by performing the two-dimensional Fourier Transform
(FT) of the complete (complex) aperture plane. It is
usval to weight or 'grade' the aperture plane using
a Gaussian function of radius, truncaeted at 30 %.'This
results in a synthesised beam (or response to a point
source) which has smaller sidelobes than if uniform
weighting is used. With uniformly spaced rings in the
aperture plane (every 20 ft), the first grating (alias)
response which results is at a radius of ~29 a11
emission from any source discussed in this thesis lies
within this region, and hence no 'clean' procedures are
needed.

Spacings smaller than 40 ft (i.e. less than about
45N ) cannot be physically obtained with two dishes
of 15 ft diameter. This means that (1) no structure
on a scale larger than about one degree can be detected,
and (2) a variation of zero level is introduced across
the maps. The latter effect is most noticeable in the
case of observations of gelaxies of large angular sigze
made with a relatively small number of spacings. This
is the case for the observations of N33 (Chapter 2),
and a simple correction (detailed in Newton 1978) has
been made. Such corrections are not necessary for all
the other observations, and have not been applied.

In all cases structure greater than one degree is still

absent,
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2.2 Broad-band continuum emission

Continuum radiation is correlated over a 10-NMHz bandwidth
which can be centred at 1411, 1413, 1415, 1417, 1419, 1421 or
1423 MHgz by sltering the first local-oscillator frequency. Each
paraboloid can simultaneously receive linearly polarized
radiation at two perpendicular orientations, called Pl and P2
(Stokes' parsmeters I+Q and I-Q respectively). For each
interferometer pair there are three receivers, one which corr-
elates both Pl signals, one which correlates both P2 signals,
and one which correlates P1l-P2 or P2-Pl (cross-polarization).
All the necessary information (A and @) is coded onto punched
paper tape at the telescope.

Fige 1.3 is a block disgram showing the stages of analysis
needed to produce a broad-band continuum map. Observations of
calibration sources are analysed to produce the required
calibration data, and these are then applied to the observations
of the source. The calibrated A and @ data which result, known
as 'spacings', are stored on magnetic tape. The Fourier Trans-
form is then performed, and the resulting map contoured. Full
details of the procedures are given by Pearson & Warner 1977.

The receiving system of the telescope has a noise
temperature of 120 K, and the noise level on the final maps
is shown in Table 1.3, and varies as the number of spacings

ineluded,
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Pig, 1.3 =~ Continuum data reduction process for the
7 Half-=Nile telescope.

\L Telescope l

- ' sSource
Calibration : -
run _ run
paper paper
tape tape
@HALFNILE® | ( amplitude &
(Nova) phase (A & @)
ag a function
\L of hour angle
A &@plots 4
Y
select L_
optimum A > AMPHI
&P factors
mag.
FOURIER & tape
'd
Pl or P2 'Spacings! with
Mayp calibration applied

CONTOURS

v

plot

" O




1-23

2.3 Hydrogen-line emission

Hydrogen line observations utilize the 160-~channel
digital cross~correlation spectrometer which isg fully described
by Winter (1975). The spectrometer performs a cross—
correlation with théi@ignals from each pair of aerials (i.e.
after path compeasartion, phase rotation & phawe switehing ) usiag a
series of time delays. The results. are recorded on magnetic
tape. The cross—correlation is equivalent to the Pourier
Transform of the frequency spectrum. By performing such a
Fourier Trensform during analysis, it is possible to obtain
data for a get of aperture planes, where each is similar to
that for the broad-band system but corregponds to a different
frequency of observation. By employing the same Fourier Transform
procedure as described for the broad-band system to each aperture
plane in the set, it is possible to obtain a corresponding set of
maps. Bach map (referred to as a 'channel' map or 'output' map)
correpponds to 2l-cm radiation within a different range of
frequencies (corresponding to neutral hydrogen within a different
range of radial velocities). //,?20? 4 X 8o

The usgual arrangement is to share the 160-channels of the
gpectrometer amongst the four interferometer baselines which are
gsimultaneously observed, and to obtain - 32 channel maps.
Bandwidths of 2 or 4 MHz are used for extra-galactic observations
and correspond to the 32 channels spanning a range of 422 or 844
km/s (respectively) in radial velocity. The individual velocity
regponse and separation of the channels are shown in Table 1.4.

Bmaller bandwidthse are available for Galsctic observations.
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Table 1.4 Velocity resolution of the digital

spectrometer used on the Half-Mile telescope.

BANDWIDTH SEPARATION OF WIDTH OF
(MHzZ) CHANNELS CHANNELS
(FWHP Gaussian)

2 62.5 kHz 75 . kHg
13.2 km/e 15.8 km/s
4 125 kHz 150  KkHz

26.4 km/s 31.7 km/s -
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The second LO frequency determines which part of
the IF band (40-50 MHz) is used for the line observations,
as illustreted in Fig. 1.4. - The centre of the
observing bandwidth can be set between 40ﬂ0 and 49.9
MHz in 0.1 MHz steps. The absolute freguency and
corresponding radial velocity of the observing band
depends on both the first and second LO settings.

The digital spectvomefer is fed with signsals
of only one polarization (either P1 or P2). The
theoretical noise per beam area on a single-channel
map depends upon the number of spacings included and
the choice of bandwidth, and is shown in Table 1.3.

The initial stage of reducing line observations
are illustrated in Fig. 1.5, . Data from the telescope,
on magnetic tape,gre first checked for correct format.
The calibration - of the data is similar to that already
deséribed for continuum observatiotns, with the additional
complication of amplitude and phase variations across
the IF passband.

Sometimes the A and ¢ plots show features which
are clearly not intrinsic to the source, e.g. terrestrial
interference, or correlated signals due to ‘'aerial
overlap': at low declinations the dishes 'look through'
one another at HAtvlSh and HArv6h. If untreated, such
data would give rise to spurious features on the maps.
It is therefore necessary to remove discrepant data and,
where feasible, replace it with values obtained by
interpolation of the géod data. This is most easily
accomplished manually from A and ¢'plots where the

calibration has been applied. The modifications are



IF passband

QO WHz - : - 50 MHzm
2 or 4 MHz
observing band
Pig, 1.4 . Intermediate freguency band of the

Half-Mile telescope. The position of the centre

of the observing band (channel 16.75) is set by
the second LO frequency.
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made during the FT stage. This procedure can also be
employed in the reduction of broad-band data (although
this is not illustrated in Fig, 1.3.)

Each of the 32 channel maps will, at this stage,
also contain continuum emission. FMany galaxies have a
continuum source at the nucleus, and several background
sources are usually seen in the vicinity of the galaxy.
It is desirable  to remove these effects to produce
maps solely of line emisgsion. This is usually done by
averaging the maps which contain no significant line
emission and subtracting the resulting map from those
which do (Fig. 1.6). The mean value of rms noise on the
teconbinvum~free! channel maps is denoted 0.

The 'continuum—-free' channel maps are combined
to produce profiles of HI intensity against radial
velocity at each point over the map. (The values are
first interpolated using a sin® /0 function). Each
profile is examined in turn, and if the peak value
exceeds a specified gate level (usually 1.5 ¢°) then
values of 'integrated HI', 'wvelocity', and 'width' are
assigned. The integrated HI corresponds to the area
under the profile, and the velocity to the mean of the
velocities corresponding to the half-power points.
In some cases a least-mean-squares Gaussian fitting
procedure is used instead of the standard procedure,
since it produces a velocity field which exhibits
glightly less noise, but the agreement between the
two methods is very high. The integrated HI maps, made
in the manner just described, have a noise level of

4@:0“ y, Where n 1is the number of channels included
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at any given point (typieally n~3). The rms error in the velocity

field, V, is given by
(=2)% - w/(2.15(8/N)),

and the rms error in the fitted width, w, is given by
(2% = w/(2.4(3/M)),

where 8 is the peak brightness in the profile and N is the rms
noise level (Warmer, Wright & Baldwin 1973).

All the velocity fields presented in this thesis must be
interpreted with caution dﬁe the phenomenon called 'beam smearing’'.
Warner et a2l. (1973) explain the effect, and show that the only
gituations where the apparent velocity differs significantly from
the actual velocity at the centre of the beam are when: (a) the
greadient of surface density has a component in the same direction
as the gradiemt in velocity; (b) the gradient in velocity changes
significantly across the beam-width.

A convenient method of displaying both HI intemsity and
velocity information is by meams of a Right Ascension-velocity
plot, or declination-veloeity plot. These plots are used in
Chapters 6 and 7 to illustrate how the HI shifts from channel to
chanmel in a systematic matter (associated with the rotation of
the galaxies). The plots are comstructed by summing each channel
map along lines of deelinatiom (for a RA-velocity plet) or lines
of RA (for a dec-velocity plot). A gating procedure (similar to
that described for maps of integrated HI) is often used to help
minimize the effects of noise. In cases where a high gate has
been used (e.g. 3¢) the resulting plots are then unsuitable for
caleulations of the absolute HI mass.

| Except where specifically stated, none of the maps presented
in this thesis has been corrected for the primary polar diagram

of the antemnas, since this correction causes a further variation
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of noise level over the maps which makes them diffieult to
interpreg? The correction camn be taken as the inﬁerse of a
Gaussisn of Full-Width-Half-Power (FWHP) 94 arcmim, applied
at the map centre., The pointing accuracy of the dishes is
estimated to be less than 3 aremin,

Throughout this dissertation all radial velocities are

heliocentrie, and all map coordinates are for epoch 1950.0.

* Furthermore, The correction 18 l!\Si nficant in most
cases (mceﬂp% M33 and NGrC?-iH:ﬁ)

2.4 Analysis

This section is intended as a sﬁmmary of the
methods and formulae used to analyse the maps.
a) An unresolved source of flux density S jansky
(L dy = 107 ~26 § g2 203 l) will prodaee the same deflection
on a synthesis map as a well-resolved source of bright-
ness temperature T, where

- 2 .
T = Dmax 51n(dec).S

1380
Dmax is the maximum interferometer spacing in meters,
and dec is the declination of the map centre.
b) The surface density of HI atoms at any point on
a map is given by
ny = 1.82 x 1019 X Tdy  om™2
where T is the observed brightness temperature in

K and dv is the linewidth in Ikm/s. A small

optical depth is assumed (see below).
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c) The total mass of hydrogen in a galaxy is given
by
My = 2.36 x 10° D° S S av M.
D is the distance to the galaxy in lipe, and S S dv
is the total integrated flux of the galaxy in units
of Jy km/s. X S dv corresponds to the area under an
HI profile constructed by integrating the flux in each
of the continuum-free channel maps. The most accurate
values for MH are achieved from channel maps where the
emission is (spatially) unresolved. This is because maps
at a higher resolution tend to be less sensitive to low-
brightness features and also because the numerical
inﬁégratian can introduce errors which become especially
gignificant on noisy meps. The formula for MH assumes
a small optical depth for the HI, This is widely regarded
to be the case for most observations of external galaxies.
d) The intrinsic luminosity of a galaxy, L, is related
to its apparent magnitude, m, and to its assumed distance,
D, by -

L =(p\2 10 (mgm)/2.5

£ (8,
L is normally expressed in units of the Solar luminosity
L. D is the Solar distance (4.84 x 10712 Mpe), and
m is the apparent magnitude of the Sun (-26.16 in the
B system). Whenever possible, apparent magnitudes are
values of 'Bg' taken from de Vaucouleurs, de Vaucouleurs
& Corwin (1976, and hereafter referred to as RC2). These
are blue magnitudes corrected for Galactic and internal

absorption, redshift, and inclination (to 'face-on' view).

e) The inclination of the plane of a disk galaxy to
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the line of sight, i, can be estimated using the relation
(Holmberg 1946)

cos?i = (E? - Eoz)/(l - Eez),
where E is the ratio of the observed major to minor axes, and
Eo is the ratio of the intrinsic principal axes of the light
distribution. Values of Eo for different types of galaxy are
given by Heidmann, Heidmann & de Vaucouleurs (1971).
) Where the angular resolution is sufficiently goed so that
g detailed rotation curve is available, the total mass of a
galaxy (and the variation of mass with radius) can be derived
using the method of Burbidge, Burbidge & Prendergast (1959). -
Where the angular resolution is not so good, the total mass,
%T, can be estimated by assuming the gas to be in cirecular
motion about a point mass, and using the relation

My = 6.79 x 104 R, (Vm cosec 1)2,
where R is the maximum radius (aremin) at which HI is observ-
ed, and Vm is the corresponding observed veloecity (in km/s
wrt the systemic velocity of $he galaxy), D is the distance
of the galaxy in lipec and i is the inelination, The relation
gives the mass interior to a radius of Rm’ and the assumption
of a point mass is only strictly true in the case of a spher—
ical distribution of matter. The discrepancy is not large,
however, and even for a disc of axial ratio 0,1 the mass
obtained from this relation is too great only by a factor of
two. Where observations are unable to resolve the HI spatially,
it is impossible to obtain values for Vm and Rm. In such

cases an estimate for the total



mass can be obtained by replacing Vm and Bm by half
the width of the global line-profile, and the optical
radius (respectively). Masses determined in this way
are known as Indicative Total masses,

g) Measurements of the line-of-sight component of
velocity do not permit a unique interpretation of
the velocity field. Considering the galaxy as a thin
inclined plane with rotation dominating over expansion
or other peculiar motions, the velocity field may be
characterised by the following dynamical parameters
(which are not all independent):

(1) RAnuc and dec the centre of rotation

nue’

(2) v the systemic velocity

sys?
(3) PA, the position angle of the major axis
(measured anticlockwise from north)
(4) i, the inclination of the plane (i=0 is
"face on')
(5) Vrot(R)’ a rotation curve, where R is a radial
distance in the plahe of the galaxy from the
rotation centre.

A method of obtaining a best-fitting set of parameters

is outlined by Warner, Wright & Baldwin (1973). The

observed radial velocity, Vobs’ is then given by

Vobs = Veys * V..o (R) cos(theta) sin(i)

where theta is the azimuthal coordinate in the plane
of the galaxy measured from the major axis. PFurther
terms may be added to describe expansion in the plane

and motion normal to the galactic plane.

1-34
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CHAPTER 2
THE Sc_GALAXY M33

1 INTRODUCTION

Distortions of the HI disc in the outer parts of
M33 have been known for some time (Gordon 1971; Wright
Warner & Baldwin 1972; Huchtmeier 1973). They take the
form of 'wingé' to the NW and SE of the nucleus and have
been attributed to symmetrical warping of the galactic
plane (Rogstad, Wright & Lockhart 1976) such as that
which has been observed directly (Sancisi 1976) in
geveral edge-on galaxies. Perturbations in M83 and M31
have also been interpreted as evidence of warping
(Rogstad, Lockhart & Wright 19743 Roberts & Whitehurst
. 19753 Newton & Emerson 1977). Although some warped
galaxies have companions which might produce the warps

by tidal interactionsg, others do not, and the cause

of these perturbations is uncertain,




2 OBSERVATIONS g

The Cambridge Half-Mile telescope was used to make
three separate surveys of M33 (Table 2.1), one centred
on the optical nucleus, and the others on the wings to
the NW and SE of the nucleus., The former survey was made
by Mr K Newton as part of a high~resolution survey,

while the two surveys of the wings were made by myself.

In each case l2-hr observations were made at 12 interferometer
bagelines from 12.2m to 79.2 m in 6.l1-m intervals.
Complete coverage of the u-v plane was obtained, except
in the SE survey where 5 per cent of the data were
missing. The resulting low-resolution maps are ideal
for the purposes of this study, where sensitivity to
large-~scale emission of low surface-brighitness is required.
‘The-HI emission was measured using the digital
spectrometer over a 2-MHz bandwidth. The output spect- |
rum had a resolution of 16 km/s and was sampled at
values of radial velocity separated by 13.2 km/s to
provide 32 output maps. Continuum radiation in the
10-MHz bandwidth was also measured and the surveys
were calibrated by observations of 3C 48 and 3C 286.
The absence of interferometer spacings smalier
than the diameter of the p=raboloids (i.e. £ 45 A)
means that (i) no structure on a scale larger than ~
one degree can be detected and (ii) a variation of
zero level is introduced across the maps. A correction
for the latter effect has been made ( Chapter 1),
but structure greater than one degree is still absent.
Maps of integrated hydrogen, radial velocity,
and velocity dispersion were made from continuum-free

channel maps in the way described in chapter 1. The



Table 2.1 Details of the observations of M33 with

the Cambridge Half-NMile telescope.

Survey

Map centre (1950.0)

RA (M ms)

Dec (degrees minutes)

Mean epoch of observations

Calibrators
Name

Assumed flux density (Jy)

Name

Assumed flux density

Angular resolution in RA X dec (arcmin)
12-spacing observations

60-spacing observations

RMS noise over a 16 km/s range of velocity (K)
12-spacing observations

60-spacing observations

Heliocentric central velocity (km/s)

North

01 29 30
31 10

1975.8

3C 286
14 .4
3C48
15.3

7X15

0.09

—210

South

01 31 00
29 40

1975.9

3C286
14.4
3C48
15.3

7%X15

0.13

+1

Centre

01 31 00
30 24

1975.2

3C286
14.4

7X15
1.5X3.0

0.09
0.82

-210
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three maps of radial velocity were combined in sections
divided at the 30° and 31° lines of declination, The
maps of integrated hydrogen were similafly combined
after application of individual corrections for the
primary response of the antennas. The maps were integrated
over the velocity range ~306 to -~28 km/s. The rms noise
levels of the surveys are indicated in Table 2.1, but
the brightness of the faintest features detectable is
determined by the sidelobe level (5 per cent) and varies
according to the emisgion present on each channel map.

The distance to M33 is taken to be 690 kpe (Warner

et al. 1973; Rogstad et al. 1976) so that 5 arcmin

corresponds to 1 kpec.




3 THE NEUTRAL HYDROGEN DISTRIBUTION

3.1l The large-scale gtructure

Pig. 2.1 shows the combined integrated hydrogen
maps with a resolution of 7 x 15 arcmin and corrected
for the primary response of the dishes; the three map
centres are marked as crosses. The outer (dashed)
contour is taken from the individual channel maps
land indicates the 3¢ limit.of detected hydrogen. The
HI 'wings' extend to about 70 arocmin (14 kpc) from the
nucleus in the plane of the sky, both to the NW and the
8. They are features of very low brightness, with low
HI masses, and there is no associated excess of optical
emission visible on the Palomar Sky Survey prints. The
relationship of neutral hydrogen in the outer parts of
M33 to the optical emission is illustrated in Plate 2.1.

The observed masses of HI in the wings beyond
radius R = 6 kpe, and derived from Fig. 2.1 are 2.5 X
107 M, in the north and 1.0 x 107 M in the south.

On  the assumption that the hydrogen is optically thin,
the average column densities in the wings are 4,1020
atom/cm2 in the north and ~ 5 x 1017 atom/om2 in the
south. The total observed HI mass of M33 is 1.0 x 10°

MQ. The velocity dispersion (defined as FWHP corrected

for the instrumental response) in each wings is ~ 25 km/s,
which may be compared with the value 23 km/s for the outer
parts of M3l (Newton & Emerson 1977). In the present
survey no extended continuum emission has been detected
coincident with the HI wings.

Fig. 2.2 shows two maps at 1.5 x 3 arcmin resolution,

integrated over a radial velocity range in which HI

emission from the wings was detected at low angular
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Figure 2.1. Composite integrated HI map of M33. A combination of three separate
surveys, corrected for primary besm response, joined along the 31 angd 30%1ines of
declination., The integration was performed over a radial-veloecity range -306 to
~28 km/s. The map centres are marked with crosses. The outer (dashed) contour
shows the 30 1imit of detected HI from the channel maps., Dotited ocontours start at
50 K ¥m/s with an interval of 25 K km/s. Dottad contours are not shown around the
main body of the galaxy in order to avoid confusion. Solid oontours begin at 200
K Xm/s with an interval of 150 K km/s. The hatched ellipse represents the HPBW of
7 x 15 sremin, The central disc has an inclination of 54° and a major axis PA of
22° (Warner et gl. 1973).
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Plat

e 2.1 Optical photograph of M33 with the outer (dashed)
contour from Fig. 2.1 superimposed. The western edge is nearer
to the observer if it is assumed that the spiral structure is
trailing. (Photograph copyright by the National Geographic

Society-Palomar Sky Survey. Reproduced by permission firom the
Hale Observatories.)
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Figure 2,2 Integrated hydrogen maps of the wing areas from
the central survey with s resolution of 1.5 x 3 aromin
(hatched sllipse). The outer (dashed) contour is from the
low-regsolution maps {Fig. 2.1), The maps were made as
described in Chapter 1 using a gate of 30, and include HI
integrated over the radisl veloeity renges -253 %o -292 km/s
in the north, and -68 to -95 km/s in the south. N¢ polar
diagram correction has been applied. The first contour
(dashed) is 50 X km/s. The fivrst two s0lid contours are 100
and 150 K km/s. Higher contours start at 200 and are in 100
K km/s intervals.
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resolution. No correction has been applied for the primary
polar diagram, and so the rms noise is uniform over the
map. It can be seen that the patchy HI structure reveal-
ed in the central disc by high-resolution observations
(Wright et al. 1972) extends to the wings.

Fig. 2.3 shows a profile of the total flux density
of HI in M33 as a function of radial velocity. The
values are about 25 per cent smaller than those of
Dean & Davies (1975). This is unlikely to be because a
significant fraction of the HI emission has a seale
larger than 1° (and hence not detected in the present
survey), since:

(1) Dean & Davies (1975) measured an HI size of only
about one degree;

(2) a discrepancy of similar magnitude was found by
Winter (1975%) for NGC 4490, a much smaller galaxy

also observed both at Jodrell Bank and by the Half-NMile
Telescope. It seems more probable that the discrepancy
lies in the calibration of brightness.

Rogstad, Wright & Lockhart (1976), in observations
made at Owens Valley, found evidence for a weak component
of hydrogen superposed on the main disc but With'radial
velocities differing from the strong component. This
weak component exhibits itself as extended or double~
peaked emission profiles. The present central survey at
high-~resolution gives no clear evidence for the weak
comporient but would not be expected to, because of the
low signal-to-noise vratio., The 7 x 15 arcmin data reveal
tails to some of the velocity profiles in the central
dise, but the low spatial resolution and resulting

beam-smearing do not allow detailed measurements to be
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Pigure 2.3 Profile of HI flux density in M33

as a funetion of radial velocity.
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nade,

3.2 Asymmetlries

It is well known that the HI distribution of M33
is not symmetrical (e.g. Wfight, Warner & Baldwin 1972).
Fig. 2.1 shows that in the central disc, emission to the
west of the major axis is brighter than emission to the
east, with the brightest in the SW quadvant. Although
the linear extent and shapes of both wingse in the sky
are similar, the NW feature is about twice as bright
eand more massive than the 3E, The high sensitivity of
the present observations reveals two further asymmetries
in the outermost regions: (i) the low-brightness feature
running perpendicular to the end of the NW wing, referred
to here as the 'NW turnover', and (ii) extended emission
down the west side of the galaxy.

3.2,1 THE RW TURNCVER

This feature is observed on four output maps in
the northern survey (Pig. 2.4A from -266 to =227 km/s)
with average brightness temperatures of about 0.7 XK,
It is connected to the main wing both spatially and
in readial velocity, at -279 km/s, and there is & radial
velocity gradient of ~9 km/(s kpe) along its length.
This continuity strongly suggests that the feature
belongs to M33 and is part of the large-—scale distort-
iong of HI at large digstances from the nucleus. The
observed masg of HI in this feature, derived from

individual channel maps is 4 X 106 MQ, with an average

19

column density of 2 x 10 atom/omQ. The feature may

extend further south, and on the channel maps there
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Pigure 2.4, Channel maps with a resolution of 7 x 15 aromin, each covering a range
of 16 lm/s in radial veloocity, These maps have not been corvected for the primary
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(b) =187 and -174 km/s: channel meps from the central

survey, showing the low-brightness feature at the western edge.: (o) ~94 to -55 .
" km/mt ohennel maps from the southern survey showing the southern wing.
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is some evidence that emission at the 0.3 K level extends
from the turnover to join the 'western extension',
described below, at about -~200 km/s.

There is no evidence fcf a similar 'turnover!
feature of the SE wing, but such a feature, with a
surface-brightness half of that of the 'RW turnover!'
(réflecting eagt-weet asymmetry), would not have been
detected by these observations.

3.2.2 THE WESTERN EXTENSION

The central elliptical distribution of HI exhibits
8 steep gradient around its edge at a distance of about
7T kpe in the plane of the galaxy, and it can be seen
from Pig. 2.1 that to the east this gradient extends to
the limit of detected emission, producing a sharp
cut-off and an extremely regular outline. This is not
the case to the west where, beyond the initial steep
gradient, low-brightness -HI with an irregular outline
extends to greater radii (Pigs 2.1 and 2.4B). It may
be that this effect is a reflection of the east-west
aysmmetry in the central regions, and further observat-
ions with better sensitivity are required to establish
the reality of the eastern out-off,

The line-profiles in the region of the western
extengion are broad and flat-topped. Pig, 2.5 shows
the variation of dispersion over the galaxy. Dispersions
in the western extension are considerably higher than
algewhere'in 33 (excepting the nucleus where beam~

smearing effects are large), and often reach 70 km/s.
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; Dispersion map of M33, The outer (dashed) contour shows the extent of 3¢ H1 emission from
the single output maps. Dispersions are FWHM values, not corrected for the instrumental response of the
telescope. )
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4 THE RADIAL VELOCITY PIELD

4.1 Observations

From a plot (Fig. 2.6) of the radial velocity
field, it can be seen that the well-behaved central
disc, in normal differential rotation, extends to
4+ 30 arcmin (6 kpc) along the major axis. The variation -
of observed radial velocity, vobs’ with radius along
the major axis (PA 22°) is shown in Fig, 2.7A, from
whieh the rotation curve, V., , for R<6 kpe (Figi 2.7B),
hag been derived by assuming sn inclination of 54°,

It should be noted that these curves are smoothed by
the resolution of the synthesised beam along the major
axis (2.2 kpe). The rotation curve is seen to rise
smoothly to V,, . = 107 km/s at R = 6 kpe. A decrease
in Vrot beyond R = 6 kpe would explain Fig. 2.TA, but
in view of the perturbations to orbits at larger radii,
discussed below, calculations of Vrot cannot be
extrapolated with any certainty. According to the
model presented in section 4,2, radial velocities

in the wings are consistent with a flat rotation curve

having V = 107 km/s at larger radii.

rot
Fig. 2.8 shows the residusl velocity field obtained
by subtracting model rédial velocities from those
observed., The model used was a thin flat disc with
inclination 54° and major axis PA 220, with the measured
rotation curve for R< 6 kpe, and a constant Vrot = 107
km/s at greater radii (Pig. 2.7B). In the outer parts
of M33 there are residuals as large as 70 km/s and the
velocity periturbations themselves show some asymmetry;

the magnitudes of the residuals at corresponding pogit-.

ions in the two wings differ by up to 30 km/s.




Figure 2.6
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Combined radial-velocity field after projecting the three surveys on to a common grid and
joining along the 30 and 31° declination lines. The velocity resolution is 16 km/s. The contours are
drawn only in regions where there is a sufficiently large signal to noise ratio. Dotted contours are in
5km/s intervals, and solid contours in 10km/s intervals. The outer limit to HI from the single output
map is shown dashed. The hatched ellipse represents the HPBW resolution of 7 X 15arcmin, The map
centre of the central survey is marked with a cross and the major axis is marked at PA 22°,




-260

-220 | SW NE

-180

Vobs (km/s)

-140

-100 +

1 1 I 1 1 L I I 1
-8 -6 ~4 -2 0 2 4 6 8
DISTANCE (kpc}

Vrot km/s)
100

80 |-

60

40

20

1 1 i 1 1 1 1 1
1 2 3 4 5 6 7 8
RADIUS { kpe)

Figure 2.7 (a) Observed velocities, V _, ., in M33 northwards
and southwards along the major axis, PA 22°. (b) Rotation
curve for M33, caloculated for R < 6 kpe from (a) above,
assuming en inclination of 54°, PA 22°, and ngs -180 km/s.
The rme error in V . and V_ . is~2 km/s, and both ecurves
are smoothed by the resolution of the synthesised beam
along the major axis (2.2 kpe).
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4.2 Geometry

These new observations of HI and radial velocity
digtribution in the wings shed more light on the geom-
etry of the perturbations. Rbgstad, Wright & Lockhart
(1976) have interpreted the wings in terms of hydrogen
rotating about the nucleus in circular orbits whose
inclination and PA of the (projected) masjor axis vary
with redius., A similar interpretation has been made
of distortions in the outer parts of other galaxies
(cf. Gh 1, sec.l.4). This model explains the wings as
due to the enhancement of the column dengity for lines
of sight through the ends of each orbit.

The model by Rogstad et al. was produced to explain
three main phenomena: (i) the shape of the HI wings,
(ii) the steep cutoff in HI density on the minor axis,
and (iii) the 'weak' component of HI in front of the
main disc, discussed in section 3 above. In its
original form, the model is not congistent with these
new observations, as may be seen from the perspective
drawing of the model, shown in Fig. 2.9 = together with
an outer HI contour from the present survey. It is
clear that the wings observed in the present survey
extend much further from the nucleus then the corresp-
onding features in the model, even after convolution
with our beam. Furthermore the model does not account
for the observed radial velocity field in the wings,
gince both the inclination and PA of the major axis
increagse too quickly with radius in the model, nor
with the western extension on the minor axis. It can

be seen from Pig. 2.6, nevertheless, that the position
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Pigure 2,9 Outer HI contour of Fig. 2.1 superimposed on a perspective drawing of
the bending medel for M33 by Rogstad et al, (1976). The plene of the sky corresp-
onds to the plane of the paper, The map centre is shown as a orogs.
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angle of the dynamical major axis (defined as the locus
of maximum deviation from systemic velocity), deviating
in opposite senses in the NW and SE, changes comparat-
ively smoothly with radius, while the radial velocities
towards the ends of each wing are consistent with HI
robating in orbits edge-on to the line of sight at
R = 14 kpe, and with V. = 107 km/s. The narrowing
of the wings towards their ends also implies a change
of ineclination with radiue. If one assumes the western
extension to be one aspect of the overall asymmetry
in brightness distribution, so that similar emission
may exist along thé eastern edge but below the sensitiv-
ity of this survey, then a model not constrained by
the 'cut-off' can be constructed, although it must
8till explain the high gradient of emission observed
in these regions.

The proposed model (Pig. 2.10) is inherently
gymmetrical, and therefore does not describe the asymm-
etries noted above, but it indicates well the sense and
nmagnitude of the observed perturabtions. It is similar
to that of Rogstad et al., but with orbitsl parameters
changing more slowly with radius. In Fig. 2,11 fhe
radial velocities calculated from this model are shown,
together with a contour indicating the extent of the
model HI distribution, for comperison with PFig. 2.6,
The differences between the observed and model radial
velocities do not exceed 30 km/s, and over most of the
region are less than about 10 km/s. Since asymmetries
in the observed veloeity field reach 30 km/s, any
symmetrical model must leave residuals of at least

15 km/s. The fite inm both HI shape and veloeity for




INCLINATION
(degrees)

POSITION ANGLE
(degrees)

90

70
60

w
o
I

—
o
)

1 | | 1 I I I I I 1 1 1 1

1 2 3 IA 5 B 7 8 9 10 11 12 13
RADIUS ( kpc)

Figure 2.10 The parameters of a warped disc model of H33. The solid line represen'f;s
parameters giving an optimum fit to the BI and radial velocity in both the KW and SE
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on; PA 0° is north-facing).

te-2




] |
1h32m 1h 28™

Figure 2.11 Radial-velocity distribution of the model of Fig. 2.10 (solid curve),

surrounded by the spproximate HI extent obtained by convolution of the model HI
disbtribution with the telescope beam. This diagram should be compared with Fig. 2.6.
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either one of the wings could be improved, but not

without worsening the fit to the other. If the wvariation

of PA and inelination in our model is extrapolated

to greater radii, then veldcities in the region of

the 'NW turnover' are similar to those observed, but

the extrapolated model cannot reproduce the exsoct

velocity gradient or HI shape of the !'turnover' feature.
Such a model puts hydrogen in front of and behind

the main disc, with radial velocities differing from

those of the main disc ( R<6 kpe). One of the reasons

given by Rogstad et al. for the rapid variation of

inelination and of +the major axis PA in their model

was o obtain a gradient in radial velocity of the

weak component ac?oss the disc steep enough to fit

their observations. The model presented here displays

a smaller gradient, but fits observations of the weak

component by Rogstad et al. to about + 20 km/s.
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5 DISCUSSION

Although gravitational interaction between galaxies
is capable of producing violent distortions of stars and
gas (e.g. Hunter & Toomre 1§69) there are, in the case 3
of M33 and several other warped galaxies (e.g. Sancisi
1976), no obvious companions nearby. Since M33 is the
warped galaxy for which we perhaps have the most detailed
information concerning the kinematies of the bending
phenomenon, it is important to discover whether or not
a tidal explasnation is possible.

In view of the gross distortions in M33, the most
likely candidate for an interaction is M3l and evidence
in favour of such an interaction is given below:

(1) M3l is the negrest galaxy to M33.
(2) Recently M31 has been found to be symmetrically

warped in its outer parts (Newton & Emerson 1977).

The distortions in M33 are relatively much more

gevere than in M31 as would be expected from the

fact that M3l is 10 times more massive than N33.

Calculations by Baldwin (1978) show that the ratio

at which warping occurs in the two galaxies is

consistent with a tidal origin, |

(3) The present separation of the two galaxies is only
about 180 kpec or three times the HI diameter
measured by Newton & Emerson (1977), and their
radial velocities differ by only 64 km/s (corrected
for galactie rotation).

(4) Although the force curréntly exerted by M31 on M33
ig unlikely to be large enough to have any signif-

fcant effect, it is easy to envisage an orbit such



that M33 would have had a perigalacticon distance from M31
of about 40 kpe, some 1.3 x 10° yr ago (Baldwin 1978).
This interval would correspond to about two rotation

periods of M3Ll and M33 in the regions of the warps.

One of the factors affecting the lifetime of a warp is
differential precession (Kahn & Woltjer 1959). Rogstad, Lockhart
& Wright (1974) have discussed the effects of differential
precegsion in relation to M83. Their model for the HI dist-
rivution in M83 is similar to that for M33, and they find that,
for a reasonable mass distribution, the variation of position
angle of the orbit with radius, after differential precession
over a period of 2 x 109 yr, is not very different from the
best-fitting values to their observations. Calculations of
precession rate are highly d@pendént on the mass distribution
at large radii, which is not known, but if warps can last for
about 109 yr then the time scalesg for differential precession

and an interaction between M33 and N3l may be consistent.

Two other theoretical explanations for the warping phenom-
enon which also involve an interaction with the medium external
to the galaxy, are (i) accretion of intergalaetic gas clouds
(Haud, in preparation), (ii) the 'intergalactic wind' hypothesis
of Kahn & Woltjer (1959), in which the preﬁsurazdistributian
around a galaxy ceaused by its movement relative to the inter-

galactic medium may result in symmetrical bending of the disc.

There are other explanations which treat +the galaxy as
an isolated gsystem and the warping as an inherent instability
(e.g. Lynden-Bell 1964). However, the HI clouds seen near M31
(Davies 1975; Newton & Emerson 1977), together with the 'NW




turnover' and large perturbations of HI in M33, are suggestive
of an external interaction rather than an inherent instability.
A tidal interaction between M31 and M33 is an attractive
explanation for the warps. More}sensitive observations of the
gas around and between galaxies of the Local Group would be the

best way of solving this problem.
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.6 _CONCLUSIONS

The mogt important conclusions of this study are

summarised here:

(1)

(2)

(4)

(5)

(6)

The HI 'wings' of M33 extend to 70 arcmin (14 kpec)
from the nucleus, both to the NW and SE, with masses
of 2.5 x 107 and 1.0 x 107 M, respectively. The
total HI mass observed is 1.0 x 109 Me*
Although the rotation is normal for R« 6 kpc,

there are gross deviations from normal differential

rotation in the outer parts of the galaxy reaching

70 km/s in the wings. The wings are not completely

. symmetrical in radial velocity or HI distribution.
(3)"

6

A feature of 4 x 10° M_ is detected, which runs

®

perpendicular to the end ofifhe NW wing and is
continuous spatially and in radial velocity with
the wing. No equivalent feature is detected in the
SE.

While the eastern edge of the main HI disc has a
gharp cut-off, the western edge has a'platesu’ of
low-brightness emission, with large velooity
digpersions.

A model (Figs 2.7B & 2.10) comprising HI in a set
of inelined circular orbits indicates the sense and
magnitude of the -distortions in the outer regions
of M33.

A gravitational interaction between M31 and M33
involving & close passage with perigalacticon

of about 40 kpe, some 1.3 x 107 yr égo (Balawin
1978), is a possible explanation for the large-

goale distortions observed in both galaxies,
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CHAPTER
THE Sed GALAXY NGC 2403

1l INTRODUCTION

NGC 2403 is a bright Secd galaxy, and the illustration
in The Hubble Atlas of Galaxies (Sandage 1961) is reproduced

in Plate 3.1l. It has an indistinet nucleus, broad and ill-
defined spiral arms, pronounced resolution into stars, and
closely resembles the local-group galaxy M33. The main
optical parameters are summarized in Table 3.1.

NGC 2403 is at the western edge of the M81 group of
gelaxies, at & distance estimated by Tammann & Sandage (1968)
as 3.25 Mpe. This value ig adopted here, although values in
the range 2.2 to 3.4 Mpc have been quoted elsewhere (Sandage
& Tammenn 19743 Madore 19765 Sandage & Tammann 1976).

The neutral hydrogen in NGC 2403 has been previously
mapped at high resolution by Shostak & Rogstad (1973) and
Love (1975). A comparison of the resolution and sensitivity
of these and the present surveys is given in Table 3.2.
Love's observations were made with the Hplf-Mile telescope;
gince then there has been a considerable improvement in
sensitivity and velocity resolution (c¢f. chapter l; section
2.1) and it was used again for the present survey. Both the
gpatial and velocity resolution of the latter are somewhat
greater than that of Shostak & Rogstad's survey, although
the sensitivity ‘at this high resolution is not so good.
Throughout this chapter the resulte of all these surveys
are compared in detail.

An important aim of these observations was to investigate
whether NGC 2403 possesses & large-scale warp similar to that

gseen in M33, The low-resolution maps from the present sur#ey




e 3.1 TPhotozraph of NGC 2403 reproduced from

Atlas of Galaxies. Copyright - Hale Observatories.




Table 3.1 Optical Parameters of NGC 2403

Parameter
Coordinates of nucleus (1950)
- RA
- dec
Classification {revised type)

Total 'face-on' B magnitude
corrected for galactic and
internal absorption

Isophotal major diameter
corrected to 'face-on'

Ratio of-apparent major to
apparent minor diameter

Heliocentric radial velocity
Corrected colour index (B-V)

*
Assumed distance

3-3

VaTlue

7N 3™ 05
65° 42'.7

SAB(s)cd

8.30
17.0 arcmin

1.62+0.02

1314 km/s
0.37

3.25 Mpc

Notes: Values are from de Vaucouleurs et al. (1976)

except that marked ¥, which is from Tammann &

Sandage (1968).

-
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Table 3.2 Comparison of recent aperture-symthesis observations

of HI in NGC 2403.

Survey Shogstak & Love Reakes
Rogstad (1973) (1975) (this chapter)

Resolution in RA (aremin) 2.0 1.05 1.5
Velocity resolution of one

channel (km/s) 21 39 16
Measured rms noise per ‘
beam area per channel 0.6 6.8 1.8




are more sensitive per besm area than those previously
published, and are idesl for mapping low-brightness features
such as warps.

The high~resolution maps wefe made with the aim of
more clearly seeing the HI spiral structure, as a result of
the improved resolution, and thus further testing the density

wave theory.
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2_OBSERVATIONS

The survey comsisted (initially) of l2-hr observations at 60
equally~spaced interferometer baselines as indicated in Table 3. 3.
Resulte at some of the small baselines were subject to considerable
interference from the Sun, mainly between hour angles (HA) 18h and
21", The firet six hours of these observations (l@%&JHA§524h)
were replaced by additional interference-free data, collected at
a later time of the year, Although'a small amount of data was
lost due to residual 'spikes' of interference, almost complete
coverage of the u-v plane was achieved.

The HI emission was measured using the digital spectrometer
over a 2-MHz bandwidth. The output speectrum had a resolution of
16 km/s and was sampled at values of radial velocity separated by
13.2 km/s to provide 32 channel maps. Continuum radiation in the
10-MHz bandwidth was also meéwureduand the surveys were calibrated

by observations of 3C 309.1.

Channel maps were made at three different spatial resolutions
by selecting different sets of interferometer baselines (Table 3.3).
The maps made at low resolution were more sensitive to low-.
brightness features than those at the full resolution. A correction
for econtinuum emission was made by forming a map of average
continuum emisgsion from those channel maps which comtéined no line
emission (~73 to -7 km/s inclusive, 270 to 296 km/s inclusive, plus
the channel at 322 km/s. The channels at 309 and 336 km/s were not
ineluded because they exhibited a greater than average noise level ).

The resulting map was then subtracted from each of the channel maps

in turn to obtain continuum-free maps (Figs 3.1la, 3.1b and 3.1¢).
Maps of integrated hydrogen, radial velocity, and velocity
dispersion were made from the comtinuum-free channel maps in the

way described in Chapter 1.

T T e e

ﬁ




Table 3.3.
the Cambridge Half-Mile telesocope.
nates' _
Hap centre (1950) RA
dec
Interferometer baseline
total number
smallest
inerement
largest
Calibration source name
flux density
reference
Largest structure present
Diameter of first grating response
Continuum bandwidth
. centre fresquency
Hydrogen line bandwidth

valooity range

channel separation

charnel width
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Details of the observations of NGC 2403 with

1978 Pebruary
78 32 018,20
o) ] "
65° 42' 57".00

60
l2.2.m
6.1 m
298.7 m
3C309.1
7.9 dy
Kellermann et al. (1969)
51°
~2°

10 MH=z
1419 MHz
2 MHz

-73 to +336 Xm/s
heliocentric)

13.2 km/s
16 km/s (FWHP Gaussian)

Numbep of interferometer baselines included

12
resolution RA x dec (arcmin) 7.4x8.1
(Low)
Brightness temperature
Conversion Pactor (K/Jy) 4,15
Rms noise levels (mJy/beam)
continuum 2.8"

one HI-line channel 46

Note *theoretical value

36 60
2.5%2.7 1.5x1.6
(medium) (high)
33.6 91.3
1.6 1.2

26 20




Pigure 3.1 Ohanne) maps of NGU 2403, free of contimuum i 3_..8
emiseion. The numbera at the top left of each box indiocate.

the heliocentric veloocity in km/s. The large cross is the

napjcentro, and- ‘the small oromses are the poeltions of stars

for alignment with optiosl photographs. The cromsses are the

same- on subssquent figures., In all oases z0lid contours are

positive, dashed contours are negative, and the szero contour :
r has been. omithed. . !
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Pigure 3.ls Hesolution 7.4 x 8,1 arcmin, contour interval
50 mdy (o0 = 46 mdy). )
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3 RESULTS AND ANALYSIS

3.1 The total HI Mass

The integrated HI spectrum for NGC 2403 is shown in Fig,
3.2. This was constructed by integrating the flux from NGC
2403 observed in the continuum-~free channel maps with a
resolution of 7.4 x 8.1 aremin (Fig. 3.la). The ares under
the curve was uged to evaluate the total HI mass, MH, as
desgeribed in section 2.4c¢ of chapter one. MH obtained in this

way is (3.2 0.3) 109 M@, in agreement with values obtained

by other means. Table 3.4 includes a comparison of the MH
values of various authors, The values are consistent with the
exception of those of Roberts (1962) and Burns & Roberts. (1971),
which are significantly higher, The discrepancy is probably

the result of differences in calibration, rather than the
absence of large-scale structure (ngU in the present
observationsg.

3,2 The HI digtibution at low-resolution

The continuum-free HI maps at low resolution are shown as
Fig. 3.1a, and have been combined to produce an integrated HI
map (Pig. 3.3). These maps are more sensitive to low-brighiness
emission than the high-resolution maps presented later, and
show emission clearly associated with NGC 2403 over the veloc-
ity range ~7 to +270 km/s, and up to distances of 22 aremin
(21 kpe) from the nucleus (allowing for the beam size).

The channel maps at -7 and +6 km/s show, appart from the
peaks of emission associated with NGO 2403 at Rﬁuv?h 30m & dec
~65° 50', other emission in the form of a 'spur' running both
to the north and south for about 20 arcmin. This may be due
to hydrogen in our Galaxy, as is almost certainly the case for w

emigsion at RA ~7h 28™ & dec ~65° 21' in the -7 km/s channel,
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Table 3.4 Integral Parameters for NGC 2403

Parameter

HI mass, MH

Total mass, MT
R < 18 arcmin
R < 13,5 arcmin
R < 13.5 aremin
R < 21 arcmin

luminosity, L

%
LU (R <18 aremin)/L

Mg/¥y (R <18 arcmin)

Value

(3.2
(3.2
(3.5

X

o}

—

s

0.3)
0.4)
0.7)

9

10 MQ
9

107 M,
9

107 M,

4.6 % 10° M
4.6 x 10° M

(4.074+ 1.6) 10

(3.3
(3.6
(4.1

i+

x

s

0.5)

10 ¥

0

1019 y

o

(o]

0.3) 10-° M,

0.9) 1010 M,

, 9
6.7 x 10 L®

0.48
6.0
6.1
0.08
0.08

L

0.04
2.4

0.04
0.03

m@/};Q
Mo/
M@/%m
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A1l the channels from 85 to 138 km/s show a region of
low-brightness emission about 1% aremin to the NW of the
bright emission associated with normal differential rotation.
This feature is isolated st velocities 98-138 km/s snd shows
little systematic change in position from channel to channel,
except where it blends with the brighter emission at 85 km/s.
It is possible that this feature is an instrumental artefact,
although it does not possesg the characteristics of either a
spatial or & frequency sidelobe. There is no sign of a corresg-
ponding feature in the south of NGC 2403,

Recent work (ef. section 1.4 of chapter 1) nas shown that
the HI in many nearby spiral galaxies is warped out of the
plane of the optical dise. A& particularly severe warp is seen
in M33 (chapter 2), a galaxy which closely resembles NGC 2403
in optical appearance and is of similar Hubble type. Other
physical properties of M33 and NGC 2403 are compared in Table
3.5. The values of the parameters for NGC 2403 depend upon its
distance which lies in the range 2.2-3.4 NMpe (with 3.25 Mpe
adopted elsewhere in this chapter). M33 and NGC 2403 have very
similar properties if the latter is assumed to be at a distance
of 2.2 Mpe and, if & warp of magnitude similar O that of the NW
wing of M33 existed imn NGC 2403, it would be detected in the
channel mape (Fig, 3.1la) at about the 1o level. The adoption of

3.25 Mpe as the distance to NGC 2403 implies that it is a galaxy
of about twice the size of M33, and any warp would have to

be correspondingly larger to be detected at the same confif-
ence level.

The present obserfations ghow some evidence for a large-~
scale warp in NGC 2403, Direct evidence can be seen in the

channels at 19 and 32 km/s (Fig 3.la) which show emission
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Table 3.5 Comparison of the properties of M33 and NGC 2403,
PARANMETER M33 NGC 2403 NGC 2403

distance (D) 0,69 lipe 2.2 Mpe 3.25 Mpe

optical diameter ¥ 15.9 kpe 17.2 kpe 25,3 kpe

luminosity ¢ (D2) 2.9 x 10°L, 2.7 x 10°L, 6.0 x 107,

HI diameter ~28 kpe ~28 kpe w 42 kpe
My (cD?) 1.0 x 10%m, 1.5 x 10%M, 3.2 x 10°M,
Rotation curve ~»107 km/e ~130 kn/s as for 2.2Npe
beyond 6.5 kpe beyond 10 kpe
N, | ‘
My 6D) 2.9 x 10%, 3.9 x 10M%, 5.8 x 10M%

*1 Photometrie diasmeter reduced to face-on view at the galactie
pole (Balkowski 1973) '

*2 Intrinsic luminogity redueced to face-on view at the galactic
pole (Balkowski 1973)

*3 Indicative total mass (Balkowski 1973)
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bending westward at the north-western edge. A% the southern
end of the gelaxy, emission at 243, 256 and 270 km/s shows a
marginal bend in the opposite sense. Indirect evidence of warp-
ing is also provided by the skewing of the velocity contours
on the higher resolution maps (mection 3.6.4).

More sensitive observations are required for a detailed
gtudy of warping in NGC 2403, Huchimeier (197%) has made very
sensitive observations of the HI along the major axis of NGC
2403 in order to obtain details of the rotation curve in the
outer parts. His rotation curve is flat at large radii, whilke
the warp in M33 produced rotation velocities along the major
axis which dropped steeply at large radii unless the distort-
ione due to the warp were taken into account (ef. Pig. 2.7a
in chapter 2). Nevertheless, these facte do not preclude a
large-scale warp in NGC 2403 of a different geometry.

If one accepts that NGC 2403 is warped, one may speculate
that the 'spurs' of emission, previously assumed to be Galactic,
are really associated with the warp. Similarly the isolated
feature seen on the channel®s at 98-138 km/s end which blends
with the bright emission at 85 km/s may also be associated with
the warps similar extensions teo-the bright emission were seen
in the channel maps of M33 (e.g. the =227 km/s channel in
Fig. 2.4a of chapter 2)., Further interpretation of both feat-

ures is not juetified without better observations.

3.3 The HI digtribution at moderste resolution

The integrated HI mep made from the smallest 36 spacings
is shown in Fig. 3.4. This map is in excellent agreement with
that presented by Shostak & Rogstad, and both maps show the

digtinetive 'ring' of three peaks of emission surrounding the

nucleus, although there is a. difference in the relative heights
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of the three peaks, the westernmost peak being relatively less

bright on the present map. The general reliasbility of the twe

maps is confirmed by the similarity of many features, including

some at low~brightness levels. d@mmon features includes

(L) The depressions between the two brightest peaks.

(2) The ridge running SW from the westernmost peak.

(3) The low-brightness ridge running eastwards at the NE edge
of the galaxy.

(4) The trough running North-South to the east of the
eagternmost peak.

(5) The NS ridge to the W of the westernmost peak.

(6) The ri&ge running NE from the northernmost pesalk,

3.4 The HI distribution at high resolution

3.4,1 INTRODUCTION

The full-resolution integrated HI map is shown in Fig.
3.5 and Plate 3.2. The map shows a ridge of HI, not previously
detected, which starts near the nuecleus and spirals outwards,
anticlockwise through s 180°, towards the limit of detected
HI at the northern edge of the galaxy. The broad arm which
rans NW~SE from the northernmost HI peak is a feature mention-
ed by Shostak & Rogstad. |

The radial distribution of the HI is analysed in Sec.
3.4.2, and asymmetries in Sec. 3.4,.3. A detailed discussion
of the HI spiral structure is presented in See, 3.4.4 (see also
Sec. 3.6.4 for velocity perturbations associated with spiral
structure), and the correlations of spiral arms with HII

regions and dust are examined in Sections 3.4.5.and 3.4.6.
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3.4.2 RADIAL DISTRIBUTION

The variation of HI brightness with radius is shown in
Fig. 3.6. This has been derived by sampling the high-resolution
map (Pig. 3.5) in ellipses in the sky, corresponding o an
inclination of 60° and a position angle of the major axis of
125° (i.e. the dynamic parameters found by Shostsk 1973 - see
gsection 3.6.2). The points plotted are the mean of twenty
gampling points around each ring, and the rings ave geparasted
by 1 aremin,

The radial digtribution of HI presented by Love (1975) at
s resolution of 1,5 arcmim is in good agreement with Fig. 3.6,
which shows a fairly flat distribution out to a radius R = 4
arcmin, although a slight minimum is evident at R = 2 arcmin.
Beyond R = 4 arcmin the HI brightnessa falls off steeply to
gbout R = 7 aremin, where the gradient becomes less steep.

(The edge of the optically bright galaxy is at R = 4.8 arcmin).

Okamura, Takase & Kodaire (1977) have performed detailed
surface photometry of NGC 2403 and note a 'ring-like' region
(2 aremin ¢<R< 4 aremin) with an excess of B luminosity
relative to the smooth exponential distribution., The ring is
just inside the ring of three bright HI peaks on Fig. 3.4, and
Okamura et al. suggest that it may be due to the presence of
abundant young stars.

Love (1975) also presents the radial distribution of HI
at a resolution of 63 x 68 arcsec and claims that this reveals
a centrasl minimum. It is likely that this result is spurious,
and due to the high noise level of his maps. No such minimum
is apparent from his data at a resolution of 1.5 arcmin, There

is no significant central minimum in the HI distribution in M33.
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3.4,3 ASYMMETRIES

Love's observations at a resolution of 63 x 68 arcsec
show an asymmetry in the outer parts of the integrated HI
distribution, with the southern half of the galaxy containing
more HI than the north. He found the ratio South/North for HI
between the radii 10 and 15 kpe to be ~ 1.8, I have carried
out & similar analysis on the integrated HI map of Fig. 3.5
(resolution 1.5 x 1.6 aromin). The HI wae sampled in ellipses
using Shostek's parameters, as described earlier. The ralios
of the HI on either side of the major and minor axes are
plotted in Pig. 3.7, as a function of radius.

There is a slight, but not significant, indication of a
North-South asymmetry with HIy/HI (1S RS18 aremin) = 0,92 i
0.17 (the error is ¢ for the mean). However, an East-West
asymmetry at large radii is significant, where HI/HI,

(11 R 20 aremin) m10.82 + 0.08, Such asymmetries are by no
means unusual for late~type galaxies.

The poor signal-to-noise ratio of Love's observations

probably account for this discrepancy.

3.4.4 THE SPIRAL STRUCTURE

The |HI is distributed (Fig. 3.5 and Plate 3.2) in
the form of bright 'knots', an effect not 'due
to noises The nueleus does not coincide
with either s knot or a hole, and 80 is in accord with the
study of the radial distribution of HI (section 3.4.2).
Bright knots of HI are usually seen in high-resolution HI
maps of spirsl galexies, and recent surveys of M33, M3l and

IC 342 (Newbon 1978) have shown a good correlation
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between HI spiral features and the optical tracers of spiral
arms. As has already been mentioned, spiral features can be
discerned in NGC 2403, and it is tempting to examine if the
correlation also exists here. ‘

The most obvious features of the HI distribution which
eould be interpreted as spiral arms are sketched in Fig. 3.8.
It should be emphasised that these are purely subjective.
Unambiguous aspiral patterns are very difficult to trace even
in the best observations, . and here the angular resolution
is only just sufficient to resolve any spiral structure, so
that great caution must be exercisged.

The distribution shows no gingle underlying spiral
pattern. The most prominent features are 1, 2 and 8, whose
lengths are 15, 10 and 15 arcmin respectively, while the

others are of order B8 aremin in length. The arm-interarm

contrast ratio is defined as

¢ = (Bmax -;Emin)/(Bmax + Bmin)’

where B is the brightness temperature of the HI. The parameter
is of importance when comparing observations with density wave
theories, Arms 1, 2 and 8 have C = 0,3 + 0.1, while the other
features have 0.1<4C<0.,5. These values are similar to those
found for other galeaxies, but there are serious d4iff-
iculties (notably lack of resolution) in determing

this parameter,

The pitech angle of spiral arms, t, is defined as the angle
between the arm (viewed face-on) and a cirele at that radius.
Shostak (1973) measured the mean value of t for the optical
arme of NGC 2403 as t=18°, The HI arms 1, 2 and 9 seem to

have a roughly constent pitch angle, while features 3-8 show
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2 much greater dispersion in values of t.

A sketch of the optical spiral arms is shown superimposed
on the HI distribution in Plate 3.3. The sketch was constructed
from a combination of the Palomaf Sky SBurvey prints and the
Hubble Atlas photograph (Plate 3.1). The latter was used to
traée the spiral strecture in the inner regions where the Sky-
Survey prints were 'burnt-out'. As with the HI distribution
the optieal arms do not show a gingle underlying spiral pattern;
the pattern is multi-armed and complicated, with several bifur-
cations, Only in the very centre of the nucleus does the
pattern resemble a classical two-arm spiral. There is much less
diapersion in pitch angle in the optieal arms than was foundvfor
the HI. All the segments appear to belong to the same basic
type of epiral.

The general agreement between the spiral patterns seen in
the HI and optical distributions (Fig. 3.8 and Plate 3.3) is
remarkably good, although no detailed guantitative fitting to

logarithmie spirals has been attempted. Probably the best
agreement occurs for HI in arms 4 and 6, which are in almost
exact agreement with two of the outer arms seen on the PSS
prints. HI arm number 5 can be considered as an extension of
arm number 4, where the optieal arm is too faint to be visible.
There is also no optical counterpart to arms 3 or 9. Arms 1
and 2 lie very close to several optieal arms, and have very
gimilar piteh angles to them. Arm number 8 is not in such good
agreement, and appears to cut acrose several optical arms,
having a different pitch angle from them, The worst agreement
is for feature 7 which cuts radially across the ends of two

optical arms.
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Plate 3.3 Subjective sketch of the optical spiral arms in NGC 2403, superimposed Ej

on a photographic representation of the integrated HI map at a resolution of 1.5
x 1.6 arcmin (Plate 3.2).



3-38

3.4.5 HII REGIONS

Véron & Sauvayre (1965) catalogued 52 HIT regions in
NGC 2403, the largest of which are similar to NGC 604 in M33
and 30 Doradus in the LMC. Hodge has extended the work and
catalogues 109 HII regions (1969A), and discusses their
radial distribution (1969B). Searle (1971) discusses evidence
for gradients in the composition of the HII regions across
the discs of spiral galaexies (including NGC 2403), while
Deharveng & Pellet (1970) derive a rotation curve for NGC
2403 from the radisl velocities of the HII regions (see
. Section 3.6). Hamijima & Tosa (1975) have found a correlation
of a powermlaw type between the rate of star formation measur-
ed by the surface density of HII regions, and the HI gas
density from Shostak & Rogstad's map.

Fig., 3.9 shows the HII regions mapped by Hodge (19694)
superimposed on the integrated HI map at a resolution of
1.5 arcmin., As has been previously reported, there is a good
correlation between the position of the HII regions .
and the peaks and ridges of HI emission. A ring of HII regions
surrounds the peak of brightest HI emission to the 3E of the
nueleus. The existence of a ring rather than a oentra}ly
condensed group of HII regions is probably due to inereased
optiecal obscuration at the HI peak. Hodge's HII regions
clearly show a spiral pattern which is well aligned with
several of the HI spiral features noted earlier (particul-
arly features 1, 2, 4 and 8 in Pig. 3.8). The HII regions
seem to correlate better with the apparent HI spiral arms

(Pig. 3.8) then the sketch of optical spiral arms (Plate 3.3).




Pigure 3.9 ‘The EII regions of Hodge {19694) superimposed on

the high-resolution integrated HI map of HGC 2403 {(Fig. 3.3).
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3e4.6 DUST

Plate 3.4 shows the high-resolution integrated HI map
superimposed on the Hubble Atlas photograph of NGC 2403,
There are several regions where optical obscuration by dust
is evident, but such regions are not clearly correlated with
the HI emission. Such a correlation has been found in other
galaxies (e.g. M31, M82, and M33) but would not necessarily
be visible in the preg@nt observationg on account of the

limited angular resolution and sensitivity.

3.5 Radio Continuum

Van der Xruit (1973) has presented high-resolution
observations of NGC 2403 in the radio continuum at 1415 MHz,
His map shows an absence both of a nuclear radio source, and
of radio spiral structure. The highest peak in the radio
brightness>oorreﬁponds to the brightest HII region, and
he suggested that the emission may be non-thermal, by anal ogy
with 30 Doradus.

Pig. 32.10 shows the broad-band continuum map from the
present survey, centred at 1419 NHz. Both the sensitivity and
angular resolution of this map are similar to that of van der
Kruit's map, although comparison is difficult because Fig.
3.10 includes line emission diluted over the 10-MHz bandwidth.
After correction for the HI emission, an upper limit of 10 mdy
(approximately 1 K) can be placed on.any nuclear source., The
peak of emission 1.8 arcmin to the east of the nucleus is
partly a genuine continuum feature and in fact corresponds to
the brightest HII region, discussed above and also seen in

van der Kruit's map.
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Plate 3.4 Contours of integrated HI in NGC 2403 (resolution
1.5 x 1.6 arcmin) superimposed on The Hubble Atlas photograph

(copyright - Hale Observatories).
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including line emission diluted over the 10-¥Ez band. The rms
noise level is 1.2 mJy and the resolution is 1.5 x 1.6 aremin.
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3.6 The Velocity Field

3.6.1 INTRODUCTION

Fig. 3.11 shows the velocity field of NGC 2403 at a
regolution of 2.5 x 2.7 arcming it was produced by means of the
Gaussian~fitting procedure as described in Section 2.3 of
Chapter 1. Plate 3.5 shows the veloelity field at a resolution
of 1.5 x 1.6 arcmin, superimposed on the optieal representat-
ion of the integrated HI distribution. The latter velocity
field was produced using the standard fitting-procedure and
has @ noise level of about 3 km/s., Plate 3.5 is in
excellent agreement with that presented by Shostak & Rogstad
(1973), and generally similar to the 1.5 arecmin~resolution
velocity field presented by Love (1975). Love's map is,
however, much more noigy than that presented here, and he
interprets several features as real which are most probably
only noise (e.g, the 'kink' in the 108 km/s and adjacent
contours at a position about 2 arcmin north of the nucleus).
3.6.2 DYNAMICAL PARAMETERS AND THE ROTATION CURVE

The dynamical parameters for s galaxy are defined in
Section 2.4 (g) of Chapter 1, and a method of deriviﬁg them
from observations is outlined. Values of the dynamical
parameters for NGC 2403 obtained by both Love (1975) and
Shostak (1973) are compared in Table. 3.6. (learly there are
aome discrepancies between the two values for dec and i,
although Shostak does not guote any errors., The new data
obtained from the present survey reveal that Shostak's values
are more nearly correct than those of Love.

Because of difficulties with the computing, and lack of
time, it was not possible to derive new dynamical parameters

from the present observations using the method mentioned above.
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Plate 3.5 Contours of velocity in NGC 2403 (resolution 1.5 x 1.6

arcmin) superimposed on a photographic representation of the
integrated HI (Plate 3.2). The numbers indicate the velocity

in km/s, and the rms error is typically about 3 /s,




Table 3.6

Summaryof HI dynamic parameters for NGC 2403

SHOSTAK LOVE
(1973) (1975)

RA 07N 32M 07.25% 070 31M 51 & S
dec 65° 42t vk 65° 42' 17 + g®
Vsys 128 + 3 km/s 138 + 2"km/s

PA 125.5 -+ 1° 126 + 1°

i 60°* 55 + 20
NOTES

*  no error quoted.
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Instead, the analysis was restricted to producing two maps
(Pig. 3.12) of 'vesidual-veloocity' diffewences between the
present high-resolution velocity field and s model of circular
rotation for each set of parametefs. It is clear from the
greater magnitude of the residuals in Pig. 3.12(a) that
Shostak's parameters are more nearly correct than those of
Love. More specifically the residuals resulting from Love's
parameters have an overall negative excess of about 10 km/s,

which corresponds to VE s being too high by the seme amount.

When this effect is remZve& a systematic residual still
remains whose symmetry corresponds to an error in the position
of the nucleus along the minor axis of the galaxy. When both
these corrections are applied to Love's parasmeters, they bring
them into good agreement with those of Shostak.

It is difficult to discern any large-scale
systematic error iﬁ the residual field based on Shostak's param—
eters, except a slight hint of the symmetry which correéponds
to an errvor in the position of the nucleus along the major
axis, There is, however, a localised positive residual of ~10
kxm/s running northwest~southeast in a band about 3 aremin
gsouth of the nucleus. This is coincident with an
optiecal spiral arm, and will be discussed presently.

The dynamical parameters guoted by Shostak (1973)
describe well the large-scale motions of HI in NGC 2403, and
are adopted for the derivation of the rotation curve., This
was obtained from the high-resolution velocity field using
the method of Warner et al. (1973, see Chapter 1 Section 2.4).
and is displayed in Pig. 3.13. Rotation velocities rise
gsteeply for R< 4 arcmin and then flatten to a plateaun of

about 130 km/s at greater radii. For R 15 aremin, V... = 130
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(b) A model using the parameters of Shostak (1973).

capes the numerals 1-9 represent positive vesiduals, the letters A-I represent
The values of residual velocity are only meaningful in regions

7h3e™
FMgure 3.12 Residual velocity fields made by subtracting model velocity fields

from the obeerved velocity field (Plate 3.5). (a) A model using the parameters
negative residuals, the character interval is 9 km/s, a blank character vepre-
sents a zero residual, and a dash represents & residual of magnitude greater

than 90 km/s.
where the observed radial veloocity field is well-defined (of. Plate 3.%).

of Love (1975).
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Figure 3.13 Totation curve for NGC 2403, derived from the
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km/s is assumed since the rms errors are high. This is
seen to be a fair assumption from Fig. 3.14, which shows V .
obtained from the maps at s resolution of 7.4 x 8.1 arcmin,
uging the same method. These obéervations are more sensitive
to low-brightness emission in the outer parts of the galaxy
and allow vrot t0o be determined with reasonable accurasecy out
to 20 aremin from the nucleus. Beam-smearing is important at
this resolution and accounts for the underestimated values of
vrot at small radii, but the effect is negligible at large
radii (R2 14 arcmin) where the rotation curve is approximately
flat. There is some indication of rotational velocities at R
~ 18 arcmin greater than 130 km/s, but generally . these
data, those of Huchimeier (1975) and those of the extrapolated
high-~resolution rotation ocurve,are consistent (within the
errors) with a fairly flat rotation curve at large radii.

Deharveng & Pellet (1970) derive a rotation curve for R<6
arcmin from the radial velocities of the HIT regions. Both
Love (1975) and Shostak (1973) noted that these rotational
velocities were systematieally higher than those obtained
from HI data. While part of this “discrepancy may be attribu-
ted to resolution effects, the remainder is probably real and
may be due to the gas in the spiral arms (where the HII regions
are loeated) rotating faster than in the disc -~ see Section

3'6’4‘.

3.6.3 THE MASS DISTRIBUTION
The rotation curve can be used to derive the variation
of mags with radius, by modelling the galaxy by concentric

spheroids (Burbidge, Burbidge & Prendergast 1959). The

intrinsic axial ratio of these spheroids was taken as 0.1 in




Vot (kmls)

R (kpc)

3-52

30

150 |~

100

50

Reakes

HPBW

Huchtmeier —
[ ] (o] NE
x SW

10 20

R (arc min)

30

Figure 3.14 Comparison of the rotational velocities in the

outer parts of NGC 2403. The filled circles are derived from

the present observations assuming the dynamic paramaters of

Shostak (1973). The HPBW resolution for thess points is shown

by the hordzontal bar. The open circles and orosses are data

from Huchtmeisr (1975). The solid line is the high-resolution

rotation curve shovm in Fig, 3.13.
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accordance with the mesn value for Scd galaxies (Heidmann,
Heidmann & de Vaucouleurs 1971). The cumulative total mass,

MT, as a function of radius, R, derived using this method, is
shown in Pig. 3.15. The errors were derived by repeating the
snalysis using the maximum and minimum rotation curves allowed
by the errors in Pig. 3.13. The total mass within a radius of

18 aremin is (4.0 + 0.1) 1010 m

0! & value similar to that of
other authors (Table 3.4, page 3-21).

Also shown in Table 3.4 are the integrated parameters for
NGC 2403, Aeccording bto Balkowski (1973), the r&tinMﬁ/I
adopted here is typical of an Sed type galaxy. The ratio MH/MT
seems to indicate an earlier type (Sab or earlier), but this.
comparison requires considerable caution because of the many
ways in which My can be defined. The ratio‘MT/L igs close to
the type-independent meen of 11 + llfound by Dickel & Rood

(1978).

3.6.4 VELOCITY PERTURBATIONS AND SPIRAL STRUCTURE

Meny authors have compared the velocity fields of spiral
galaxies with the predictions of the linear density-wave theory
for spiral structure (e.g., Lin, Yuan & Shu 1969). The theory
assumes broad, symmetrical spiral arms (usually two),ﬁnlike the
narrow multi-armed features seen in NGC 2403 or other similar
galaxies (e.g. M33 and IC 342, Newton 1978). Therefore, since
this theory is not likely to represent well the gas dynamics
in NGC 2403, it will be compared only gualitatively.

The main velocity-perturbations expected from the linear
density-wave theory are illustrated in Fig. 3.16. Along the
major axis (where the @ ~component is visible) the theory
predicts an inerease in rotational velocity on the outside of

an arm and a decrease on the inside, with no change at the




M, (M)

10"

1010

10

3~-54

5 10 15

R (arc min)

Figure 8.15 Cumulative total mass as & function of
yadius for NGC 2403, MT(R).
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/ Major axis

Approaching velocities
(relative to systemic)

---------- - Typical epiral arm

wooooNearest point of galaxy to
\ observer

N\

Minor axis
/ Receding Velocities

(relative to systemie)

Pigure 3,16. ©Schematic representation of the perturbations to
lines of constant velocity im NGC 2403, expeeted on the basis of
a density-wave theory of spiral structure., If the spirals are
trailing, the SW end of the minor axis is clogest to the observer.
Along the minor axis, perturbations are eguivalent to an apparent
radial contraction of the gas, while along the major axis the
perturbations are equivalent to a deecrease in rotational veloeity
on the inside of the arm and en increase on the outside.
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centre of the arm. Along the minor axis)(where the r motion
is vieible) the theory predicts an apparent radial contraction
of the gas in the arm, relative to the interarm gas. This
assumes that all points are within the co-rotation radius, at
which the pattern speed equals the rotation speed of the gas.
Outeide this radius the sense of the velocity perturbations
are reversed. Spiral arms are unlikely to occur at the co-
rotation radius, where a resonance exists, and Roberts, Roberts
& 8hu (1975) argue that this is probably the radius at which
the 'easily visible' optical spiral structure ceases. In the
case of NGC 2403 this is approximately 12 kpe. The pattern
speed can then be determined from the rotation curve as Slp ~
11 km st kpe™t i
Shane 19753 11 km &

(c¢f. 20 km 8
1 1

kpc“l for M81 guoted by Rots &
kpe™™ for M3l quoted by Guibert 1974).

The maximum amplitude of the velocity perturbation is given by
tan(t) = V(R) -8 oB

where + is the pitch angle of the,spiral as previously defined,
With t=18° (Shostak 1973), velocity perturbations of about 10
km/s result, although 'non-linear' effects discussed by Roberts
(1969) can result in amplitudes of up to about 20 km/@.

Love (1975) and Shostak (1973) noticed several velocity
peculiarities of amplitude about 10 km/s, which they claim are
in qualitative agreement with the density-wave theory. WMany
of these features are clearly reproduced in the new high-
resolution velocity field (Fig. 3.17).

The velocity contours at the ends of the major axis are
slightly skewed, having a smaller position angle than the best
estimate from model-fitting (125°5). This effect Would be
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. Pigure 3.17 High-resolution velocity field (as Plate 3.5) showing the major axis

at PA 125.5°,

A-BE represent areas of velocity peculiarities associated with spiral

structure. The rms error in the velocity field is about 3 km/s.
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expected from the density-wave theory, but could easily be due
to other reasons, such as an error in the dynamical parameters,
or a warp in the HI plane (see Section 3.2).

The veloeity perturbations séen within region A (Fig. 3.17)
are the clearest evidence in favour of density waves in NGC 2403
(ef, Pig. 3.16). They were noticed by Love and by Shostak but
are more clearly seen in the pré&ent observations, The eastern-
most end of the line of perturbations closely follows the
outermost spiral arm to the SW of the nucleus, while at the HW
end it follows HI spiral feature 9 (Pig. 3.8). This indicates
that the HI and optical spiral segments are part of the same
feature.,

Other evidence for density waves can be seen in the areas
By, C, D and E. Region B is in good agre@menﬁ;with the most
prominent HI spiral arm -~ feature 1 in Pig. 3.8. The 'double-
wave' evident in the two velocity contours passing through
both regions C and D has previously been reported by Love,
~and is confirmed herey the perturbations seem to be associa-
ted with the two easternmost optical arms (Plate 3.3). Although
region B shows some velocity peeuliarities, the evidence does not
confirm a large-amplitude 'wave' in a contour at 168 km/s,
reported by Love. There is no elear optical or HI &@iral

feature in this region.

3.6.%5 VELOCITY DISPERSICN

The HPFW, w, of the line-~profiles measured in high~-resolution
observations have been evaluated in concentriec rings in the
plane of NGC 2403. These widthe are a measure of the velocity

dispersion of the gas within the synthesised beam area,

convolved with the velocity response of each channel of the
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spectrometer (Gaussian with a HPPW, w,,” of 15.84 km/s). The

latter effect can be corrected using
o = (w - wg)%/ 2.36,

where the constant in the denominator correets to rms values,
Values of T decrease from about 35 km/s at a radius of
3 arcemin, to 15 + 4 km/s at larger radii (mean of 15 to 25
sremin)., The majority of this effect is due to the larger
velocity-gradient across the synthesised beam at small radii.
Model fitting is necessary to investigate the intrinsic
velocity dispersion as a function of radius, but at large
radili the dispersion quoted above is similar to that reported

for the gas in other galaxies (Table 3 in Allsopp 1978).




4 CONCLUSIONS

The main conclusions of this study of HI in NGC 2403 are

summarised here:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

HI is seen between velocitiés of -7 and +270 km/s
(heliocentric) and up to 21 kpe from the nucleus. The
total mass of HI is (3.2 + 0.3) 107 M .

The HI disec is slightly warped. There is direct evidence
of this in Pig. 3.la, and indirect evidence in the
skewing of the velocity contours (Fig. 3.17).

A low-brightness feature seen in the north of NGC 2403 (Fig.
3.1a between 85 and 138 km/s) requires confirmation.
The radial distribution of HI shows no significant central
minimumn,

The HI distribution shows no &ignificant>north~south
agsymmetry, but does show a significant east-west asymmetry
for radii greater than 11 arcmin,

Several HI spiral features are seen and these appear (as
far as the limited resolution allows) te be correlated
with the optical spiral arms and HII regions.

The dynamical parameters suggested by Shostak (1973)
represent the underlying civcular rotation of NGC 2403
better than those suggested by Love (1975), (ef. Table 3.6).
The rotation curve for radii greater then 14 aromin has an
approximately congtant value of 130 km/s.

The total mass and integral parameters of NGC 2403 are
displayed in Table 3.4.

The high~resolution velocity field of these obseravitions
(Plate 3.5 and Pig., 3.17) clearly shows several perturb-
ationg associsted with the spiral arms. The perturbations

are in qualitative agreement with the density-wave theory
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of spiral structure (summarised in Fig. 3.16).
(11) The mme velocity dispersionm of the HI gas in NGC 2403 is

(15 + 4) /s, a value typical of many galaxies.




CHAPTER 4
THE Im GALAXY NGC 1569 (ARP 210)

1 INTRODUCTION

NGC 1569 is No. 210 in the Arp (1966) Atlas of Peculiar
Galaxies (Plate 4.la). It is well resolved into stars and HII
regiong and has been classified as a 'Magellanic irregular with
a bar' (IBm) in RC2. A summary of the optical parameters is
given in Table 4.1. Ables (1971) presents isophotes and
discusses two bright centrally-located star-like objects, A
and B (Plate 4.1b), which he suggests may be foreground stars.
He estimates the distance to be 3.3 Mpec so that 1 aremin =
0.86 kpe; this value is adopted here. NGC 1569 is probably
associated with the G2 (= M81 = Ursa Major - Camelopardalis)
group of galaxies (de Vaucouleurs 1975).

H« plates (Hodge 19743 Plate 4.1c) reveal that the whole
galaxy is contained in an intense HwWenvelope, with an extens
give filamentary system reaohing out to a radius twice that of
the optiecal. De Vaucouleurs, de Vaucouleurs & Pence (1974)
estimate that the HX emission is an order of magnitude more
intense than for an average Im system. The fainter filaments
have a radial trend, while the brightest filament, originally
detected by Butslov et al. (1962), curves out of the most
southerly region of the galaxy and could be considered as &
spiral arm. |

De Vaucouleurs et al. (1974) have obtained Pabry-Perdt
interferograms of the HX filaments in order to derive the
velocity field. This is chaotie, apparently not consistent
with normal rotation of a disc galaxy, but displaying a general

velocity gradient perpendicular to the major axis of 116°

determined from the outer isophotes.



Plate 4.1 Three photographs showing different aspects of NGC 1569. In all cases

north is at the top and east is on the left. (a) Long-exposure plate from Arp

(1966).

(b) Short—exposure plate from Hodge (1974) showing the two 'star-like'

objects A and B. (c) Hx plate from Hodge (1974) showing the extensive radial
filaments and ‘'arm'.
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Table 4,1 Optical parameters for NGC 1569,
Parsmeter Value Source

Coordinates of nucleus (1950)

RA 04%26™04%.5  Re2

dec 64°441 24 RC2
Clasgification

revised type IBm RC2

Holmberg type Irl RC2

Total 'face-—on' B magnitude
corrected for galactic and

internal absorption 10.58 mag RC2
(eorrection 1.4 mag RG2)
Igophotal major diameter

corrected to 'face-on' 2.75 arcmin RC2

Ratio of minor to major

diameter,?BEB 0.49 Ables (1971)
Major axis PA 116° Ables (1971)
Jystemic radial velocity

(Heliocentric), vsys ~87 km/s RC2

Distance, D 3.3 Npe Ables (1971)
Colour index (B-V) 0.23 mag Roberts (1968)
Inclination ' 63° Ables (1971)
Iuminosity, L [o<D? ] 9.4 x 108 L, from magnitude and

D given in this
Table.
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Lequeux (1971) has observed the radio continuum from the
galaxy at 1420 MHz using an interferometer. He found an
extended disc component plus an unresolved source (< 1 arocmin)
at a position close to the two star-like objects. However,
the radio position was too inaccurate for a certain indentif-
ication,

Zwicky (1971) and Hodge (1974) have suggested that the
appearance of NGC 1569 results from an explosion within the
galaxy. De Vaucouleurs et al. (1974) also support this view,
on the basis of their observations of the chaotic and intense
Ha emigsion. They argue that the two star-like objects may be
part of the galaxy and that the unresolved radio component of
Lequeux (1971), which has a flat radio spectrum unusual for a
late~type galaxy, might arise from A or B, Indeed, NGC 1569
exhibite many of the features characteristic of Irll gelaxies

such as N82.

The most recent observations of NGC 1569 have been in the
radio continuum at 2695 and 8085 MHz with high resolution
(Beaguist & Bignell 1976). Their map at 2695 MHz closely
resembles the isophotal maps by Ables (1971), with the bright-
est radio emission coinciding with thebrightest region of blue
light in the west of the galaxy. This is consistent with the
observations of Lequeux (1971), and the high-resolution map
now shows that neither of the star-like objects coincides
with sny radio continuum feature. Seaquist & Bignell have,
therefore, strengthened the suggestion of Ables (1971) that
A and B are foreground stars, although association with the
galaxy cannot yet be excluded. The map at 8085 MHz shows the
emission to be due to many unresolved sources, some of which

coincide with HII regions. The spectra of many of these sources
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are rather flat, indicating thermal emission from an optically
thin ionized gas., The strongest source, however, contains a
nonthermal component and is coincident with the brightest
continuum feature on a blue photograph of the galaxy
(excluding A and B).

The present observations are of both radio continuum and
neutral hydrogen. The latter provide maps of the integrated HI
and velocity fields with the highest angular resolution avail-
able to date. (Limited observations of HI using the Westerbork
Synthesis Radio Telescope are also known %0 exist in an unpub-
lished formj; de Bruyn, private communication). In Section 2
details of the observations are briefly described, while in
Seetion 3 the resulting maps are presented snd analysed, Further
discussion is presented in Seetion 4, and the main conclusions

are summarised in Seetion 5.



47

2 OBSERVATIONS

The survey of NGC 1569 consisted of 48 equally-spaced
interferometer baselines as detailed in Table 4. 2. The HI
emission was measured using the digital spectrometer over a
2-MHz bandwidth. Continuvum radiastion in the 10-NHgz bandwidth
centred at 1419 NHz was also measured and both the surveys
were calibrated by observations of 3C 309.1.

In order to correct for the presence of continuum emission,
the eight channel maps which contained no significant line
emigsion (-258 to ~192 and +72 to +98 km/= inclusive) were
averaged and subtracted from those which did. The resulting
teontinuum-free' channel maps af a resolution of 1.9 x 2.1

arcemin, gre shown in Fig. 4.1.



Table 4.2 Details of the observations of NGC 1569 with
the Cambridge Half-Mile telescope

Dates
Hap centre (1950)
RA
dec
Interferometer baselines
number
smallest
increment
largest
Calibrator
name
flux density
reference
Response
synthesised beam (HPFW)
RA x dec
structure absent
radiug of first grating
response in RA
Continuum Survey
bandwidth
centre frequency
theoretical sensitivity
per beam aresa
Hydrogen~line survey
bandwidth
heliocentric velocity
range
channel separgtion
chennel width
mean rms sensitivity
per beam area

1977 November/December

042 26® 548
64° 441 24
48

12.2 m

6.1 m
298.7T m

3C 309.1

7.9 dy
Kellermenw et al. (1969)

1.9 x 2.1 arcmin
>1°
~20

10 KHyz
1419 WHz

1.6 mdy

2 NHgz

-284 to +125 km/s
13.2 km/s

16 km/s (FWHP Gaussian)

21 mdy

4~8
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3 RESULTS AND ANALYSIS

3.1 Hadio Comtinuum

The broad-band continuum map centred at 1419 NMHz is shown
in Fig. 4.2. At the regolution of 1.9 x 2.1 arcmin, the
emisgion from NGC 1569 is slightly resolved along a position
angle of about 1179, in good agreement with the optical major
axis (Table 4.1). MNost of the features outlined by the -5 and
+5 mJy (~30) contours are not real, but result from the side-
lobes of the synthesised beam. The extensions of the +5 mdy
contour along the major axis may, however, be partly real.

The coordinates of the peak of emission (Table 4.3) are in
excellent agreement with the position of the optieal nucleus
determined by Ables and ghown by the medium-sized cross in
Fig. 4.2. The integrated flux demsity is estimated to be 450
+ 20 mdJy, in agreement with the spectrum presented by Seaquist
& Bignell (1976). The present line observations reveal that
approximately 30 mdy of the flux may be attributed to the

line emission.

3.2 The total HI mass

fhe integrated HI spectrum for NGC 1569 (Pig. 4.3) was
obtained from observations at the twelve smallest interfer-
ometer baselines (giving a resolution of 7.4 x 8.2 arcmin).
Assuming the HI to be optically thin, the tobtal HI mass is

(1.9 + 0.2)x10°

M, (Table 4.4). NGC 1569 lies only 11° out of
the galactic plane, and the effeets of large-scale Galactic
hydrogen are evident in both the strong negative feature seen
at ~T km/s (Fig. 4.3) and the large-scale n@gétive features
seen on the chaﬁnel‘mapﬁ centred from -21 to +6 km/s (FPig. 4.1).

Structune n ke
These effects result from Galactic[éydrogen '
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Table 4.3 Paramebters resulting from the observation of radio
continuum in NGC 1569 centred at 1419 MHz

Parameter Value Source

Coordinates of peak emission

(1950)
RA 04%26™04%,6 + 1.2 Fig. 4.2
dec 64°44126" + 7 Fig. 4.2
Integrated flux density 450 + 20 mdy Fig, 4.2

Coordinates of optical

nucleus (19%0)
RA 04%26™04%, 5 Table 4.1
dec 64°44 124"
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+72 +6 -60 -126 -192 -258
heliocentric  velocity (km/s)

Pigure 4.3 The integrated HI spectrum of NGC 1569. The squares and
circles represent the peak flux centred on NGC 1569 seen in the 12—
spacing channel maps (not corrected for continuum emission). The
horizontal dashed line represents the mean level of continuum emission,
and was obtained by averaging the datd represented by circles., (These
channels were also used for - continuum subtraction - From the
high-resolution maps). The shaded area was used to evaluate the total
HI mass. The velocity range -34 to +19 km/s is affected by local HI.
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Table 4.4 HI parameters for KGC 1569

Parameter Value Source
Coordinates of nucleus (1950) Plate 4.2
RA 04%26M06%,5 + 1.2
dec 64°441 24"+ 7

HI dimensions at the 200 K km/s
level after deconvolution with

the telescope beam Plate 4.2
major axis 5.9 + 0.4 arcmin
minor axis 2,8 + 0.4 arcmin
ratio (minor/major) 0.48 + 0,01
Major axis position angle
channel maps 124 + 3° Fig. 4.1
HI distribution 117 + 1° Plate 4.2
Syetemic radial velocity
(heliocentric) ~77+ 1 km/s Pig. 4.4
Integrated profile width
(FWZP), AV 119 + 13 km/s Pig. 4.3
HI mass, M [=D?] (1.9+0.2)x108 My Pig. 4.3

cf. 0.3 x 10° Iﬁ@ Roberts (1968)
corrected to D=3.3 Mpec

Hean rme veloecity dispersion 12 + 4 km/s see text
Total mass, ﬁT [ D] T % 108 ﬁ@ Pig., 4.1
Tuminosity, I (ot D°] 9.4 x 10° L, Pable 4.1
Integral parameters
Mg/ L [« %) 0.20 + 0.02 this table
ef. 0.20 Roberts (1968)
My/T [o< D4 0.52 + 0.06 this table

MH/MT D] 0.39 + 0.09 this table

-
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D68, and may mask some HI emission

from the galaxy at these velocities, thus accouting for part
of the asymmetry of the profile. If the hydrogen mass is
computed using a symmetrical profile, by doubling the area
under the half of the profile further from the effects of
Galactic HI, the hydrogen mass, MH, is about 2.0 x 108 M@,
a value not significantly different from that adopted.

Both WMy and the luminosity, L (Table 4.4), of NGC 1569
are consistent with an Im galaxy, although these parameters
are not gtrongly correlated with type. The ratio ﬁH/L normally
Qorrelatas well with type but the value for NGC 1569 is unusual
for an Im type, being that more commonly found in galaxies

of Sc or 54 type (Balkowski 1973).

3.3 Unusual features seen in the channel maps

HI associated with NGC 1569 can be seen in the channel
maps (Fig. 4.1) centred on velocities from -165 to -21 km/s
and the general pattern of emission resembles that expected
from an inclined disc in differential rotation., However,
apart from the underlying rotation, several interesting

features are observed, which are discussed below,

(1) Several of the channel maps show low-brightness extensions
émarging radially from the brighter emission. This is seen
especially clearly at ~73 km/s, but is also evident at ~113

and -100 km/s.

(2) Isolated patches of emission are seen at about 7 arcmin

to the NE of the nucleus (RA 47270, dec 64°47' at —60 and -47
km/s) and & similar distence to the SW (RA 4%25"20%, dec 64°10°
8t =73 km/s).
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ceatures (D -(3) Shewld be kreated it Cauhon ,and
Tﬁﬁhd}@ (AdQOQAd@mk“(oﬂFanaﬁaW\j '
One possibility
is that they are due to Galactic emission)
since, at these coordinates, the bright Galactic HI
- . . .
exists I the (hg%g./oi'@vxgcréfﬁ% fféso?\gg gjﬁ,{g?@ b—gﬁe:'%e :362 [wngﬁwr
km/s (Weaver & Williams 1973 ), /( Fhe vresent high- ;q*pg)

resolution observations are not sensitive to large-scale

emigsion (2 1°),.

If the emission in features
(1) and (2) originates from the viecinity of NGC 1569, it
indicates that the galaxy is disturbed not only in its optical
appearance, but also in its HI distribution.

(3) The bright emission from NGC 1569 seen on the channels
at -60 and -47 km/s has clear extensions to the NW along the
major axig. These extensions are on the oppposite side of the

be due to khe veloaly disporsion of bhe gas of
nucleus to the bright emission and magjindioatﬁ<a component o ma
HI rotating about NGC 1569 in the opposite sense Lo the bright‘

emission,

3.4 The Integrated HI Distribution

The integrated HI map is shown superimposed on a blue
photograph from the Palomar Sky Survey in Plate 4.2, Two
distinctive features are visible at low brightness (i.e., in the
200 K km/s contour): (i) an isolated patch of emission to the
NE of the nucleus (corresponding to feature (2) of the channel
maps), and (ii) an 'srm-like' extension towards the S¥ from the
gﬁﬁzérﬁmost end of the major axis (corresponding mostly to

feature (1) of the channel maps). The arm-like extension is

much larger than the Hol arm noted in Section 1 (Plate 4.lc),



thagm

Plate 4.2 Integrated HI map of NGC 1569 superimposed on the blue PSS
plate (copyright Hale Observatories). The map encorporates 10 continuum
-free channel maps over the velocity range -139 to -21 km/s. The HPFW
resolution is 1.9 x 2.1 arcmin (hatched ellipse). The contours start

at 200 XK km/s and are at intervals of 100 K km/s. The noise varies as
the number of channels included at any point, and is typically~30 XK Xm/s.
The crosses are explained in Fig. 4.1




4-19

and does not coincide with it, but both arms appear to have a
common root, Apart from this correspondence, neither of the
two HI features has any obvious optical feature coincident with
it.

The contours of brighter emission (3> 300 K km/s) show
good axial symmetry, although they are not perfectly ellivtic—
al. Parameters derived from Plate 4.2 (including the coordin-
ates of the peak emission, the dimensions of the HI and the
position angle of the HI) are shown in Table 4.4. The HI
paraneters are in good agreement with the optical values
(Table 4.1), except that the HI extends about twice as far from

the nucleus as does the optical emission.

3.5 The Velocity Field

Fig. 4.4 shows the velocity field obitained from the line
obgervations, The velocity contours are approximately perp-
endicular to the major axis (PAmvll?o) defined by both the
optical and inftegrated HI distributions, thus confirming that
the galaxy is rotating.

The velocities observed along the major axis, vebs’ are
digplayed in Fig. 4.5. The steep drop in velocities ocurring
beyond 2 arcmin from the nucleus is partly a manifestation of
the peculiar radiasl extensions seen in the channel maps
(Section 3.2), since these extensions comprise HI at large
distances from the nucleus with velaéities close to that of the
system ag a whole.

3.6 The Rotation Curve

A rotation curve for NGC 1569 was derived by assuming that
circular rotation predominates, s0 that

Vaos(B) = (V  (R) = V__ )/sin(inclination).

sy s
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Figure 4.4 Veloeity field for NGC 1569. The contours of constant
heliocentric velocity are shown as solid lines, except in regions
of low signal-to-noise ratios where they are shown dotted. The
dashed lines are the 100 K km/s contours of the integrated HI. The
velocity resolution is 16 km/s and the spatisl regolution is 1.9 x
2.1 aremin. The crogses are the same as in Fig. 4.1, and the line
marks a PA of 117°%,
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The systemic velocity, VS s of NGC 1569 evaluated from Fig,

ys
4.5 is =77 + 1 km/s. This value is confirmed in Fig. 4.4

since the -80 km/s contour passes very close to the cross

marking the position of the optieal nucleus, but the value is not
significantly different from the optical value of -87 km/s £ 8

(Table 4.1). Adopting the values V_ _ = =77 km/s, inclination=63°

ya
and the curve of V , - (Pig. 4.5), the resulting values of V

%
rise in direet proportion to radius, R, reaching a peak value

of about 25 km/s at R = 2 arcmin, and then fall steeply beyond

R = 2 aremin, to Vrot“’lc km/s at R = 3 arcmin. This rotation
curve has, however, been significantly affected by the instru-
mental response of the telescope. Such 'beam-smearing' seffects
were mentioned in Chapter 1, and tend to make the observed
rotation curve rige less steeply at small radii than is

actually the case., Calculations of the velocity profiles expected
from a model gelaxy have been made, taking due account of the
telescope's velocity resolution and synthesised beam sgize., (ne
particular model which can provide a good match to the Vobs

curve (Fig. 4.5) comprises a true rotation curve which rises

linearly to V_ . ~40 km/s at R = 2 arcmin, end then falls to

‘rot
Vo™ 20 km/s at R = 3 arcmin. This linear increase of LA
with radiuvs ig that expected for s rigid disc

in rotation, and is typical of the dynamics found by Tully et
al. (1977) for several dwarf irregular galaxies. The rapid
fall of V_ . beyond R = 2 aremin (fagter than the Keplerian

law, V ecR—l) is highly atypieal for a rotation curve,

rot
but is not so surprising in this case,since unusual HI
emission is known to exist, which would not necessarily be

expected to exhibit circular rotation.
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3.7 Velocity Dispersion

The modelling procedure just described also allows the
velocity dispersion of the gas in NGC 1569 to be evaluated.
This was done by comparing the widths (PWHP) of the HI line~
profiles predicted by the mcdél with those observed at several
points over the face of the galaxy. Since the model allows for
both beam smearing snd velocity convolution, any excess width
has been interpreted as the intrinsic velocity-dispersion of
the gas., The rms velocity-dispersion within one synthesised
beam area was found to have an approximately uniform value
over the face of the galaxy of 12 + 4 km/s. This value is

typical of many galaxies (Allsopp 1978, Table 3).

3.8 Total Mass

An estimate for the total mass of NGC 1569 (Table 4.4) was
calculated using the formula given in Section 2.4(f) of
Chapter 1. Thig is based on HI associated with NGC 1569
existing in channels 60 km/s mway from the systemic velocity
and up to 3 arcmin from the nucleus. The pressure term in the
@quatien of motion has been ignored, but the method of Tully
et al. (l???)shows the effect to be less than 10 per cent.

The value of HT is low for an Im galaxy, although not

inconsistent with this type of galaxy.

3.9 Asymmetries in the veloeity field

The velocity contours of Fig. 4.4 resemble the pattern
expected of a flat disc in normal rotation, but also show a
gignificant deviation from axial symmetry. The -90 and -~110
km/s contours to the NW of the nucleus are nearly perpendic-—
ular to the major axis, while the -60 and -70 km/s contours

to the SE are clearly not perpendicular, but have a signific-
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antly grester PA. One explanation of thies effect is that a
localized region of NGC 1569 (4o the SE of the nucleus) is
exhibiting a radial expansion of about 10 km/s. (It is
necessary toasgsume that the northern edge of NGC 1569 is
nearer to the observer,)

Alternatively, it may be that the simple model of circul-
ar orbits is not adequate for NGC 1569. Like other galaxies
with an optical bar (Bosma 1978) NGC 1569 may
be warped. The orbits may be elliptical rather than
circular, and the isophotal major axis may no longer be coincw
ident with the dynaemiecal major sxis (line of nodes), A non-
uniform HI field may also distort the velocity contours. The
present observations are unable to dinstinguish which of these
possibilities is the correct one. The Most I\Kgb explanathon
oo unitorm WL feld caused by Those features coted ia 3,3,

3.10 Comparison of the HI and HY velocity fields

A comparison of the HI veloecity field (Fig. 4.4) with the
Hol velocity field presented by de Vaucouleurs et al. (1974)

hes been made in the region where they overlap (approximately

4 arcmin® surrounding the nucleus), It is clear that there are

no fegtures in common., While the velocity field of the HI

shows & fairly uniform gradient consistent with a rotating

dise (PA 117°, inclination 63°), the veloecity field of the HX

shows, as reported in Section 1, a chaotic pattern inconsist-

ent with normal rotation and having a general veloecity

gradient perpendicular to the major axis.

's

e

b veloerhy 3:%&4?5/\’!” @g [ acemin per 13 Kel$ at a sensitrvih o

<o mgﬁ chonld be ék"“ar‘/ﬁ vis ble
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4 DISCUSSION

The gimilarity of many optical properties of NGC 1569
with those of the much-studied galaxy N82 wes mentioned in
Section 1 and is summarised in Table 4.5. NGC 1569 is
approximately the same sige and luminosity as M82, although the
former is much lower in both HI and total mass.

The most inportant similarity is the extensive

system of luminous HM filaments arranged in a radial pattern
in both galaxies. The similarity is even more striking since
the velocity gr&dieht of the filaments in M82 is perpendicular
to the major axis, exactly as for NGC 1569.

Lynds & Sandage (1963) originally interpreted the Ffilame
ents in W82 in terms of ionized material that ha@d been ejected
from the nuecleus in an explosion. Later, an accumulation of
additional radio and optical data (notably that the emission
lines were found to be polarized identically to the continuum)
brought this theory into disfavour, end the luminous filsments

in M82 are now interpreted in terms of an extensive halo of
dugt particles geattering light from - the main body
of the galaxy. MB82 is known to be enveloped in a giant HI
cloud which engulfs the whole of the M81 group, and Solinger
et al, (1977) suggest that M82 is merely an interloper in the
group, moving through this dusty HI cloud in such a way that
its drift veloecity accounts for the observed Doppler shift
geen in reflection.

S0 far, all the publications concerning the origin of HX
filaments in NGC 1569 favour an explosion. In view of the
close gimilarity between the properties of MB82 and NGC 1569,
it seems clear that a model involving the = sgmcatbering of
light by dust should be investigated for NGC 1569, similar to
that for M82,



Table 4,5 Comparison of the

u82

Distance 3.2 Npc

Optical magnitude 9.2
Optical diameter ~13 kpe
1.8 x 107 I,
Exhibits chaotic dust lanes,

Iuminosity

Optical image not resolved
into stars,

Galaxy surrounded by intense
HX filaments with a radial
erientation.

HA filaments above and helow
the galactic plane show
Doppler shifte with the
opposite sense,.

Over-luminous central region.

Radio source in nucleus
has a complex geomeiry.
Components have

complex spectra, and no
polarization is observed.

Emission lines from the
luminous filaments are
polarized.

9
MﬁJVl.7 x 10 Me

10
E@ ~1,0 x 10 M@
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properties of M82 and NGC 1569

NGC 1569

Distance 3.3 Mpe

Optical magnitude 10.6
Optical diameter ~10 kpe
Tuminosity 0.9 x 10° I,
Dust lanes present,

Optieal image resolved into stars
and HII regions,

Galaxy surrounded by intense Hol
filaments with a radial orient-
tation, although the brightest
filament curves out of the SW
part of the galaxy in an 'arm'.

Hol filaments show a chaotic vel-
ocity field with a general
gradient perpendicular to the
major axis.

Two star-like objects may be part
of the galaxy.

The radio continuum at 8085 MHz
congiste of a number of unresgo-
lved point sourceg, many having
flat spectra. The strongest
gource contains a non-thernal
component and is ceoincident
with the brighest optieal cont-
inuum feature(except the star-
like objects).

No data.

9
Mﬁ'vO.E x 10 MQ

_ 10
MT'vO.l x 10 M@
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Perhaps NGC 1569 was once a normal late-type spiral
or Im galaxy which has drifted into a tenuous cloud of dust
and gas that is postulated to pervade at least part of the G2
group of galaxies? Its sudden immersion into this ambient
gas caused a burst of star formation in the galaxy and accounts
for its peculiar optical appearance. The dust particles in
the cloud act like 'moving mirrors' and reflect the H& light
from the nucleus, The drift of NGC 1569 relative to the cloud
causes the light reflected at the leading edge of the galaxy 1o
be blue-shifted, and that at the trailing edge to be red=-shift-
ed, Thug the velocity gradient perpendicular to the major
axis is explained., MNeasurements of the polarizstion of the
filaments in NGC 1569 are desirable, since a high degree of
polarigation almost certainly indicates that the light is
gscattered, rather than being emitted direectly.

The hypothesmis described above may also help to account
for the unusual HI features reported in Section 3.3. In this
view they could be localized enhancements of HI caused by the
passage of NGC 1569 through the cloud of gas and dust,

There are, of course, some differences between NGC 1569
and M82, For example, - the image of NGC 1569 is well resolved
into sters and HII regions while none can be seen in M82, and this is
the reagon for their different classifications. In the
hypothesis described above it is the dust in M82 which obscures
the star images. We must therefore presume that there is
enough dust around NGC 1569 to reflect HX light, but not
enough to cause its stars to be obscured, Another difference
between the two galaxies is that in M82 +there are
clear signs of a tidal interaction with the nearby galaxy N831.

For NGC 1569 there are no bright companions within a radius of
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25 arcmin (9 dismeters), so that a tidal interaction is
unlikely. But +the hypothesis proposed is capable
of explaining all the disturbances seen in the galaxy without

the need to invoke a tidal interaction.
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5 CONCLUSIONS

The observations presented in this Chapter have yielded

the following information about NGC 1569:

(1) The radio-continuum parameters, summarised in Table 4.3,
and the HI paremeters in Table 4.4.

(2) The overall HI distribution  is that expected of
a disc in normal rotation, but there are several unusual
feature::’ namely: * These are Some what speculati ;'(;? arel X

(8)Low-brightness extensions W;’g? 2.‘ %aa’.ﬁﬁ‘ﬁ%’f@ fmﬁwmﬁﬁm '
on the channels at -~73, =113 and -100 km/s;

(p)Isolated patches of HI about 7 aremin both to the NE
and SW of the nucleusg

(e}Bfight' emission at -60 and -47 km/s which iér
extended along the major axis, and may indicate HI in a
retrograde orbit.

(3) The integrated HI map shows a prominent HI extension tow-
ards the 3SW of the nucleus, and an isolated patch of HI
to the NE,

(4) The galaxy appears to be rotating as a rigid body for R .S
2 arcmin, but the rotation velocities fall steeply at
larger radii.

(5) The velocity- field to the NW of the nucleus shows a more

or less normal rotation, but to the SE of the nucleus
the velocity gradient is at a PA significantly greater
than that defined by the optical and HI distributions.
This could be due to g radial expansion of ~10
km/s, but it is not possible to distinguish between
this and other explanations.

(6) The HI gas has a velocity dispersion of 12 + 4 km/s, a

value typical of many other galaxies,
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There is no correspondence between the HI veloeity field
(Fig. 4.4) =nd the HO velocity field of de Vaucouleurs
et al. (1974). The former shows normel rotation, while
the latter is chaotic and exhibits a general velocity
gradient perpendicular to the major axis,
I%: is proposed that the unusual properties seen in NGC
1569 (notably the velocity gradient of the HN™ ) are due
to the galaxy having drifted into a tenuous cloud of dust
and geas, as originally advocated by Solinger et al.
(1977) for W82, An important test of this hypothesis
would be messurement of the polarization of the He

filements.



Irll GALAXIES

1 A SANPLE OF ALLEGED IrII GALAXIES

Holmberg's introduction of the Irll category of galaxies,
and their properties, were described in Chapter 1 (Page 1-7).
Holmberg named six galaxies belonging to this type. An
equivalent c¢lassification, I0 (RCl), was also mentioned and
contains twelve galaxies. To date, more than 40 galaxies have
been suggested as being of IrII type (Table 5.1), although it
should be emphasised that the classifications of many of these
are uncertain.,

Many of the less distant galaxies in Table 5.1 were the
subject of a preliminary observing program, with the intention
of selecting objects suitable for further study. Both radio
continuum and neutral hydrogen were observed and the results
are deseribed in Section 2,

A large amoumt of optieal and radio data wag assembled
on the alleged Irll galaxies. These data were examined to see
if the sample possessed any well-defined properties or displayed
any unusual correlations. The results of this work are described
in Section 3. In SBection 4, theories for IrlIl galaxies are
reviewed, while in Section 5 the hypothegis that 'IrIIl galaxies
tend to have more close companions than other types of galaxies'

is investigated. Section 6 is a summary.
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21
22
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name
NGC
NGC
NGC
NGC
NGC
NGC
UGe
NGC
UGC
NGC
RGC
NGC
RGC
NGC
NGC
NGC
uGe
NGC
NGC
RGC
RGC
NGC
NGC

52

source weight name source weight
51 COR % 3 24  NWGC 3955 RC1 10
442 UGC (1) 3 2% NGC 4194 COR ° 3
520  HOL 10 26  NGC 4248 RC1 7 5
942 COR % 3 27 NGC 4253 K+H 6
972  RC1 10 28  NGC 4433 K+H 6
1012 UGC (2) 4 29  NGC 4438 X+H 6
2172 UGC (1) 3 30 NGO 4691 K+H 7 3
1275 UGS (3) 4 31 NGC 4753 RC1 10
2824 UGG (3) 4 32  NGC 4922B COR ? 3
2388 COR % 3 33 NGC 5195 HOL 10
2415 COR % 3 34 HGC 5253 K+H 6
2814 RC1 ? 5 35  NGC 5273 CHR 7
2968 HOL 10 36 NGC 5360 RC1 10
3034 HOL 10 37 NGC 5363 HOL 10
3067 MAR 7 38  NGC 5393 EK+H 10
3077 HOL 10 39  NGC 6185 UGC (1) 3
5456 RC2 % 5 40 NGC 6240 RC2 2 5
3341 UGC (2) 5 41  NGC 6622 COR % 3
3448 RC1 10 42  NGC TOTOA RCL 10
3499 RC1 ? 5 43  NGC 7250 UGG (1) 3
3656 RC1 10 44  NGC 7625 DEM 6
3912 Uee (1) 3 45 HGC 7752 COR ? 3
3952 RCL 10 46  NGC 7800 RC1 ¢ 5

Table 5,1 Sources of galaxies alleged to be of Irll type.
Abbreviations are as follows:

?

HOL
RC1
RC2
uGe

K+H
COR
CHR
HAR
DEM

Uncertain classification

Holmberg (1958)

de Vaucouleurs & de Vaucouleurs (1964)

de Vaucouleurs, de Vaucouleurs & Corwin (1976)

Nilson (1973). The numbers in parentheses indicate the
certainty which Nilson placed in the classification,
and range from 5 ('under little dispute') to 0 ('very
doubtful').

Krienke & Hodge (1974)

Corwin (1970)

Chromey (1973)

Markarian (1963)

Demoulin (1969)

The columns headed ‘weight' display the Author's estimate of the
certainty which can be placed in the IrIl classification. Weights
lie in the range 0-10, with large weights implying a certain
classifieation as IrII,



5-3
2 OBSERVATIONS

This section briefly describes preliminary observations of
seven of the alleged IrIl galaxies from Table 5.1, The majority
of the observations were made with the Half-Mile telescope,
although two One-lMile observations are reported and one optieal
spectrum was obtained using the Isaac Newton telescope.

Optical parameters for the seven galaxies are diasplayed in
Table 5.2; these galaxies were selected as being amongst the
nearest and brightest of the Irll sample, with the largest angular
diameters (excluding well-studied galaxies such as M82 and NGC
3077).

The observabtions were designed to identify objects suitable
for further study, particularly by detailed HI mapping with the
Half-Mile telesmscope. In fact none proved suitable for further
study sinece the instrument was unable to detect HI in any of
these seven galaxies, Two other IrIl galaxies are described
elsewhere in this thesis - NGC 3448 in Chapter 6, and NGC 2814
(a member of the NGC 2805 group) in Chapter 7.

2.1 NGC 51

NGC 51 is the brightest in a group of six galaxies. The
galaxy was observed for one day in 1977 October using the Half-
Mile telescope (spacings of 40, 100, 160 and 220 ft). In the
absence of a redshift, the radial velocity range 527-1345 km/s
was chosen for the 4-MHz bandwidth. No hydrogen line was detected
with a 3¢ upper 1limit of 200 mdy, and no 1419-NMHz continuum
radiation was detected from the galaxy (36 upper limit of 120
miy).



Table 5.2 Optical parameters for seven Iril galaxies.

Name

Coordinates (1950)

RA
dec

Redshift (km/s)
*
Distance (M¥pe)

Photographic mag
apparent
absolute

Optieal dimensions
arcmin

kpe

HGC 51

ooP11%57°
47%58142n

unknown
unknown

14.6
unknown

"1l.4 x 1.3

unknown

NGG 972 UGC 02172 IC 334 NGC 2968
0231%18° 02238M54° 03%38%48° 09%40%12°
29%05¢ 43%09" 769291 32%0:¢
1555 unknown 330045007 1608
21 anknown 44 22
12.1 14.6 13.2 13.1
-19.5 unknown -20,0 -18.6
3.7 x 1.7 1.8 x 1.1% 6 x6 2.4 x 1.7
23 x 10 unknown 7 x 77 15 x 11
Notes
* Assumes H, =75 kn g1 Mpe—l

# Not available at time of observations.

? Uncertain

Host data are from UGC.

NGC 3067

09t55M24 8
32%7
1506

21

12.7
-18.9

- 2.2 = 0.8

13 x5

NGC 5273

13%39™48%
359541
1022

14

12.7
-18.0

2.8 x 2.3
11 x 9

"



2.2 NGC 972

A photograph of NGC 972 appears on page 23 of The Hubble
Atlas of Galaxies (Sandage 1961), MeCutcheon & Davies (1970)
found MH/ZD2 = (5.1 + 3.7) x 106 Mé/ﬁpcz, The galaxy was obser—
ved for mix days in 1976 September using the Half-NMile telescope
(see Table 1.3, page 1-19, for details). No hydrbgen line was
detected in the velocity range 1120-1937»km/s with a 20 upper
limit of 70 mdy. Assuming D = 21 Hpe (fable 5.2), this corres-
ponds to Mﬁ < 2.3 x 109 MQ, a result consistent with that of
MeCutcheon & Daviés.

The radio continuum source coincident with the galaxy was
found to have a flux density of 0,31 + 0.05 Jy, using the Half-
Mile telescope. The galaxy was observed for two days with the
One~Mile telescope, which revealed a 408-MHz flux density of
0.48 + 0.08 Jy. The 1407-MHz observations detected the galaxy,

but grating rings from other nearby sources prevented a reliable

- analysis, Both the ceontinuum fluxes quoted here are in asgree—

ment with previous determinations (Haynes et al. 1975).

2,3 UGC 02172

UGC 02172 was observed for a single day in 1977 October
using the Half-NMile telescope (spacings of 40, 100, 160 and 220
ft). In the absence of any optical redshift, the radial velocity
range 528-1345 km/s was chosen for the 4~NHz bandwidth., No
hydrogen line was detected, with a 3o upper limit of 200 mdy.
No 1419-NHz continuum radiation was detected from the galsxy
(30 upper limit of 120 mdy).
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2.4 IC 334
The nuclear region of IC 334 (alias UGC 02824) appears

bright and complex, and an absorption lane runs eastward from
the centre. Three days of observation were undertaken in 1976
November using the Half-Mile telescope (Table 1.3, page 1-19).
The spectrometer used a 4-NMHz bandwidth and, in the absence of
an optieal radial veloeity, a range of 950-1767 km/s was chosen.
No hydrogen line was deteected with a 3¢ upper limit of 160 mdy,
and no 1417-NMHz radio continuum was observed from the galaxy
(30 upper limit of 20 mdy).

Subsequent to these observations (1977 January), an optical
spectrum wasgs taken with the Isaac Newton telescope. The spectrum
of IC 334 showed a strong NaD absorption line, a strong HB
emigsion line, Ca:K and Ca+Fe absorption features, and weak
Cail and Cal:g absorption features. The mean redshift was
estimated to be 3300 + 500 km/s. Thus, the radial-velocity range

uged for the HI observations was incorrect,

2.5 NGC 2968

NGC 2968 has a small bright nucleus with a dark lane. The
galaxy is in a small group, its nearest neighbour being NGC 2964
which is 5.8 arcemin away. Observations for two days were under-
taken with the One-lNile telescope in 1977 January. The aim was
to gain information about the spectral index, since the only
published radio flux density was 0.10 + 0,10 Jy at 1400 MHz
(Haynes et al. 1975). TUnfortunately, no radio continuum was
detected from the galaxy, with 20 upper limits of 0.2 Jy at 408
MHz and 0.04 Jy at 1407 MHz. No hydrogen line observations were

undertaken.



2.6 NGC 3067

De Vaucouleurs & de Vaucouleurs (1964, RC1l) describe NGC

3067 as a '"bright complex bar or lens with bright knots and dark
lanes - similar to NGC 972', Chromey (1974) has investigated
the stellar population, and finds that it closely resembles that
of a normal Sb galaxy. The’galaxy is almost coinecident with the
strong QSO 30 232, and Grewing & Mebold (1975) and Hashick &
Burke (1975) have detected a narrow Hl-absorption feature. Three
days of observation were undertaken with the Half-Mile telescope
using a é—MHz bandwidth during 1976 April., The available resol-
ution and sensitivity (Table 1.3, page 1-19) was not sufficient
to detect the absorption feature, and no other HI features were

seen in the velocity range 1152-1560 km/s.

2.7 NGC 5273

NGC 5273 lies 3.3 arcmin to the NW of a fainter galaxy, NGC
5276, Optical studies (Chromey 1973) suggest a stellar populat-
ion for NGC 5273 which is similar to that of a normal elliptieal
gelaxy. Three days of observation were undertsken using the Half-
Mile telescope in 1976 May (Table 1.3, page 1-19). No hydrogen
line was detected in the 2-MHz bandwidth (velocity range 814-1223
km/s) with a 30 upper limit of 170 mJy. At an assumed distance of
13.6 Mpe this corresponds to M,< 3 x 109 H@. Subsequent to
these observations, Knapp (1977) found MH}s 0.37 x 10% M,
(assuming e distance of 14.6 lMpe). No 1417-MHz radio continuum

wag delbected from the galaxy (30 upper limit of 25 mdy).
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3 GENERAL PROPERTIES

All available optical and radio data were assembled on the
alleged Irll galaxies. Apart from the characteristic optical
morphology described‘in Chapter 1, the Irll sample generally
showed a large dispersion in most physical properties. However,
some well-defined properties and correlations were found and are

degeribed bhelow,

3.1 Spectral type and colour

De Vaucouleurs (1959) was the first to note that several
of his 10 category seemed to have early-type spectra and yet
late~type colour. That is, the spectra suggested a predominance
of early-type stars (which are blue) and yet the photometry
showed that the galaxy was guite red. Later Markarian (1963)
reported that this was a characteristic of most of the 11 'N82-
type' galaxies in his list, and Krienke & Hodge (1974) showed
that the same was true of many of their sample of 18 IriIl galaxies.

The dats available on the colours and spechral
types of the galaxies in the IrIl sample are displayed in Fig.
5.1. The trend noted above is revealed by the faet that the
majority of the points 1lie above the mean line for normal
galaxies (de Vaucouleurs 1961). The wide dispersion in colours
of the sample is also apparent. (A sample of 'early' or 'late!’
type spiral galaxies shows a significantly smaller dispersion
in colours).

A combination of late-~type colour with an early sgpectrum
is in confliet with current ideas on the interstellar medium.
Normal early-type galaxies tend to lack (a) internal
reddening, (b) dust, (e) HII regions, and (d)
the 0II (372.7 mm) emission line. These signs are taken to

imply little or no interstellar medium. IrIl galaxies often
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seem to have s new stellar population while at the same time
being red, They often show dust lanes and yet seem to lack HII

regiong,

3.2 Radio Continuum

Normal gaslaxies show no correlation between Hubble type and
radic luminosity, and there are conflicting claims as to whether
peculiar and interacting galaxies have an excess radio flux
(Wright 1974; Sulentie 1976). For the sample of IrII galaxies
the distribution of radio luminosity is not significantly differ-
ent from that for normal galaxies.

The distibution of spectral indices (©f, where Sd:ﬁfu)
for the IrIl galaxies (Fig. 5.2) is generally flatter than that
found for normal galaxies. The mean value of X (v< 1400 WHz)
for IrII galaxies is 0.50 + 0.12 (ef. 0,71 + 0,07 for normal
galaxies, MeCutcheon 1972), and the mean value of ot(v> 1400 HKHz)
is 0.53 + 0.17 for IrIl galaxies (ef. 0,88 + 0,05 for normal
galaxies, McCutcheon 1972). Tovmasyan (1967) also noted the

tendency for flat spectral indices for his 'MB2-type' galaxies.

3,3 Hydrogen mass to Iuminoesity Ratio

Values of EH/L for the Iril semple show a mean wvalue congist-
ent with an early-type galaxy, albeit with a rather large dispers-
ion., It is interesting to plot HNy/L against colour index
(Pig. 5.,3). HNormal galaxies (Gallagher, Faber & Balick 1975)
increase in My/L and.  are bluer towards later types.
Although +the points for IrIl galaxies have a considerable
scatter, many of the systems with a
certain classification as IrII show an excess of'ﬁE/L for their
¢olour when compared with normal galaxies. Nevertheless, there are

a few galexies (notably NGC 3448) for which the opposite is true.
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5253
(@) | 433 7752 | 1436
127 o 3034|5363 [62.0] 972 |520
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Figure 5.2. Histograms showing the distribution of Radio Spectral Indices for

the IrIl sample {the numbers indicate the NGC identity). (a) Spectral index for

frequencies greater than 1400 ¥Hz, (b) Spectral index for frequencies less than
1400 MHz.
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4 THEORIES

4,1 A Hemogengpus class?

The wide dispersion in most properties of Iril galaxies
noted in the previous section has been variously interpreted.

Van der Hulst (1977) suggested that the IrIIl category is
not a homogeneous class, but merely a catchment area: for
nnusual and peculiar galaxies. He therefore suggests that Irlil
galaxies should be treated as individual cases.

Krienke & Hodge (1974) introduced three subclassifications
for Irll galaxies, in an attempt to reduce the dispersion of

properties. (1) Dusty Galaxies. They suggest that early

stellar spectra could co-exist with late-type colours if dust
had caused greater than normal redenning. Examples were NGC 972,
2968, 3067, 3955, 4753 5360 and 5363. Many of these galaxies
contain normal HII regions, show normal rotation curves, and
resemble S0 galaxies with an extra dust content. (2) Tidally

Interacting Galaxies., Krienke & Hodge suggest that the irreg-

ularities of form possessed by this subelass might result from
tidal effects, which have distributed material normally confined
to spiral arms. Examples are NGC 520, 3448 and 5195. (3) Explos-

ive Galaxies., Ho filaments and excess radio emission character—

ise this subeclass, ‘'Spiral-like' examples are M82 and NGC 4691,
while 'E or SO0-like' examples are NGC 3077 and HGC 5253.

The subelasgsifications suggested by Krienke & Hodge have
been criticised by Cottrell (1978) on the basis that galaxies
such as M82 and NGC 3077 are now known to have suffered the
effects of gravitational tides, and so should perhaps be re-
clasgified as 'Tidally Interacting' rather than 'Explosive’.
Cottrell suggests that all Irll galaxies have a tidal origin,

a theory which is discussed further in the next seection.



o
4.2 A tidal origin for all Irlls?

Cottrell (1978) suggests that all IrII galaxies have a tidal

origin, the mechanism being

Galaxyl + Galaxy?2 —=ecteeao— > Galaxy3 + IrII,
intersction

where either Galaxyl or Galaxy?2 must be a hydrogen~rich galaxy
(i.e. of spiral type). Cottrell considered the populations of
galaxy types needed for the process, the efficiency of the process,
and how long the tidal relics remain in a state which causes them
to be classified as Irll. He concludes that he can account for the
observed fractiom of Irlls (about 1% of all classified galaxies)
providing they are found in galaxy groups with slightly higher than
average density.

An attempt is made, in the next section, to investigate
whether the sample of alleged Irll galaxies has an excess of close

companions, as might be expected on the basis of Cottrell's theory.
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5 A SEARCH FOR COMPANIONS

If gravitational interactions cause the peculiar optical
morphology of Irll galaxies, then one might expect a tendency
for alleged IrIl galaxies (Table 5.1) to have closer companions
than a control sample of 'normal' galaxies. The control sample
was an equal number of Sc galaxies chosen randomly from UGC but
constrained to have an apparent magnitude distribution almost
identieal to that of the IrIl sample. The underlying morphology
of many IrIl galaxies resembles spiral or S0 galaxies rather
than ellipticals, so that a control sample constructed from
spiral galaxies was considered to be the more suitable. SO
galaxies were avoided because of the fine distinetion between
B30-peculiar and IrIl galaxies. It is assumed that Sc galaxies
are not implicitly associated with gravitational interactions
in the same way as is being suggested for IrIls, This is thought
to be reasonable, but ideally the analysis should have been
repeated with control samples selected from other galaxy types.
Unfortunately, this was not possible because of the large amount
of computer resources required,

The distance from each candidate galaxy to the nearest
‘companion' galaxy was determined. This value was expressed in
diameters by dividing by the blue major-axis diameter (UGC) of
the candidate. A companion galaxy was only counted as such if
its magnitude was close (+ 2 mag) to that of the candidate.

This helped to ensure that the companion galexy was physically
close to the candidate rather than just being a line-of-sight
coincidence, Only in three cases were the redshifts of both the
candidate and its companion known (NGC 3034, 5195, 4258 and
7752), and in all these the difference in redshifts is emall,

The analysis was performed using the IBN 370/165 computer
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to scan a catalog containing the positions and magnitudes of
all Zwicky galaxies (Zwicky et al. 1960-1968, CGCG). Zwicky's
catalog is virtually complete down to 15.5 mag, but eovers only
declinations above -39, go that companion searches for only 37
cut of the 46 Irll galaxies could be performed. The faintest
IrII gelaxy was 14.9 mag, and for a few cases the + 2-mag search
goes outeide the range of completeness, but the effect is not
considered to be important.

The results of this analysis are displayed in the form of
two histograms (Fig. 5.4). The two distributions were compared
using the Kolmogorov-Smirnov two-sample test (Siegel 1956),

This tests the null hypothesis that the two independent samples
have been drawn from the same distribution., With a sample size
of 37, the null hypothesis is disproved with more than 95%
confidence if a parameter called KD exceeds the value 12 (i.e.
there is less than a 5% chance that the two samples are drawn
from the same population entirely by chance). The computed
value for KD is 53 consequently, one cannot say that there is

a gignificant difference between the distribution of nearest
neighbours in the IrIl sample and those in the control sample
of Se galaxies,

Several of the IrlIl galaxies which are claassified as 'double
gystems' and others which are known to possess close companions
(e.g. NGC 520, 942, 3448, 3656, 6622, 4922B and 7625) are listed
in CGCG as only single galaxies. Such cases have been treated
a8 single galaxies in the statistics. If these cases are treated
as galaxies whose nearest companion is less than one diameter
away, then the IrIl sample doeg have a tendency to possess
closer companions than the Sc¢ sample. However, such an adjust-
ment is not considered to be valid because it is by no means

cbvious whether many of the so-called 'double galaxies' are in
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from UGC, but constrained to have the same apparent magnitudes as those in (a).
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The UGC serial numbers are indieated within each box.

candidate which had no valid companion within eight diameters.

(b) A control sample of Sc galaxies randomly selected
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faect two separate galaxies or one distrurbed galaxy.

On Cottrell's theory (Section 4.2), Irll galaxies are
created after certain types of gravitational interactions and
lagt for about 2 x 109 yr thereafter. The companion.galaxy
involved in the interaction, travelling at about 200 km/s, can
therefore lie anywhere within s sphere of radius about 400 kpe
(or about 20D, where D=20 kpe is the nominal diameter of s
galaxy) centred on the Irll galaxy. This ealculation therefore
validates the approximate maximum range chosen for the histograms
(Fig. 5.4).

The chance that the companion galaxy apparently lies within

one diameter of the IrIIl (where it could be treated as a double
galaxy) is thus the volume of a eylinder of radius 1D and length
40D (along the line of sight) divided by the volume of the sphere
radius 20D, or about 0.4%., The fraction of the alleged IrII
sample actually classified as double galaxies or having a close
companion within one diameter is about 25%, much greater than
expected. To explain this in terms of the ideas above requires
that, either the lifetime of an Irll galaxy formed after an
interaction should be reduced from 2 x 109 yr to about 0.2 x 109
yr, or the mean separation velocity of the galaxies should be
reduced from 200 km/s to about 25 km/s, or a compromise of the
two.

In summaery: the statistical interpretation of nearest
neighbour distances for a sample of IrIl galaxies is subject to
many difficulties, and no conclusive evidence can be shown for
a greater tendency for close companions in the IrlIl sample than
in +the control sample of Sc galaxies, The theory that all Iril
galaxies originate in gravitational interactions must therefore
await a detailed examination of the dynamics of a large sample

of IrIl galaxies and their companioens,
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6 SUMMARY

IrII galaxies are apparently a mixture of peculiar systems.
In addition to their characteristic optical appearance (irregular
morphology, presence of dust lanes, absence of individual stars
or HII regions) they also exhibit:

(1) An earlier spectral type than expected from their colour,

(2) A wide dispersion in colours.

(3) A tendency to have 'flat' spectral indices.

(4) A wide dispersion of Eﬁ/L, but with a mean value similar

to that of 50 galaxies.

The tendency of the IrlIl sample to possess close companions
was investigated statistically. No firm evidence was found for
a greater tendency in the Irll sample than for a conirol sample

of Sc¢ galaxies,

A detailed study of individual objects is necessary, and
for NGC 3448 and NGC 2814 this is pursued in Chapters 6 and 7,

respeetively,
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CHAPTER 6
THE IrII GALAXY NGC 3448

1 INTRODUCTION

Arp 205 (Arp 1966) (Plate 6.1) consists of NGC 3448, a
12.2 By galaxy alias UGC 6024 (Nilson 1973, UGC), and a
dwarf companion UGC 6016, 3.8 arcemin to the west of NGC 3448,
a pair noted to be interascting im RC2, UGC 6016 which has
mpgn:17, ig clagsified 'dwarf irregular' in UGC and SB(s)d pee
in RC2. NGC 3448 consists of a bright main body of size 2.7 x
1.0 arcmin with faint extensions along the major axis (RC2).
It contains (Hodge 1966) bright knots, possible Hol regions
and dust lesnes. It is classified IO in UGC and RC2, while
Krienke & Hodge (1974) place it as Pype IrII (alias I0).
Vorontsov-Velyaminov et al. (1962-74, MCG) and Nilson (1973)
point out that the faint extensions suggest the existence of
a bridge between the two galaxies.

Krp 205 is a member of the G28 group of galaxies -~ Ursa
Major I(X) (de Vaucouleurs 1975), estimated to be at a distaw
nece of D = 10.7 Mpe. Adopting this distance for Arp 205 gives
s linesr scale of 1 aremin £ 3.1 kpe. Previous HI observations
of Arp 205 have been of relatively low angular resolution
(Lewis & Davies 19733 Peterson & Shostak 1974; Huchimeier &
Bohenstengel 19753 Bottinelli, Duflot & Gouguenheim 1978).

A1l except Peterson & Shostak (1974) find a large My/L vratio,

consistent with a late-type galaxy.




Plate 6.1 Composite photograph of Arp 205. The central region was reproduced with
permission from Arp (1966), while the outer region is a photograph of the (blue)
Palomaer Sky Survey (Copyright by the National Geographic Society). The erosses |5 ¢«

-
indicate the stars used for aligment with the radio map.




2 OBSERVATIONS

The survey of Arp 205 consisted of 48 equally-spaced
interferometer baselines as detailed in Table 6.1. Although
obgervations at two of the apaeings were losgt due to instrum-
ental faulte, nearly full coverage of the u-v plane was achi-
eved, The HI emission was measured using the digital spectr-
ometer over a 4-MHz bandwidfh. Continuum radiation in the
10-NHz bandwidth centred at 1417 NMHz was also measured and
both the surveys were calibrated by observations of 3C 380
and 3C 196.

Channel maps were made at three different spatial resol-
utions by selecting different sets of interferometer baselines
(Table 6.1); the maps at low resolution were more sensitive
to low~-brightness features than those at the full resolut-
ion. At each resolution, a correction for continuum emission
was made by averaging those channel maps which contained no
line emigsion (1002 to 1055 km/s and 1583 to 1715 km/s) and

subtr&cting-th@’ra@ulting map from those which did.




Table 6,1 Details of the observations of Arp 205 with
the Cambridge Half-Mile telescops.

st

Dates
Map Centre (1950)
RA
dec
Interferometer baselines
number
smallest
increment
largeat
lost due to faults
Calibrator
name
flux
reference

Response
gtructure absent

radius of first grating
regponse in RA

Continuum survey
bandwidth
centre frequency
Hydrogen-line survey
bendwidth

heliocentric velocity
range

channel separation
channel width
Resolution and sensitivity

no., of interferometer
baselines included

angular resolution
R& x dec (aremin)

rmg noise levels (mdy)
continuum

one HI-line
chennel

1977 February

108 517 41%,1
54° 34" 22v

48

l12.2 m

6.1 m

298.7 m

243.8, 280.,4 m

3¢ 380 3C 196
13.8 Jy 13.9 Jy
Elsmore & Kellermanm

Mackey (1969) et 2l.(1969)

10 MHg
1417 WHgz

4 WHgz

950 to 1767 km/$~
26.4 km/s
32 km/s (PWHP Gaussian)

12 36 46

7.4 x 9,1 2.5 x 3.1 1.9 x 2.4

48 20 18




3 BESULTS
3.1 The oversll HI digtribution

Pig. 6.1 displays the continuum—free channel maps of
Arp 205 at the full resolution of!1.9 x 2.4 arcmin, The average
of the yms noise levels i818 mJy (o). Fig. 6.2 displays
the emission greater than 30 in a right ascension-velocity
plot (econstruected as described in Chapter 1), and identifies
the most significant components of emission (C1-C8)., Fig. 6.3
shows the relationship between the 30 envelope of Cl~C8 and
the optical emission. It should be emphasised that the
'components' are not necessarily separate physieal entities
or even real features. The emission in Pig., 6.1 has a
relatively low signal/noise ratio (a maximum S/W of 6),
which makes interpretation difficult, and it is to aid this
interpretation that the nomenclature is used. It ig clear
that more sensitive observations would show a more continuvous
digtribution of hydrogen not needing this type of description.
There is little doubt that components Cl-CH5 are real.
All appear greater than 3¢ on at least three adjacent
channels, and all are seen with equal or better S/N ratios
on the maps made at the lowest resolution. The reality of
C6, C7 and C8 is uncertain: C6 appears on two adjacent
chennels above the 3¢ level, but it ie possible to find
two negative features in Pig. 6.1 (assumed to be unreal)
which elso satisfy this criterion (at 1372 and 1398 km/s,
and at 1530 and 1556 km/s). C7 appears on Fig. 6.1 in three
adjacent channels above the 3¢ level, but only appearg at ~20
on the low-resolution maps. This implies that if C7 is real,
it must be isolated emission with an angular scale of less

than 2 aremin., €8 is seen at the 40 level, but only on one
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Figure 6,1 Continuum-free channel maps with HPFW resolution of 1.9 x 2.4 aromin
(natched ellipse). The contour intervel is 20 mdy, positive contours are solid
end negative contours are dashed, The zero contour and those at +20 and =20 mdy
have been omitted for clarity. The large crossss represent the optiocal nuelei of
NGC 3448 (east) and UGC 6016 (west), and the small croases are the positions of
fiducial stars on Plate 6.1, No polar diagram corrsction has been applied in this

or subsequent diagrams.
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RIGHT ASCENSION

Figure 6,2 Right ascension-velocity plot constructed from the data of Fig. 6.1,
ineluding only signale above 30v The contour interval is uniform and the unitsa
are arbitrary. The HPFW resolution is 1.9 asrcmin x 32 km/s. The hatched rectan-
gles represent the optical positions and velocities of fthe labelled galaxies,
Bight components are identified (01~08) for discussion purposes, ’
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Figure 6,3 Comparison of the HI ‘components (Pig. 6.2) with the optical emission.
Each 6ontour is the outer envelope of emission from the continuum-free channel
maps (Fig. 6.1) at 307 The shading represents the regions of optical emission
from the galaxies, the smaller crosses are star positions, and the larger cross
is at the map centre,




6-11

channel,

Cl agrees in position with the dwarf galaxy UGC 6016
snd shows a systematic shift from chemnel %o channel (Fig. 6.1),
80 is presumably due to HI in ordered rotation about UGC 6016.
¢2 is coincident with the eastern edge of NGC 3448 and shows
a gimilar shift with veloecity. ¢4 is in positional agreement
with the western edge of NGC 3448 and alsgo shows a similar
shift, but is separated from €2 because of the lack of
emigsion (greater than 30¢) joining these two components on
the channel map at 1319 km/s, €2 and C4 may be plausibly
interpreted as forming the HI in rotation about NGC 3448,
despite the lack of emission at 1319 km/s. Such emission is
in fact seen at about 2¢ on this channel map, and the absence
of emission above the 30 level may simply be due to the
poor S/N ratio, An alternative interpretation would be to
treat €2, C3 and C5 as forming a single rotating system, but
this is unlikely because of the lack of corresponding optical
features, and the spatial and velocity discontinuity of the
HI (Figs 6.1, 6.2). The presence of HI to the west of NGC
3448 (€3 and 05) is interpreted as clear evidence that NGC
3448 is 8 disturbed system., If C7 and C8 are real features,
they also give an indicstion that the HI surrounding UGC
6016 is disturbed. The origin of these disturbances is
discussed in Section 4.

By inecluding only the 12 smallest interferometer ba@eli»
nes, continuvum-~free maps were made at a resolution of 7.4 x
g arcmin., Nineteen of these channel maps over the velocity
range 1082-1556 km/¢ were combined as described in Chapter 1
to make an integrated HI map (Pig. 6.4). This map is more

sensitive to low-brightness emission than a similar map made
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Pigure 6.4 Low-resolution integrated HI map of Arp 205 incorporating 19 continuum-—

free channel maps over the velocity range 1082-1556 km/s. The HPFW resolution of
7.4 x 9 aromin is shown by the hatched ellipse, The outer dashed contour is 20
K km/s, while the first golid eontour is at 50 K km/s and higher contours are at
intervale of 30 K km/s. The noise on this map varies as the number of channels
added at any point, and is typically 8 K km/m.

as in Fig. 6.3.

The shading and crosses are
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at high resolution. The peak of HI emission in Fig, 6.4 is
digplaced 3.2 arcmin to the west of the nucleus of NGC 3448,
and an extension to the northwest at the 20 K km/s level is a
prominent feature. These featureé indicate the presence of
low-brightness emission sﬁrroundimg Arp 205, not seen in the
mape at higher resolution. No corresponding optical emission
is seen on the P35 plates.

The totel HI mass in Arp 205 was derived using the
relation given in Section 2.4c¢c of Chapter 1. The result
(Table 6.2) agrees well with that of Bottinelli et al. (1978).
The fraction of the total mass contained in each of the comp=
onents (Table 6.2) was evaluated by comparing the emission
seen above the 3¢ level on the maps at high resolution (Fig.
6.1).

Pig. 6.5 shows the high-resolution map of HI integrated
over the velocity range which includes all the significant HI
(1082-1556 km/s), The morphology of the HI resembles two
systems joined by a bridge, implying that both galaxies are
physically very close to each other and confirming the
optical evidence of interaction referred to in the Introduct-
ion. The isolated emission in the west of Fig. 6.5 ig due to
component 7T, which does not appear to be coincident with any

galaxy or other opticalyfaature.

3,2 UGC 6016

Parameters for UGC 6016 are displayed in Table 6.3,
The systemic velocity was derived by calculating the 'cenire
of gravity' of component 1 in Pig. 6.2, and the value is
slightly higher than that of Botinelli et al. (1978). The

neutral hydrogen diameter was measured along PA 700, and




Table 6.2 The distribution of hydrogen in Arp 205

Item HI maas/108M® Source
Arp 205 total 22 + 5 Fig., 6.4
21.8 Bottinelli et al. (1978)
Individual components
¢1  (UGC 6016) 6.8 31% of Arp 205 total
(Frig. 6.1)
ca* (NGC 3448 east) 8.4 38% do.
¢3 1.3 6% do.
¢4 (NGC 3448 west) 3.1 14% do,
*
c5 1.1 5% do.
c6 ? 1.3 6% do.
¥
o7 2 1.4 + 0.3 Pig. 6.1
08" ¢ 0.9 + 0.3 Pig, 6.1
UGC 6016 6.8 c1
3.6 Bottinelli et al. (1978)
NGC 3448 11.5 C2 and C4
18,2 Bottinelli et al. (1978)

* It is argued in Section 4 that C3 and C5 form part of a
tidal arm of NGC 3448, and that C7 and C8 is matter
close to UGC 6016, Refer to Pig. 6.7. '

? The reality of this emission is in some doubt - see
SJection 3.1,
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Pigure 6.5 High-resolution integrated HI map of Arp 205 incorporating 19 coniinuum—
free channel meps over the velocliy range 1682~1556 km/s. The HPFW resolution of 1.9
x 2.4 arcmin is shown by the hatched ellipse. The dashed confour is 100 X km/s, and
s0lid contours start at 200 X km/s and are 2% 100 K ¥m/s intervals. The noise on
this map varies as the number of charmmels added at any point, and is typically

~45 X xm/s. The shading =nd crosses ave as Fig. 6.3.
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Table 6.3 Parameters for UGC 6016

Parameter

Optical nucleus (1950)
RA
dec
Classification

Photographic magnitude,m
Optical dimensions

Systemic velocity from HI
gtudies

PA of optiecal major axis
PA of HI major axis
Distanee,D

Photometric linear diameter,a

HI diameter,aH

Total width of the HI line

profile, AV

Inclination wrt plane of sky,i

(eeD?)

HI mass MH
1
(e<D™)

Total mass MT

(within 5.6 kpe of nucleus)

Luminosity,L (°<D2)
M/ L
MT/L
Mg/ Uy
ay/2,

Notes

pg

Value

10" 517, 2

53° 34!

SB(s)d pec
dwarf irregular
~17

~15 #

2.2 x 1.6 arcmin ?#

2 x 1 arcmin

150
148

10 km/a
20 km/s

11.7 x 0.5 kpe

132 + 16 km/s
180 km/s

45° #

range 45 to 62°
(6.8 1.7)*108

(1.7 + 1.0)x10®

4
18

0.2
1.8

Mo

+
(3.0 + 1.0)x107 M,

L

6~16

Source

uGe

‘RC2

UGe
ijele;
MCG
UGC (blue PSS)
MCG

Pig. 6.2

Bottinelli et al. (1978)
blue PSS print

Map not shown

de Vaucouleurs (1975)
Optical dimensions
Map not shown (PA 70°)

Fig. 6.2
Bottinelli et al. (1978)
see text

Table 6.2
gea text

Based on mpg
This table
This table
This table

This table

# identifies adopted values where more than one value is quoted.

The HI parameters assume UGC 6016 to be composed solely of Cl.
(See Section 4 and Figs 6.2, 6.3 and 6.6). The value marked ?

ig uncertain,
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takes mccount of convolution with the synthesised beam.
Emission from UGC 6016 appears on five consecutive channels
at high resolution, giving a profile width, AV, of 132 km/s.
This value is significantly less than that of Bottinelli et
al. (1978), but their larger beam area will have included HI
other than that of component 1., The inclination was computed
as described in Seection 2.4e of Chapter 1, taking the ratio
of the observed major to observed minor axis from Table 6.3
and the ratio of the intrinsic principal axes of the light
distribution as 0.2 (Heidmann, Heidmann & de Vaucouleurs
1971). The majority of the error in inclination arises from
the uncertain optical dimensions. The total mass, MT' was .
estimated ag degeribed in Section 2.4f of Chapter 1.

The integral parameters of UGC 6016 are, in general,
typical of a dwarf irregular (Im) galaxy, in agreement with
Bottinelli et al. (1978). Because of the small number of
beanm areas over this galaxy,‘modelling has not been attempted,
but the velocity field (not shown) resembles that expected from
rotation of a HI disc with the PA and inclination as given in

Table 6.3.

3.3 NGC 3448

Parameters for NGC 3448, obtained in the same way as for

UGC 6016, are displayed in Table 6.4, The HI parameters
assume NGC 3448 to be composed of components €2 and C4, and
they are (in gemeral) similar to those expected from Se-type
galaxies (Balkowski 1973); this is an earlier type than the
34 or Sm category suggested by Bottinelli et al., but there -
is better agreement if NGC 3448 also includes components C3

and C5, as suggested in Section 4., The velocity field ( mot




Table: 6.4 Parameters for

Parameter

Optical nucleus (1950)
RA
dec
Peak of HI (1950)
RA
dec
Classification

Total 'face-on' magnitude
corrected for galactic and
internal absorption

Isophotal major diasmeter
corrected to face on

Ratio of major to minor
diameter :

Systemic velocity from HI
gtudy

PA of opbtical major axis
Bright nucleus
Paint outer emission
PA of HI majpr axis
Distance, D

Photometric linear diameter,a

HI diameter, ay

Total width of the HI line.
profile, AV

NGC 3448
Value
108 51™ 39%.6
54° 34' 30"

10 51® 4181

54° 34% 1275
I0
11.59 mag

4,27 arcmin
2.88 + 0.03

1370 + 15 kn/s

65
80
15
10.7 Mpe
13.2 kpe
17.4 kpe

I+ 1+ 1+
kSil

o}

317 ¥m/s

Incination wrt plane of sky, i 7301 1°

HI mass, MHE
Tetal mass, MT
Lunminosity, L
Myy/T

MT/L
Myy/ Mg

aH/a’o

(11.5 + 2.6x10° m,
(1.40 + 0.5% 10",
(3.9 + 0.3%10° I,
0.30
0.48
3.6
0.08
1.32
0.92
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Source

RC2

RC2,UGC

RC2
RC2
RC2

Fig. 6.2
Blue PSS print

Map not shown
de Vaucouleurs (1975)
RC2 :
Map not shown (PA 709)

rig. 6.2
See text
Table 6.2
Jee text

This table

Bottinelli et al. (1978)
Thisg table :
This table

This table

Bottinelli et al. (1978)

Note The HI parameters agsume NGC 3448 to be composed solely of C2 and C4.
See Section 4 and Figs 6.2, 6.3 'and 6.6,
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shown) Is difficult to interpret becsuse of beam-smearing
effects, but may well be compatible with normal differential
rotation.

NGC 3448 has = continuum source associated with its
nucleus. Observations of thie have been made at various
frequencies and the results are displayed in Table 6.5,
from which the spectral index (X, defined as S %) has a
value of about 1.0, typical of many normal spiral galaxies.
Flux densities ouoted by Haynes et al. (1975) are inconsistent
with those presented here, being a factor ~2 higher, but
the observations by Pfleiderei would have included flux from
a background source about 10 arcmin north of NGC 3448,

The radio luminosity of the nuclear source at 1417 MHz,
based on a flux density of 30 mJy and a distance estimate of
10.7 Mpe is 4.1 x 102+ W/Hz., This value is typical of normal
gpiral galaxies, and is in accord with the findings of Burke
& Miley (1978) and others that radio luminosities of peculi-
ar galaxies are not significantly different from those of

normal ones.




Table 6.5 Radio

Telescope

Frequency (MHz)

Resolution
RA x dec

Inteﬁrated flux

(mdy

?osition (1950)

RA

dec

6-~20

continuum observations of the nuclear source in NGC 3448

151

4 x5
arcmin

260

One-Mile

408

l.2 x 1.4
arcmin

60 + 30

10"51™37%6
54°34127"

* L .
C.R., Masson, private communication..

#Convolved from 4 x § arcsec.

One~-Mile

1407

26 x 32
arcsec

31 £ 8

1005103856

5493412014

Half-Mile

1417

1.9 x 2.4
arcmin

30£5

108513851
549341 22n

5~km

2700

23 x 29#

arcsec

15

10051739
549341 20"
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4_ANATYSIS

The optical morphology of Arp 205 is peculiar (Plate
6.1); outer emission seen both to the east and west of NGC
3448 contrasts with its bright nucleus -~ the outer emission
is much fainter than the nuclear emission, significantly
bluer, and oriented at a significantly different position
angle (Table 6.4). The observations presented in Secetion 3
also show that the HI around NGC 3448 is clearly disturbed
(C3, C5 and possibly C6} and around UGC 6016 (C7 and C8) the
HI is possibly disturbed. This section examines two different

theordies to account for +this disturbance.

4,1 NGC 3448 as a double interacting system

Bottinelli et al. (1978) obtained optical spectra in the
eastern part of the nucleus of NGC 3448, which showed a 'very
unusual double-valued velocity field'. One interpretation of
this was that NGC 3448 consists of two separate but interact-
ing gelaxies, This section examines the HI evidence for this
hypothesis.

A case can be put forward that the HI components C3 and
C5 form an independent rotating system, but such a systam
doeg not coincide with any clearly defined optical feature,
and is not in the region where the optical spectra are double,.
This region exhibits ordered rotation of the HI (eomponent 2),
with no sign of double HI profiles., This evidence also argues
against an hypothesis by Hodge (1975), who considers that a
patch of emission near the eastern end of the nuclear disc
(clearly shown in Hodge 1975, Fig. 4) may constitute a
separate rotating system., A dust lane seems a more likely

interpretation.
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It is pogsible that the faint optical extensions

surrounding NGC 3448 are part of a separate system along
the same line of sight as the bright nucleus, perhaps a long
atream of matter joiming UGC 6016, It is interesting that
components C2 and C4 more closely match these faint optical
extensionsg ‘than they do the bright nucleus, Although this
hypothesis may also be able to explain the double optical
profiles of Bottinelli gt al., it does not unify all the

available optical and HI data,

4.2 Tidsl-Interaction theories

In this section evidence for a tidal interaction in Avrp
205 is discussed. One might hope that such an hypothesis will
account both for the disturbed optical nature of Arp 205 as a
natural consequence of gas compression during an interaction,
and for the remaining HI components (notably components C3
and C5 which have similar velocity fields).

Are there any massive galaxies close to Arp 205 which
.could be responsible for its peculiarities? All other members
of the G28 group of galaxies (de Vaucouleurs 1975) are more
tham 2° away, and the only other galaxy within a radius of
1°,5, and brighter than 15 mag is WG 267,018 = UGC 05954 =
IC 664, a 14.4 mag galaxy 66 arcmin away with an unkown
redshift. None of these galaxies seems capable of producing
the disruption observed in Arp 205, so only UGC 6016 and NGC
3448 themselves could have been involved,

Since both UGC 6016 and all the observed HI components
lie close to the plane of NGC 3448, any proposed orbit is
most likely to be approximately co-planar., Other constraints

are the radial velocities of both galaxies and their mass




6-23

ratio (UGC 6016/NGC 3448)~ 0.5. The distribution of test part-
icles following various idealized gravitational interactions
are given by Toomre & Toomre (1972) and Wright (1972), and
shown in the Appendix.The galéxi@s UGC 6016 and NGC 3448 are
rotating with nearly the opposite sense (Pig., 6.2 and incline
ations in Tables 6.4 and 6.5), and so a retrograde collision
for one galaxy will be a prograde collision for the other.
Retrograde collisions have been shown to be less likely to
cause disruption than prograde collisions, and have no
appreciable effect if the mass ratio(intruder/galaxy) is as low
as uv0.5, Hence orbits in which NGC 3448 suffers a retrogrs
ade collision (with UGC 6016 as the intruder) can be ruled
out. PFurthermore; this orbit also implies a prograde collig~
ion for UGC 6016 with u~r2 which would produce much more
disruption to UGC 6016 than is observed, However, orbits for
which UGC 6016 hag a perigalacticon on the east side of NGC
3448 cause the latter to suffer a prograde collision with u
~0.,5, which is capable of pulling an arm of material from the
dise, and thus explaining both the positions and velocities
of components C3 and C5%., These orbits also imply a retrogr-
ade collision for UGC 6016 with u~ 2, which could have produced
enough disruption to explain C7 and C8 if more sensitive
observationg confirm their reality.

Pig. 6.6 represents a reasonably self-consistent model
of Arp 205 which explains the optical and HI peculisrities
described earlier. The pogitions and radisl velocities of
the optiecal galaxies and the HI components (except C6) are
correctly represented, and this model can result from the
type of gravitational interaction described above, namely,

a co-planar orbit which involves a prograde collisiimn for
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'

UGC 6016 |

/
/]\ observer

Pigupre 6,6 Sohematic model for Arp 205, arranged such that the plane of the paper
represents the plane containing NGC 3448. The hatched areasare the brightest parts
of the optical emission, as in Fig. 6.3. The approximate axten’ of the HI compone-
fnts are showm, together with their velocity vectors relative to the systemic
?elocity of NGC 3448 and UGC 60L6 (arrows). This model is consistent with the
" obgervations (cf. Figs 6.2 and 6.3), and can be produced by a gravitational
interaction (see text), The orbits of the galaxies are indicated by the dashed lines.
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NGC 3448 and a retrograde collision for UGC 6016.The galaxies

are aparently seen about 4-8 x 108

yr after a perigala-
cticon at a digtance of about 1%&15 kpe, If the orbit were
inclined by a small angle from the plane of NGC 3448 (so thatb
UGC 6016 was slightly below the plane of NGC 3448 at perigale
acticon), then it is possible to explain the observed warp of
the optical filaments -~ downward on the east side of NGC 3448
and upward on the west side. The HI is also warped sinee the
orientation of 02 and C4 matches more closely the position
angle of the optical filaments than that of the bright
nucleus. Component 06 has not been included in Fig., 6.6,
beaaagg its position and velocity are not continuous with
that of €3 and C%, so it is unlikely to be part of the tidal
arm pulled from NGC 3448,If 06 is real, it is more likely
to be outlying HI in a rotation pattern similar to that of C2

and C4 (cf. Fig. 6.2).
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5 CONCLUSTIONS

Arp 205 consists of HI in rotation about NGC 3448, plus
HI rotating in almost the opposite sense about UGC 6016, a
dwarf irregular galaxy. The sygt@m also containg emission
to the west of NGC 3448, with a smaller recession velocity

than NGC 3448, Parameters observed for NGC 3448 and UGC

6016 are displayed in Tables 6.2 and 6.3. Radio continuum
observations of the nuclear source in NGC 3448 (Table 6.5)
reveal a spectral index and radio luminosity typical of
nuclear sources in many normal spiral gslaxies.

The HI data provide little evidence to support the theory
of Bottinelli et al. (1978) that NGC 3448 may be a double
interacting system. The HI dynamiecs in Arp 205 can be modelw
led as shown in Pig. 6.6, suggesting that there has been a

planar tidal interaction between NGC 3448 and UGC 6016,
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CHAPTER 7
THE GROUP OF GALAXIES NGC 2805, NGC 2814, NGC 2820 AND IC 2458

1 INTRODUCTION Y
NaC 2805, 2814, 2820 and IC 2458 form a compact group of

galaxies of which NGC 2805 is the brightest. Optical data from
RC2 are given in Table 7.1, and Plate 7.1 includes a reproduc—
tion of the Palomar Sky Survey print of the region. NGC 2805
ig a 'disgturbed' late-~type spiral viewed nearly face-on, and
closely resembles M1O1 (Arp 1966), NGC 2820 ig an edge-on dise
system, probably of late spiral type, having a close companion,
IC 2458, of uncertain type, which is number 108 in Markarian's
list of objects with ultraviolet excesses (Markarian 1969),
and shows strong emission lines., The Palomar Sky Survey
prints reveal a filamentary structure which appears to link
the eastern edge of NGC 2820 with IC 24583 since these
filaments appear on both the red and blue plates, they must
contain some old stars. NGC 2814 was originally classified
107 by de Vaucouleurs & de Vaucouleurs (1964, RCl), but the
classification was subsequently withdrawan (RC2).Krienke &
Hodge (1974) point out that photographs of NGC 2814 have a
'smooth texture! With\no resolution into stars and HII reglions,
and also indications of dust lanes, all characteristics of 10
(alias IrIl) galaxies,

According to de Vaueouleurs (1975), NGC 2805 is one of
six galaxies forming the G41 (alias NGC 2768) group at a
distance of 13.7 Mpe, but NGC 2820, 2814 and IC 2458 are not
ligsted as members of this group although they all have similar
redshifts, The distance of 13,7 NMpe has been assumed for all
the galaxies discussed in this Chapter, leading to a linear

gecale of 1 arcemin & 4 kpe, but it should be noted that this




Table 7.1 Optieal parameters (from RC2 unless stated)

Name

RA 1950.0

Dec 1950.0

Classification

Total “face-on’ B magnitude corrected
for galactic and internal absorption
Isophotal major diameter (arcmin),
corrected to ‘face-on’

Ratio of major to minor diameter R
Heliocentric radial velocity (km/s)
Colour index (B—V)

* From Nilson (1973).

NGC 2805

ool 16m.29
64°19".1
SAB(rs)d
1140

6.2
1.26 £0.02

1726 £11
0.51+0.07

+ Photographic magnitude from Markarian (1969).

NGC 2814

09h 17m 4
64°27'.9
107*
13.61

1.2

3.39+0.03
166395
0.55+0.04

IC 2458
Mk 108
ooh 17m 45
64°27'.1

?

15¢

0.5

2.14+0.04
146720

NGC 2820

o9h 17m,71
64°28'.3
SB(s)c pec*
12.37

3.0

6.0310.03
168618
0.50+0.07
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Plate 7.1 Hydrogen integrated over the velocity range 1451-1767 km/s, and super—
imposed on & blue photograph from the Palomar Sky Survey (copyright by the National
Geographic Society and reproduced with permission from the Hale Observatories). The
dashed contour is 200 K km/s. Solid contours start at 300 K km/s and are at intervals
of 100 K km/s. Small crosses are star positions for alignment. The large cross

is at the map centre. The labels refer to the medium-sized crosses which are at the
optical centres of those galaxies. The hatched ellipse represents the HPFW resol-
ution of 2.9 x 2.8 arcmin. No polar djagram correctign has been applied, but this
correction increases values at the nucleus of NGC 2805 by only 1 per cent, and
values at the nucleus of NGC 2820 by 3 per cent.
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value is uncertain by about a factor of 2 and the assumption
Hy = 75 xm/(s Mpe) leads to distances of about 20 Wpe.

The only published radio oﬁs@rvations are a detection of
the 2l-em line in NGC 280% by Dickel & Rood (1978), but
Bottinelli & Gouguenheim (private communication) have used
the radio telescope at Nangay to obtain an HI line profile
centred on NGC 2814, This profile shows two emission peaks -
one from NGC 2805 at about 1710 km/s, end one at about 1456
km/s, The present survey was undertaken primarily to discri-
minate between the HI from the various galaxies in this group.
Bosma (1978) is currently preparing a paper on similar obserw

atione made with the Westerbork Synthesis Radio Telescope.




2 OBSERVATIONS

Thig survey consisted of 36 equally-spaced interferometer
bagelines as detaliled in Table 7.2, HI emission was measured
using the digital cro%amcorralatkon spectrometer over a 4-NHz
bandwidth., Continuum emission was simulteneously measured
over the 10-MHz bandwidth, and both the surveys were calibrat-
ed by observations of 3¢ 268.3 and 3C 468.1 (the latter was
used for phase calibration only).

The HI chennel maps were corrected for the presence of
continuum emission by averaging those channels which contained
no significant line-emission (1952 to 1820 km/s and 1372 to
1293 km/s), and subtracting the resulting map from those
which did. The resulting 'continuum-free' channel maps
were analysed to produce an integrated HI map, a RA-velocity
plot, a dec~velocity plot and the velocity field as described
in Chapter 1.
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Table 7,2 Details of the observations of NGC 2805, 2814,
2820 and IC 2458 with the Cambridge Half-Mile

Telescope

Dates
Map centre (1950)
RA
dec
Interferometer baselines
number
smallest
increment
largest
Calibrators
name
flux density
reference

Reaponse

synthesised beam (I{PFW)
RA x dec

astracture absent

radiug of first
grating resgponse

Continuum Survey
bandwidth
centre freguency
noise per beam ares
Hydrogen~line survey
bandwidth

heliocentric velocity
range

channel sevparation
channel width

mean rms sensitivity
per beam area per
channel

1978 January/Pebruary

o9l 16" 30®
64° 241 oo

36

12.2 m
6.1 m
225.6 m

30 268.3
4.4 Jy

Elsmore &
Mackay (1969)

3C 468.1
5.3 dy
See text

2.5 x 2,8 arcmin
greater than 1°

Ngo

10 MHz
1415 NH=z
2 mdy

4 NHz

1266 to 2084 km/s
26.4 kn/s
32 km/s (PWHP Gaussian)

28 mdy
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3 RESULTS
3.1 The HI distribution

Plate 7.1 shows the integrated HI guperimposed on a blue
print of the Palomar Sky Survey; and it can be seen that HI
surrounds NGC 2805, 2820 and IC 2458, but not NGC 2814.

Pig. 7.1 and 7,2 show the RA~velocity and the dec-velocity
plots., The bars indicate the optical positions and velocities
of the galaxies from RC2, According to Dickel & Rood (1978),
the mean velocity errors quoted in RC2 are underestimates,

and the velocity error-bars have therefore been increased by
50 % from the RC2 values. The HI systemic velocities, Vsys’
derived by caleulating the ‘'centres of gravity' in Figs 7.1
and 7.2 are given in Table 7.3 and are confirmed by the Nangay
line~profiles. The systemic velocity of NGC 2805 derived in
this study agrees with the optical value (Table 7.1) and with
the value of 1733 km/s quoted by Dickel & Rood. The optical
and HI positions for NGC 2805 also agree well (Migs 7.1 and
7.2), |

From the integrated HI distribution alone (Plate 7.1),
it appears that the gas seen around the NGC 2820/IC 2458
system is confined to an envelope around the disc galaxy NGC
2820, asg might be expected if the galaxy was undisturbed,
However, there are several reasons to suppose that this is
not the case. Figs 7.1 and 7.2 show
that ‘the systemic velocity (ngg = 1561 + 13 km/s) of HI
surrounding the system, taken as a whole, is significantly
different from the optical values for both NGC 2820 and IC
2458 (differences of 125 + 21 and 94 + 33 km/s respectively).
The optical redshift for NGC 2820 is based on two measurements,

both by Page (1970)., He used red-sensitive plates, so avoiding
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Pigure 7.1. Right ascension-velooity plot constructed as described in Chapter 1.
Each shaded rectangle represents the HI intensity in a 70 arcsec x 32 xm/s cell
(arbitrary units). The crosses represent the optical posmitions and velocities of
the labelled galaxies. The HPFW resolution of 2,5 arcmin x 32 km/s is shown by the
hatched ellipse. Only signals which exceed 3¢~ have been included in this plot,
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Pigure 7,2. Declination~velocity plot constructed as desoribed in Chapter 1.
The key to the symbols is the same as for Fig., 7.1, The crosses represent the
optical positions and velociiies of the labelled galaxies, The HPFW resolution
of 2.8 arcmin x 32 km/s is shown by the hatched ellipse, Only signals above 30
have been included in this plot,
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Pirameter

Optical type

H I systemic velocity
H 1 velocity width
H1 mass distance™?
H1 diameter
Inclination
Distance

H I mass

Total mass
Luminosity
Integral parameters

Pable 7‘3. EI

Symbol NGC 2805
(from Table 1) SAB(rs)d
Vsys (+26) km/s 172613
AV (£26)km/s 158
My/D?*x10"MoMpc™? 1902
qy arcmin 121

i degree 38zx2

D Mpc 13.7

My X10°Ms(D?) 3.2:04
Mt X10°Ms (D) 5020
LX10°Me(D? 8:1
My/L (D% 0.4
MT/L (1/D) 7
My/My (D) 0.06

* Assuming M+/L = 11 (Dickel & Rood 1978).
+ Assuming an inclination of 90°.

? Uncertain.

properties.

Total

NGC 2820/

IC2458
systemn =

156113
341
1.5+0.2
5.8:0.5
90

13.7
29:04
50:10
3.1

1.0

16

0.06

NGC2820 + 1C2458 +

SB(s)c pec ?

1692 1480
79 158

0.4 (24%) 0.8 (52%)
<25 <25

90 ?

13.7 13.7

0.7 15

242 114
2.7 0.3

0.3 5

0.8 40

04 15

Bridge

1591

104

0.4 (24%)
<235
13.7 .
0.7

NGC 2814

10?

<0.07

771
13.7
<0.14
10*
09
<0.16

0T~-L
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the Roberts (1975) correction, and it is most unlikely that
the redshift is in error by 125 km/s. It is also unlikely
that all  the HI is associated with IC 2458, since this
results in an abnormal MH/L ratio. Pigs 7.1 end 7.2

show that the HI around NGC 2820 and IC 2458 has two distinet
peaks of emission at 1714 and 1450 km/s, corresponding
clasély with their optical velocities (differences of 28 km/s
for NGC 2820 and 17 km/s for IC 2458). This suggests that
the optical velocities are correct to within their quoted
errorg, from which the following coneclusions can be drawn
about the HI surrounding the NGC 2820/1C 2458 system: (1) the
HI seen on the channels between 1662 and 1715 km/s surrounds
theveas%@rn half of the stellar dise of NGC 28203 (2)the HI
seen on the chaennels between 1398 and 1530 km/s surrounds

IC 24585 (3) the remaining HI (i.e. on channels between 1556

and 1636 km/s inclusive) forms an intergalactic bridge between

the two galaxies. This is discussed further in Section 4.

Mg, 7.3 shows the velocity field. That over NGC 2805 is
typical of a spiral galaxy with PA about 125°, Model ~fitting
was not attempted, because of the small number of beam areas
over the galaxy. The velocity field between NGC 2820 and IC
2458 is apparently discontinuous, having velooities over IC |
2458 of about 1478 km/s¢ and then abruptly changing to about
1689 km/s over NGC 2820. This apparent discontinuity is to
be expected from the fitting procedure used (see Figs 7.1 and
7.2) and does not necessarily imply a true discontinuity. In
view of the HI bridge b@twéen NGC 2820 and IC 2458, and the
digturbed nature of NGC 2805 (Nilsan 1973), a search was made
for faint HI between the other galaxies. Continuvum-free

channel maps were constructed for this purpose usging data
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Pigure 7,3. The velocity field, obtained by fitting CGaussian profiles at eaoh
point as deseribed in Chapter 1. Each symbol represents the fitted heliocentric
velocity (km/s) in 70 x 78 arcsec cells. The orosses indicate the optical nuelei,
and the line represents the major axis PA of NGC 2805 (125°). The HPFW resolutiom.
of 2.5 ¥ 2.8 arcmin is shown by the hatched ellipse.
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from the 12 smallest interferometer baselines, These maps
were more sensitive to low-brightness emission than the maps
made at full resolution, and haQ a resolution of 7.4 x 8.2
arcmin and a mean rms noise Jlevel of 50 mdy. No convincing
evidence was found for HI except between NGC 2820 and IC 2458,

The hydrogen masses (Table T7.3) of NGC 2805 and NGC 2820/
IC 2458 were determined from the low~resolution channel maps
(deseribed sbove) as described in Section 2.4¢ of Chapter 1.
On these maps the NGC 2805 and the NGC 2820/IC 2458 systems
were each unresolved, but still well separated. The hydrogen
masges agree bo within a factor of 2 with those determined from
the maps at high resolution, and from the Nangay line-~profiles.
In Table 7.3 the HI masses of NGO 2820, IC 2458 and of the
intergalaectic bridge were evaluated from Pigs 7.1 and 7.2 by
caleulating the fraction of the total HI mass of this system
which each occupies. This was done in sccordance with the
earlier assumption that HI in the channels centred between
1398 and 1530 km/s is associated with IC 2458, HI between
1662 and 1715 km/is is associated with NGC 2820, and HI
between 1556 and 1636 km/s forms the intergalactic bridge.

The neutral hydrogen diameter a, was measured at PA T0°
for NGC 2805 and the NGC 2820/IC 2458 system, and the values
take account of convolution with the synthesised beam. The
inelination was computed as described in Section 2.4e of
Chapter 1, taking the ratio of the observed major to
observed minor axis from Table 7.1, and assuming the ratio of
the intrinsic principal axes of the light distribution to be
0.2 (Heidmann, Heidmann & de Vaucouleurs 1971).

The observed radial veloeities along the major axis of

NGC 2805 are shown in Pig. 7.4. From this curve, s difference
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Pigure 7.4, Rotation curve for NGC 2805, derived by interpolating velocities from
Fig. T.3 along a line defined by the ophical centre snd position angle (Table 7.1l).
The errors are rms (so0lid line) and fitted widths at half power (dashed line),
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of 34 + 4 km/s from the systemic velocity is observed at a
radius of 3.5 arcmin. In fact this velocity difference is
underestimated because of beam-smearing, for which a simple
correction ia to take vélocitieS'at the 10 % level of the
Geusgsian profiles, rather than at the peak. This correction

3.5 arcmin from the nucleus and, following

[

gives 78 + 8 km/s at
the method outlined in BSection 2.4f of Chapter 1, results in
& total mass for NGC 2805 of Y~ 50 GM .

All the values of m§ guoted in Table 7.3 are Indicative
total masses, and for NGC 2805 the value is in close égreement
With‘ﬁh&t qudt@d above., Iuminosities are based on values
Trom Table 7.l and the distance estimate of 13.7 ¥pe. All
the galaxies have typiecal luminosities (Roberts 1975). The
MT value and colour index of NGC 2805 are typical of its 84
type, while the MH/I value is more consigtent with an 3Sc¢ type
(Balkowski 1973). If the HI seen around NGC 2820 and IC 2458
comprises one system, its MT value is typical of a Sc galaxy,
although the MH/L and MH/ET both indicate the system to be
of a later type (Sd to Ir). As independent galaxies, NGC
2820 and IC 2458 bvoth have total masses which are low,
especially for NGC 2820 (e Sc type). The resulting }}ﬂn/lwT
and MT/L values for NGC 2820 and IC 2458 are also abnormal.
Both the MH/L ratio and colour of NGC 2820 are typical of a
Se galaxy, but the MH/L value of IC 2458 is very high and
points strongly to its being of Ir itype.

The MH/L limit of NGC 2814 is indicative of a SO galaxy,
as are ‘the Mﬁ/L values of many other I0 galaxies (Chapter 5).
Its colour (B-V = 0.55) is somewhat redder than those of the
other galaxies in this group, although still rather blue for

a S0 galaxy.
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3.2 Radio Continuvum

Pig. 7.5 shows the radio continuum map, which in fact
also includes line emission over the 10-NHz bandwidth. The
line emigsion accounts for about‘lo mdy in the region of NGC
2820, IC 2458 and NGC 2805. The continuum distribution can
be explained solely as a result of two (or possibly three)
nuclear sources, as shown in Table 7.4, and there is no need
to invoke disc components or intergalactic emission. The
radio luminosities (Table 7.4) are charvacteristic of normal
galaxies, as Burke & NMiley (1978) also found for a saemple of

optically 'peculiar' galaxies.

Table 7.4 Radio-Continuum properties of NGC 2805, 2820,
2814, and IC 2458,

Galaxy Sys1 51415 Lgas

(mdy) (ndy) (1021 w/uz)
NGC 2805 1.30 10 0.2
NGC 2820 130 50 + 10 1.1 + 0.2
NGC 2814 130 20 + 10 0.4 + 0.2
IC 2458 130 20 + 207 0.4 + 0,47

¥*
Notes Prom the Cambridge 6C survey (C.J. Mayer, private-
communication).

? Uncertain.
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Pigurs 7.5, Map of radio~continuum emission over a 10-MHz bandwidth centred at
1415 MHz, Solid comjours start at 10 mJy and are in 10 mdy intervals. 'the dashed
comtour 18 ~10 mdy. The HPBW resolution of 2.5 x 2.8 arcmin ia shown by the
hatched ellipse. The croases are as in Plate 7.1
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4,1 Dynamics

In order to investigate if any of the galaxy pairs are
in bound orbits, the minimum mass necessary to sustain
¥
cireular motion was evaluated,

. 7 5 Y 2
My = 2.3 x 10”7 S0 (V)%

where Mc is expressed in solar masses, is the projected

Sproj
linear separation (kpe) of the two galaxies, and Ve is the
difference in radial velocities (km/s). If M, is greater
than the mass of the satellite galaxy, then the system is not
bound. On the basis of the values given in Table 7.3,

neither the NGC 2820/IC 2458 pair nor the NGC 2820/IC 2458/NGC
2805 system has the necessary mass, about 100 Gw@. it is
nevertheless very hard to believe that such a compact group

of galaxies is not in fact bound, and it seems likely that

the ﬁT values in Table 7.3 are underestimates,

4,2 Tidal Interaction Hypothesis

One interpretation of the NGC 2820/I1C 2458 system,
which correctly represents the positions and velocities of the
two galaxies, as well as those of the HI, is shown in Fig., 7.6,
where NGC 2820 is more distant than IC 2458 and the two
galaxies are connected by an HI bridge. It is suggested
that there has been a tidal interaction in which a
perturbing body has disrupted a proto-NGC 2820, consisting of
a normal late-type galaxy (e.g. Sc or 5d), drawing out HI to
form a large tidal arm, On this picture, IC 2458 represents
gtares either drawn from NGC 2820 or the perturbing body, or

formed as a result of gas compressed during the encounter,
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Pigure 7.6. Illuatration of the proposed model for the NGC 2820/1C 2458 system,
drawn in the plane of NGO 2820. The diagram (which is not te soale) shows the
digtribution of HI (dotted arems), and its approximate velocity relative to the
contre of NGO 2820 (arrvows). The type of orbit required to produce the disruption

is indicated by the dashed line. The inset (reproduced with permission from Wright
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Iwo obvious candidates to cause such disruption to the proto-
NGC 2820 are NGC 2805 and 2814,

Toomre & Toomre (1972) and Wright (1972) have shown
that, in idealized models, gravitational interactions alone
can produce a variety of 'bridges' and 'tails'. Simulatiom%
which reproduce the tidal arm are shown in the Appendix.
They require a co-planar, direct collision With.masﬁ ratios
(perturber/galaxy), u, between 0.25 and 1, and are seen at &
time of about 0,3-0.7 Gyr after a perigalacticon of about one
galactic radii. One such distribution of test particles is
reproduced in Pig. 7.6 (inset). The proposed orbits are
congistent with the sense of the velocity gradient along the
tidal arm (cf. Pig. 7.1), and the arm appears to join NGC
2820 on its eastern sidé and bend westward towsrd IC 2458,

It is not easy to identify whether NGC 2805 or 2814 is
the correct candidete for the role of perturbeir. Both
galaxies could be in orbits (illustrated in Fig. 7.6) which
would produce the requisite disruption to the proto-NGC 2820
and also match the positions and radial velocities of the
galaxies., TFor an encounter b@twe@ﬁ.ﬁh@ proto-NGC 2820 and
2805, the mass ratio u is of order 1, while, for an encount-
er with NGC 2814, u is of order 0.5 (Table 7.3). Although
the larger disturbance envisaged in Fig. 7.6 would favour
the larger ma9s~ratiov(implying NGC 2805 as perturber), one
cannot rule out perturbations by NGC 2814 in a relatively
cloger orbit.

The gravitational influence of NGC 2820 is not likely to
produce any exbtensive 'bridges' or 'tails' to the perturbers,
gince neither suffer sufficiently prograde or co-planar

collisions., Tidal effects may, however, account for the
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peculiar optical appearance and associated 107 classification
of the gas-poor galaxy NGC 2814, or the 'disturbed' nature
of NGC 2805, The 10 c¢lassification was discussed in Chapier
5, and NGO 2814 may be another example of this type of
galaxy whose properties have resulted from a tidal interacti-
on.

Neither NGC 280% nor 2814 are in the plane of NGC 2820's
digsc (Plate 7.1), so that the orbit of either perturber cann-
ot be exactly co-planar., Although a slightly inclined orbit
for either body would still produce a tidal arm (e.g. fig. 9
in Weight 1972), such an orbit would be expected to leave the

arm warped slightly out of the plane in the direction of the

perturbing body before perigalacticon. In fact IC 2458 lies

slightly below the plane of NGC 2820 (Plate 7.1), and accord-
ing to the model so also does the HI arm., This is compatible
with NGC 2814 as the perturber, since its orbit is below the
plane of NGC 2820 before perigalacticon and above it after-
wards, but not with NGC 2805 as perturber since it is now
below NGC 2820's plane and was presumably above it before
perigalacticon,

The filamentary structure which appears to link NGC 2820
and IC 2458 on the PSS plates adds weight to the intérpretaté
ion of the HI data in terms of a tidal arm, however caused,
These filaments appear on both red and blue plates, and ther-
efore must contain some old stars. If these were newly
formed in the encounter, +there has been time for them to
evolve to thelr present colour during the 0.3 Gyr since peri-

galacticon (Freeman 1975).



5 CONCLUSIONS

In this Chapter HI and radie continuum observations
of the close group of galaxies NGC 2805, NGC 2814, NGC 2820
and IC 2458 have been present@d.ﬁ HI was detected in all
except NGC 2814, and there is good evidence for a HI bridge
linking NGC 2820 and IC 2458. The radio continuum emission
ig not significantly different from that of 'normal' galexies,
being comsistent with nuelear sources in NGC 2820, NGC 2814
and possibly IC 2458,

It is postulated that the HI bridge and disturbed nature
of this group are the result of a tidal interaction, in
whiéh either NGC 2814 or NGC 2805 passed within one galactic
radii of a proto-NGC 2820 about 3 Gyr ago, in an approximately
co-planar orbit., As a result the HI (o?igiﬂally surrounding
NGC 2820) was drawn out to form a large tidal arm, in which

IC 2458 is now embedded.



CHAPTER 8

OHE PECULIAR GALAXIES NGC 3310 AND NGC 3432

1 INTRODUCTION

The galaxy NGC 3310 is number 217 in Arp (1966) and the
photograph is reproduced in Plate 8.la. The main optical
parameters are shown in Table 8.1, NGC 3310 is classified as
'SAB(r)be pee' in RC2, and an excellent review of its properties
appears in van der Kruit & de Bruyn (1976). The galaxy is
notable for: a disturbed ('bow-and-arrow') strueture in the
outer parts to the north-west; a very symmetrical spiral struot-
ure in the inner parts of the dise, which is especially clear
on Hx plates such as Plate 8.1b; highly intense optical emission
lines; & high value for the radio»coﬁtinuum flux and & very blue
ecolour.

Recently the ionized gas in NGC 3310 was investigated by
van der Kruit (1976), who assumed a flat pleme and large-scale
organigsation of the velocity field to model the observed velocities
in terms of (&) eircular rotation plus streaming motions co-
incident and parallel with the two spiral arms, or (b) a kinematiec
density wave. He concluded that something very similar to a
strong density wave exists in NGC 3310. He pointe out that this
ig consistent with all other known properties of the system,
and these also suggest the phenomenon is relatively young
(probably 1.0% yr or less).

A gtudy of the physieai>eonditions in the nucleus of NGC
3310 (Andrillat & Collin-Souffrin 1976) shows that there is an

overabundance of oxygen, and that the synthesised stellar pop-




Plate 8.1 (a) Photograph of NGC 3310 from Arp 1966. The photo-
graph measures approximately 10.7 x 8.3 arcmin. (b) HX photo-
graph from van der Kruit & de Bruyn 1976. The photograph

measures approximately 1.8 x 1.4 arcmin. Both photographs have

north at the top and east at the left.



Table 8,1 Optical Parameters for NGC 3310

Optical nucleus (1950)

RA 10835™39%, 5

dec 53%4.5' 54"
Claasification SAB(r)be pec
Total B magnitude% 10.9
Colour Index, (B-v)" 0.24 mag
Inclination wrt plane of
sky, 1 32 + 6°
Distance, D 20.5 HMpe
Linear Scale 1 arcmin & 5,96 kpe
Dimensions
(major axis x minor axis) 3.6 x 3.5 srcmin
Systemic velocity . 994 + 7 km/s

1019 + 3 km/s

PA of major axis 172 + 4°

83

Source

RC2

RC2
RC2
RC2

van der Kruit 1976

van der Kruit &
de Bruyn 1976

RC2
RC2
van der Kruit 1976
van der Kruit 1976

corrected for galactic and internal absorption, and to 'face-

on' view.
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nlation contains a large fraction of O and B stars which account
for the intense ultraviolet continuum from the nucleus. Seaguist
& Bignell (1977) have presented aperture synthesis observations
of the radio continuum at 2.7 and 8.1 GHz, The maps show the
emission resolved into components associated with the nucleus and
inner spiral structure seen in Ho ,

NGC 3432 is classified 'SB(s)m sp' in RC2, and the main
optieal parameters are displayed in Table 8.2. NGC 3432 is
number 206 in Arp (1966) and the photograph (Plate 8.2) clearly
shows two condensations: one about 3 aremin to the NE of the
nueleus which was reported by Vorontsov-Velyaminov (1959), and
one to the west which was moted by Bertola (1966). The latter
author found evidence for nom-circular motions of about 30 km/s
in the central part of the dise from an optical study. The
western condensation (a dwarf companion acecording to RC2)
appears as number 05983 in UGC which catalogues the main body
plus the condensation to the NE as number 05986. Van der Kruit
(1973) has published a radio continuum map of NGC 3432 at 1415
MHz, which shows a disc of emission coincident with the main
body of the galaxy and an extended source close to but not
coineident with the NE companion (and presumed not to be agsoc-
iated with it). |

Previous published HI observations of NGC 3310 (Bottinelli
et al. 19703 Balkowski 1973; Peterson & Shostak 1974) and NGO
3432 (Roberts 1968; Balkowski 19733 Bottinelli & Gouguenheim
19743 Dickel & Rood 1978) have used single-dish instruments,
Both galaxies were observed in PFebruary 1978 using the Half-MNile
telescope, and the results (which are described together in this
chapter) provide the first detailed maps of the HI distribution
and radial veloecity field. Van der Kruit & de Bruyn (1976)
mention that HI observations of NGC 3310 with the WSRT are in

preparation.




Table 8.2 Optical Parsmeters for NGC 3432

Parameter

Optical nucleus (1950)
RA
dee
Clasgification
Total B magﬂi%ude%
Colour Index, (Bwv)%

Inclination wrt plane of
sky, i

Distance, D
Iinesar scale

Dimensions ,
(major axis x minor axis)

Systemic velocity
PA of major axis

Value

10849M42%, 6
36°53106"
$B(s)m sp
11.0

0.30

l"“/ r«{o
7.9 HNpe
1l arcmin = 2.3 kpe

6.2 x 6.1 aremin
636 + 13 km/s
38 + 1°

Source

RC2

RC2
RC2
RC2

Dickel & Rood 1978
van der Kruit 1973

RC?2
RC2
Plate 8.2

corrected for galactic and internal absorption, and to

tface-on' view,
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Plate 8.2 Photograph of NGC 3432 from Arp 1966. North is at the
top and east is at the left. The photograph measures approxima-
tely 10.7 x 8.3 arcmin




2 OBSERVATIONS

The surveys of both NGC 3310 and 3432 consisted of 12
equally-spaced interferometer baselines as indicated in Table

8.3, The HI emission was measured using the digital spectrom-

eter over a 4~-MHz bandwidth, and continuum radiation was meagured
in the 10-MHz bandwidth centred on 1417 NHz. The survey of

NGC 3310 was calibrated by observations of 3¢ 380 and that of
NGC 3432 by observations of 3C 48,

In order to correct for the presence of continuum emission,
the channel maps which contained no significant line emission
(649~T728 plus 1203-1335 km/s for NGC 3310, and 390~-417 plus
839~1024 km/s for NGC 3432) were averaged and subtracted from
those which did, The resulting 'continuum-free' channel maps

are shown in Pigs 8.1 and 8.2.
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Table 8.3 Details of the observations of NGC 3310 and 3432 with
the Cambridge Half-Mile telescope.

e

Dates
Map centre (19%50)
RA
dec
Interferometer baselines
number
smallest
increment
largest
Calibrator
name
flux density
reference

Response

synthesised beam (HPPW)
RA x dec

structure absent

radiug of first grating
response in RA

Continuum survey
bandwidth
centre freguency
gsensitivity/beam ares
Hydrogen=-line survey
bandwidth
heliocentric velocity
range
channel sepavation
chennel width (PWHP
Gaussian)
mean rms sensitivity/
beam area

NGG_3310
1978 February

10%35%39%, 0
53451540

12

12.2 m
6.1 m
79.3 m

3¢ 380
13.8

flesmore & Mackay
(1969)

7.4 x 9.2 arcmin
>1°

10 MHz
1417 MHz
2.8 mdy

4 NMHw

570-1388 km/s

32 km/s

38 mdy

NGC 3432
1978 February

10%49™42%. 6
36°53106"

12
12.2 m
6.1 m
79.3 m

3C 48
15.3

Kellermenm gt al.
(1969)

7.4 x 12.3 arcemin
>1°

N2O
10 WHz

1417 MHz
2.8 ndy

4 MHz

232-1050 km/s
26.4 km/®

32 km/e

34 mdy




8-9

FAN Lo - +
! O ~={ 500

N, ] s

‘_
;, \ —| s&00'
o

s\ /\‘ 1]

54°00’
{.
\
) 53°30°
l
~N[ - I T
- I 7 j
o> O ) | se'00’
k ST \
\‘ 3 \ _
~ 7/ P
'
N
\\ - _ -
\ —_~ /o~
{ \ —| 5330’
/oo v
AN A AN
'™ 1™ ™ 10Me™ 10" 1™

Figure 8.1 Channel maps for NGC 3310, free from continuum emission. Contours start
at 50 mJy with the same contour interval (o ~ 38 mdy). The large cross is the map
centre and the smaell crosses are star positions for alignment with optical photo-

graphs. The hatched ellipse represents the HPBW resolution (Table 8.3). The numbers
at the top-left of each box indieate the heliocentric velocity in Im/s. '




¢

54°00'

§3°30

54°00'

53°30

53°30'

54°00°"

§3°30'

13e™ 10"%™ 1% 1d'3™ 10036™ 103"

Figure 8.1 continued



8-11

T~ ] ( T '
. .
S N 4°00

53°30'

54°00"

53°30°

Figure 8.1 continued




8-~12

/ —| 37°%0’
\

| 36%30°

37°00"
o

e
~/ />~
"‘w /,\ *‘m BUNESIEN —| 36°30°
£l ! I v I AN 4-@1/‘\"\‘ l | A
|

e
+ o~ +
AN — = Q — 37%0

\ !
Q [ P /
\ Y T T P
- \ 1, O ,
- ~ — -~ N2y — 36°30
e s | | | l | ) | N R | t
1's™ g™ s 10"

Figure 8.2 Channel maps for NGC 3432, free from continuum emission. Contours start
at 50 mJy with the same contour interval (o ~ 35 mJy). The large cross is the map
centre and fhe small crosses are star positions for alignment with optical photo-
graphs. The hatched ellipse represents the HPBW resolution (Table 8.3). The numbers
at the top~left of each hox indicate the heliocentric veloelty in km/s.




813

[ 7~
AV
+
. 37°00'
— 36°30’
N
|
469
1
}* O 37%0’
J
— 1 36°30
il
1/
_ 522
. N -
+
N 37°0’
N
J
o/
_ 1
- /
\ | —+ 0nn’
— 36°30
\
4.| |m ' ) | | i | +| | m 1 A_\l -| 1

Q5™ 1ohu™ 1™ 10"

Pigure 8.2 continued




8-14

37°00

37°%0

36°30

37°00

Pigure 8,2 continued



8~15

37°00’

37°00°

36°30°

37°00'

36"30

Pigure 8,2 continued




8-16
3 RESULTS AND ANALYSIS
3.1 NGC 3310
3.1.1 RADIO CONTINUUM

At the resolution of these observations the continuum
radiation in a 10-NHz bandwidth centred on 1417 MHz consists of
two unresolved sources near NGC 3310, The first, of flux density
0.40 + 0,01 Jy, lies exactly at the map centre, RA 10%35%39%, 0
dec 53%45'54" (Table 8.3). High~resolution observations (van
der Kruit & de Bruyn 1976) confirm this flux density and reveal
that the emission originates from the two spiral arms seen in
Het 1ight, The second source seen in the present observations
is of flux density 0.10 + 0.0l Jy, and is at RA 10h36m27$ dec
53055'16". A box is positioned at these coordinates on Plate
- 8.3 and encloses a pogsible identification with an elliptical

galaxy near the plate limit (not visible on Plate 8.3).

3.1.2 INTEGRAL PARAMETERS

The integrated spectrum of NGC 3310 is displayed in Pig. 8.3,
and was used to derive an estimate for the systemie veloecity of
999 + 10 km/s (Table 8.4), in good agreement with the optieal
value of 994 + 7 km/s by RC2 but somewhat lower tham the value
of 1019 +. 3 ¥m/s by van der Kruit (Table 8.1). By evaluating
the ares under the integrated spectrum, the tobal mass of hydro-
gen was estimated to be (5.5 + 1.3)x 107 M, at the adopted dist-
ance of 20,5 Mpe (Table 8.1). This value agrees with the
previous determinations (Table 8.4). The resultant MH/L ratio
is 0.20, typical of galaxies of type Sb or Sc¢ and thus confirming
the optical classification.

The btotal width of the line-profile is 211 + 20 km/s. Using
the formul# given in Section 2,4(f) of Chapter 1 (which assumes

circular rotation), and adopting values given in Tables 8.1 and
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Table 8,4 Integrsl Paramebters for NGC 3310

Parameter Value Source

P

HI dimensions (taking into
account convolution with the

synthesised beam) Plate 8.3 at PA 0°
major axis 4.4 arcmin
minor axis unresolved
HI systemic velocity 999 + 10 km/s Pig., 8.3
Total width of HI line
profile at 3¢ level. 21l + 20 km/s Fig, 8.3
HI mess, My («D%) (5.5 + 1,3)x 107 M Fig. 8.3
9.1 x 107 M, Balkowski 1973
5.6 X 109 M@ Peterson &
Shostak 1974
Total mass within 2 arcemin 11
of nucleus, Ny («¢D) ~1.2 x 107" M_ This table &
Pable 8,1
Luminosity, L (<D%) 2.69 x 1010 I_ Table 8.1
MH/L 0.20 this table
m@/L ~ 4.4 this table
4 Peterson &
Shostak 1974
~ 10 Balkowski 1973

MQ/M% 0,05 this table



8-19

M®.

8.4, the total mass, Hn, was found to be of the order 1011

3.,1.3 THE HI DISTRIBUTION

Signifiecant emission (greatef than 3¢) is seen on Fig. 8.1
in the channels between 913 and 1071 km/s., This is assumed to
be associated with NGC 3310, since there is a systematic shift
from NW to 8E with increasing radial velocity. The isolated
emission seen to the east of the nucleus at 992 and 1018 km/s is
probably real, and joins smoothly with the brighter emission
around the galaxy at 1045 and 1071 km/s. This feature will be
termed the 'BEastern Extension'.

Plate 8.3 shows the map of integrated HI superimposed on
a blue PS5 photograph. The eastern extension is prominent, but
no corregponding optieal feature can be seen. The HI in the
extension reaches 10 arcmin (or sbout 60 kpe) from the optieal
nucleus of NGC 3310, which is itself displaced 1.5 arcmin to
the SW of the peak of HI emission. The bright emission surr-
ounding the nucleus ieg resolved in declination and has an ang-
ular size of about 4 aromin.

The velocity field of NGC 3310 is shown in Fig. 8.4.
The maximom velocity gradient is at approximately PA 0°% in the
northern half of the galaxy and PA 140° in the south (ef. the
optieal PA of 172 + 4° given in Table 8.2). The veloecity
contours clearly indicate a rotating disc, but the limited
spatial resolution does not permit a more detailed analysis.
The small irregularities displayed by some of the contours
result from local enhancements of the HI column demeity (Pig.
8.1). As would be expeeted, there is no sign of the density

waves apparent in the HX velocity field.
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Plate 8.3 Map of integrated HI superimposed on a blue photograph of NGC 3310
(copyright by the National Geographic Society - Palomar Sky Survey, reproduced
by permission from the Hale observatories). The integration was performed over
the velocity range 860-1124 km/s and employed a gate of 60 mJy. The contours
start at 20 K km/s and are at the same interval. The rms noise is typically ~ 6

K km/s. The large cross is the map centre and the smaller crosses

are star posit-
ions used for alignment.

The hatched ellipse represents the HPBW of 7.4 x 9.2

arcmin. No polar diagram correction has been applied. The box is centred at RA

10h36m27s dec 53°55'16", the position of a bright radio-~-continuum

source (see
text).
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The isolated patch of emission seen at RA 10h33m dec 53050'
in Plate 8.3 can be traced to emission at the 30 level on the
channels at 965 and 992 km/s (Pig. 8.1). The emission is prob-
ably real but no corresponding optical feature is evident. The
isolated emission at RA 1Oh38m dec 53930' arises from s super-
position of two separate 36" peaks on the channels at 939 and
1071 km/s (Pig. 8.1). This is reflected in the large velocity
gradient shown in Pig. 8.3, and the feature is probably not real,
nor the 1l.5-0 extension seen to the weat of the bright emission
on the 913 km/s channel (Fig. 8.1).

The three channel-maps at 1150-1203 km/s (Pig. 8.1) show
an interesting feature located about 14 arcmin to the NW of the
nucléua. This emission, almost certainly real, shifts systemn
atically from SE to NW with inereasing radiasl velocity. There
is no corresponding optical emission, although the 'bow' (see
the Introduction) points towards the HI emission. There is no
evidence from the present obgservations that this HI emission is
contiguous with the bright emission surrounding NGC 3310. Note
that the velocity range encorporated in Plate 8.3 excludes this
feature.

The eastern extension and isolated HI to the NW of the
nucleus (noted above) are unexplained features which indicate
gsome disturbance to the HI in the outer parts of NGC 3310, Van
der Kruit & de Bruyn (1976) discussed tidal theories to explain
the unusual optical properties of NGC 3310, but concluded that an
interaction with either of the two nearest bright galaxies (NGC
3353 and 3448, which are both about 2°.5 away - the latter being
the subject of Chapter 6) was unlikely. UGC 05734 is a disturbed
80a galaxy (14 mag) which lies 39 arcmin to the SW of NGC 3310,
and UGC 0%720 is a peculiar galaxy (13.2 mag) which lies 54 arcmin
to the NW, Both galaxies are more likely candidates for an interac-

tion.
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3,2 NGC 3432
3.2.1 RADIO CONEINUUM

The radio-continuum emission at 1417 MHz within the area
shown in Plate 8.4 consists of three bright sources. Pirstly
there is the emission from NGC 3432, with a peak coincident with
the map centre (RA 10h49m43$ dec 36°53'06"), This source appears
to be very slightly resolved towards the NW. The flux density
on the broad-band map is 145 + 10 mdJy, but this includes the
effects of line emission. A better estimate of the flux density,
115 i 10 mdy, wag derived from the map of 'average-continuum'
radiation (Section 2). |

The second and brightest source lies at RA
10h51m49&32 dec 36054'¢1, as ~ indicated by a box on Plate
8.4, "The source is essentially unreseclved in these observations,
and has a flux density of 280 + 10 mdy (after a polar diagram
correction has been applied). One possible identification is a
Beyfert-~like galaxy seen at the southern end of the lo box.

The third source has a peak flux density of 112 + 13 wdy
(corrected for polar disgram) and lies at coordinates RA 10M48™
51332 dec 36031'il; The source appears resolved, but this is
probably due to the confusion of several distinet point sources.
No obvious optical feature is coincident with this object.

The area surrounding NGC 3432 contains two other
interesting objects: an edge-on spiral galaxy (U060 6036 at RA
10%53M00° dec 37°07' ) and & peculisr galaxy (MCG+06~24-019
at RA 10h47mzm$ dec 36037ﬁ)¢ Neither of these

features is coincident with any of the continuum sources.
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3.2.2 INTEGRAL PARAMETERS
The integrated spectrum of NGC 3432 is displayed in Fig.
8.3 and the systemic velocity derived from it is 606 + 10 km/s.
This value ig in good agreement ﬁith the determination by Dickel
& Rood 1978 (Table 8.5). By evaluating the area under the
integrated spectrum, the total mass of hydrogen in NGC 3432 was

estimated to be (19 + 2)x 108

MQ at the adopted distance of.
7.9 Hpe, This value is 20 per cent larger than the previous
determinations (Table 8.5), but is not inconsistent with them
when allowance is made for the errors. The resulting MH/L ratio
is 0,53 + 0,10 and suggests a galaxy of type Sed to Sm, confirm-
ing the optical eclassification.

The total width of the integrated spectrum was 264 + 26 km/s
(ef. 272 km/s by Dickel & Rood 1978). The +total mass withih 3
arcmin of the nucleus was computed iy the same way ag deseribed
for NGC 3310, and  found o be - .. My% (30 & 10)x 107 M.
The range. of . values of My - . in Table 8.5 reflects the

different methods of calculation used.

3.2.3 THE HI DISTRIBUTION

Significant HI emission is seen on the chammel maps (Fig.
8.2) between 496 and T60 km/s. The peak amiaaiom on each channel
shifts from NE to B8W with  increasing radial
velocity. Plate 8,4 shows the map of integrated HI superimposed
on a blue P35S photograph. The peak of HI emission is nearly
coincident (~ 0.5 arcmin to the NE) with the nucleus of NGC 3432,
and the HI is distributed with an apparent major axis at PA
20 + 50, After correcting for the convolution with the synthes-
ised beam, +the HI dimensions are 6.3 x 2.0 arcmin.

The HI shows an apparent extension (Plate 8.4) reaching 2




Table 8.5 Integral Paremeters for NGC 3432

Parameter
PA of HI major axis

HI dimensions (taking into

account convolution with the

synthesised beam)
major axis
minor axis

HT asystemic velocity

Total width of the HI line
profile at 3¢ level

HI mass, M @mbg)

Total mass within 3 aremin
of nucleus, My (D)

Luminosity, L Gﬂﬁg)

Mg/ L
m@/n

ME/MT

Value

20 + 5°

6.3 arcmin
2.0 arcmin

606 + 10 km/s
615

264
272

(19 x 2)x 107 M
8 ’

15 x 107 M,

16 x 10° W,

26 km/s

f+

8

4

(30 + 10)x 107 M,

112 x 109 M
66 x 10° M,

(36 + 3)x 10°

0.53 + 0,10
0.42

0.45

8 + 3

31

13

0.063
0.013
0.036

LGJ
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source

Plate 8.4

Plate 8.4 at PA 20°

Fig. 8.3
Dickel & Rood 1978

Pig. 8.3
Dickel & Rood 1978

Pig. 8,3
*®
Diekel & Rood 1978
*
Balkowski 1973

this table &
Table 8,2

Dickel & Rood 1978
Balkowski 1973

Table 8,2

thia table

')ﬁ'
Dickel & Rood 1978
Balkowski 1973%

thig table

Dickel & Rood 1978"
Balkowski 1973*
this table

Dickel & Rood 1978
Balkowski 1973%

9
Corrected to a digtance of 7.9 Mpe and, where applicable, using
the luminosity given in Table 8.2,
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Plate 8.4 Integrated HI map of NGC 3432 superimposed on a blue photograph (copy-
right by the National Geographic Society-Palomar Sky Survey, and reproduced with
permission from the Hale Observatories). The contours start at 20 K km/s and higher
contours are at intervals of 40 K km/s. The rms noise level is typically about 4

K km/s. The large cross is the map centre and the smaller crosses are star posit-—
ions used for alignment. The hatched ellipse represents the HPBW of 7.4 x 9.2
arcmin. No polar diagram correction has been applied. The box indicates the
position of a bright radio continuum source (see text).
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arcmin to the west of the dwarf companion (UGC 5983), Examin-
ation of Fig. 8.2 reveals @& channel-to~channel shift - of

the peaks of HI emission in the veloeity range 654~T760

km/g, predominantly  along aﬁx; east~to~-west

line. This is at variance with the HI peaks at remaining velocities,
which shift . along a NE-SW line (approximately coineident with
the optical major axis of NGC 3432).

It ie difficult to debermine frbm the present observations
whether the feature noted above is a warp of the HI layer (e.g.
gimilar to that seen in M33), or is due to HI around the dwarf
companion UGC 5983, There is a large displacement (about'z.B
aremin) between the peaks of HI emission on the channels at
628 km/s and 654 km/s, which euggests that the emission at
velocities greater than and ineluding 654 km/s may belong to
a separate feature, in accordance with the latter theory. The
pesks of HI emission at 654, 681l and 707 km/s lie very close to
the position of UGC 5983 and so do not exelude this theory.

Pig. 8.5 shows the veloecity field. As discussed above, the
velocity gradient to the 8W of the nucleus lies along an eagt-
weat line, whereas to the NE of the mucleus the gradient is more
along the the optiecal major axis of NGC 3432. It is also appar—
ent that the magnitude of the velocity gradient to the SW of the
nueleus is approximately twice that in the NE.

The inverted velocity gradient seen at the extreme NE end
of the major axis is an artefact. In fact these near-to-systemic
velocities arise from very bright HI near the nucleus which has
been spread outwards by the response of the synthesised beam,
The phenomenon is enhanced by the extremely sharp cutoff in

emission at velocities less than 496 km/s (Pigs 8.2 and 8.3).
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Finally, the presence of a 3¢ unresolved source about 13
arcmin to the SE of the nucleus on the channel at 390 km/s is
noted (Fig. 8.2). The emission is nearly coinecident with a
very faint elliptical galaxy, but is probably not real since
it appears on only one channel, For a similar reason, the 1.5-¢
taile apparently emerging from the brighter emission of NGC 3432
at 496 and 733 km/s are also probably unreal,
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3 CONCLUSIONS

In this chapter, radio~continuum and neutral-hydrogen
observationg of NGC 3310 and NGC 3432 have been presented,

The spatial resolution was 7.4 arcmin in RA, and the veloocity
resolution was 32 km/s.

The HI in the outer parts of NGC 3310 appears to be dist-
urbed, as witnessed by an extension reaching 10 arcmin to the
eagt of the nucleus, and isolated emigsion 14 arcmin to the NW
of the nueleus. No corresponding optiecal emissgion is seen,
and it is 1ikély that these disturbances have been caused by a
gravitational interaction.

The HI surrounding the galaxy NGC 3432 is generally cong-
istent with a rotating disc which is nearly edge-on. However,
at the SW end of the major axis, the HI extends westward, away
from the optical major axis, reaching 2 aremin to the west of
the'dwarf companion UGC %983, It is not clear from the present
observations whether the HI in this feature is im rotation about
NGO 3432 or forms a separate rotating system surrounding UGC
5983,
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CHAPTER 9
SUNMMARY

This thesis has described hydrogen-line observations using
the Cambridge Half-Mile telescope. This chapter is intended to
summarize the main conclusions of this work.

Chapters 2 and 3 deseribed observations of two nearby galaxies
of late-~aspiral type, namely M33 and NGC 2403, The severe warping
of the HI layer in the outer parts of N33 was clearly seen, and
a revised geometry for the warp was preéented. A gravitational
interaction between M3l and M33 is a possible explanation for the
large-scale distortions observed in M33.

Sengitive low-resolution maps revealed only a very slight
warp im NGC 2403, Comparison of the magnitude of this warp with
that in M33 was hampered by uncertainties im the distance of
NGC 2403, and even more sensitive observations are required for
a detailed study of the Warpiﬁg in NGC 2403, HI maps at a higher
regsolution allewed the dynamical parameters to be investigated,
and confirmed the values of Shostak (1973). Several HI spiral
features were seen, and these appear (as far as the limited resol-
utiom allowed) to be correlated with the optical spiral arms and
HII regions. The velocity field showed several perturbations
asgsociated with the optical spiral arms, in gqualitative agreement
with the dehsity~wave theory of spiral strueture.

The remaining chapters described observations of irregular
and peculiar galaxies. Chapter 4 described observations of a
dwarf irregular galaxy, NGC 1569, This galaxy has been the sub-

jeet of interest due to its prominent HX filamentis, which previous
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authors have thought to originate from an explogion in the nucleus.
Observations revealed that the overall HI distribution was that
expected of a disc in normal rotation, although several unusual
features were noted. No correspondence was observed between the
velocity fields of the HI and H«, the latter (de Vaucouleurs et
al, 1974) being chaotic and displaying a general velocity
gradient perpendiecunlar to the major axis., The similarities
between NGC 1569 and the well-studied galaxy M82 were noted,
and it was suggested that many features of NGC 1569 are due to
the galaxy having drifted into a tenuous cloud of dust and gas,
as originally advocated by Solinger et al. (1977) for M82,

Irregular galaxies of class II (IrIIl) were the subject of
particular interest in this thesis. In Chapter 5, a list of
46 galaxies alleged to belong to this class was presented, and
as many optical and radio data as possible were collected and
examined for uwnusual correlations and well-defined properties.
Apart from their characteristic optical appearance (irregular
morphology, presence of dust lanes, absence of stars or HII
regions), the sample displayed few common properties, A tend-
ency was noted for: (i) an earlier spectral type than normal
for their colour; (ii) 'flat' spectral indices; (iii) a wide
dispersion in MH/I, but with a mean value gimilar te that of
50 galaxies. The tendency of the IrlIl sample to possess close
companions was investigated sgtatistically, in order to verify
the hypothesis that all such galaxies have a tidal origin,

No firm evidence was found for a greater tendency in the Irll
sample than a control sample of Se galaxies, A detailed study
of individual objects is necessary, and for NGC 3448 and NGC
2814 this is pursued in Chapters 6 and 7, respectively.
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Arp 205 consists of an IrII galaxy (NGC 3448) and a dwarf
irregular companion (UGC 6016) less than one diameter away.
Observations revealed HI in rotation about NGC 3448, HI rotating
in almost the opposite sense about UGC 6016, plus emission to
the west of NGC 3448 with a smaller recession velocity than it.
A model was constructed for the HI dynamics which suggested that
there had been a planar tidal interaction between these two
galaxies.

NGC 2805, HGC 2814, NGC 2820 and IC 2458 form a compact
group of galaxies of which NGC 2805 is the brightest. HI was
detected in all except NGC 2814, and there is good evidence for
a HI bridge linking NGC 2820 and IC 2458, It is postulated that
the HI bridge and disturbed nature of this group are the result
of & tidal interaction, in which either NGC 2814 or NGC 2805
passed within one galaetic radii of a proto-NGC 2820 about 3 Gyr
ago, in an approximately co-planar orbit. As a result the HI
(originally surrounding NGC 2820) was drawn out to form a
large tidal arm, in which IC 2458 is now embedded,

Thus two more IrlIl galaxies are likely to have been invol-
ved in gravitational interactions., It is Decoming increasingly
clear that gravitational interactions are the originators of
many of the galaxies c¢lassified as IrlJ. Nevertheless, as a
whole the Irll category exhibits such a diversity of properties
that it is wise to treat the cases individually, rather than as
members of a homogeneéous class with the same mechanism of form-
ation.

Finally in Chapter 8, observations of two optically pecul-
iar galaxies, NGC 3310 and NGC 3432 were deseribed., The HI in
the outer parts of NGC 3310 appearsgs to be disturbed, but no
corresponding optical emission is seen. It was postulated

that these disturbances were caused by a gravitational inter-
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action. The HI surrounding the galaxy NGC 3432 is generally
consistent with a rotating dise which is nearly edge-on.
However, at the SW end of the major axis the HI extends westward
towards the dwarf companion UGC 5983, Observations with higher
spatial resolution are reguired to determine if this feature
is HI in rotation about NGC 3432 or a separate rotating system

surrounding UGC 5983,
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COMPUTER SIMULATIONS OF GRAVITATIONAL INTERACTIONS IN GALAXIES

This appendix is based on the work of Wright 1972. The
galaxy to be simulated is teken in each case to be a point mass
surrounded by test particles.which can be considered as mass
elements of a pressure-free gas. Initially, the test particles
are distributed in a flat dise, each partiele having a circular
veloeity appropriate to its particular radius. The intruder
galaxy, represented as a point mass, is allowed to approach the
main galaxy from a distance. Each test particle is considered
to experience the attractive forces of the main and intruder
galaxies (represented as point masses) and thus the equation of
motion can be solved., The main gslaxy is assumed to have a
spherically-symmetric gravitational potential, which does not
change with time (during which the galaxy may become disortad),
This assumption is reasonable in all but the most violent inter-
actions where the nucleus is disturbed. Self-gravitation effects
are ignored,

In this idealiged situation, the free parvameters are:

(1) The mass ratio, u = (mass of intruder galaxy)
(mass of main galaxy).

(2) The eceentricity of the intruder's orbit, e. If e >1 then

the orbit is hyperbolic, if e = 1 the orbit is parabolic, and if

e < 0 then the orbit is elliptiecal (i.e. a bound orbit).

(3) The perigalacticon distence, or distance of closest approach
between the nucleus of the main galaxy and the point-mass intruder.
(4) Two angles defining the orientation of the intruder's orbit
relative to the disc of the main galaxy. The exact definitioés |

are given in Wright (1972) and Toomre & Toomre (1972) but are
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not included here since only co-planar (or approximately co-planar)

orbits are employed in this thesis. There are two types of

co-planar collisions: 'prograde' (or 'direct') and 'retrograde’
(Fig. A.1).

(5) The viewing time, T. T = O corresponds to perigalacticon.

I
P . G PROGRADE OR DIRECT

RETROGRADE

Pigure A.1. The definition of prograde and retrograde collisions.
"I indicates the intruder galaxy (arrow shows its velocity).

'G' is the dise of test particles (arrow shows sense of rotation).
'P' marks the perigalacticon.
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Figs. A.2, A.3 and A.4 show examples of the simulations, and
a summary of the discussion relevant to this thesis is reproduced
below:
(1) 'Pails' are normally produced whenever a galaxy suffers a
direet, close approach from a similar, or smaller galaxy aslong a
parabolic, or near parabolie orbit.
(2) Tails are both eamsier to form and substantially more long-
lived than ‘'bridges'.
(3) Purely retrograde interactioms do not produce either tails or
bridges, although a small amount of ineclination can produce such
effects, .
(4) 'Overhead' encounters produce some evidence of both tails and
bridges lying in the plane of the main galaxy, but these are both
small and short-lived.
(5) The produection of tails is very sensitive to the perigalacticon
distance of the perturbing body.
(6) The amount of mass eaptured by the perturbing galaxy from the
main galaxy is small, and even in the most favourable cases does
not exceed a few percent of the total mass,
(7) The amount of material which escapes completely from closely
interacting systems is oftem a substantial fraction (10-20%) of
each gelaxy's initial mass,
(8) In an interaction between two galaxies, one having a lower
mass but being more compact, and the other having a greater mass
but being more diffuse, the compact galaxy is much less susceptible

to digtortion. .
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