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(i)
Abstract,

Models of the Galactic symchrotron raldio—continuum emission are
applied to the 'edge-on' galaxies NGC 891 ani NGC 4631, to see if they
can account for the Aistribution of emission observed in them. It is
concluded that the model which has an emissivit: wﬁich decreases linearly
from the plane to a height of ~&6 kpe, can reasonably wall account for
the distribution in NZC 891, whereas for NGC 4631, the model which has
a2 'thick disc' of emission which varies with Galactocentric distance,
can fairly well account for the high Z-emission observed ther=,

Also in this thesis, the effect of spiral-arm irregularities on the
synchrotron profile along the 3alactic plane is investigated and the
effect of spiral shocks on the irregular component of the magnetic field.
It is shown that such irrvegularities can shif't the peaks of maximum
emission, in directions tangentiel t» spiral-arms, through several degrees
and also give rise to nultiple pezks. The effect of the shoek on the

magnetic field is shown to decrease these peaks of emission.




Preface.

The work presented in this thesis was carried out during the period
1976 - 1978, whilst the author was a research student under the supervision
of Dr. J. L. Osborne at the University of Durhan,

The work in chapter 2 on the effect of arm lrregularities on the
synchrotron profile, ani the effect of spiral shocks on the irregular
component of the magnetic field, was carried out in collaboration with
Dr. J. L. Osborne, All the calculations presented in chapter 5 are due
solely to the author. The main cnnclusions from this work have been
published in:-

Brinile, C., Prench, D, K, ani Osborne, J. L., 1978, Mon., Not, R. astr,

Soc. (in the press).
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Chapter 1
Introduction -~ The Halo Problemn,

1.1 Historical Background.

The galactic radio-continuum radiation was discovered by
Karl G, Jansky in 1932, whilst carrying out a study in long-distance
communications for the Bell laboratories in America. “orking at a wave-
length of 15 meters, he detected a steady background signal, which was
greatest when his aerial pointed to the constellation Sagittarius.

Grote Reber followed up Jensky's discovery, using a stcerable, 30 ft.
parabolic reflector. He produced the first radio maps of the sky, which
showed peaks of emission in the Milky Way away from any optical sources,
and in 194 he attempted to detect M31, but failed because of inadequate
sensitivity. With the rapid development of Radio Astronomy after the
Second World War, radic surveys of the sky were made at low frequencies,
in particular in Australia under J. L, Pawsey, and in England under

M. Ryle,

Westerhout a2nd Oort (1951) compared the radio distribution with that
of various classes of galactic objects, and it seemed analogous to that
of the most common stars, the G and X type dwarfs, which are distributed
similarly to the mass in the Galaxy. They computed the brightness
distribution to be expected if the sources of the radio emission were
distributed in the same way as the mass, They founl a good general
agreement between the computed maps and a 100 Mhz survey by Bolton et al
(1950), which was then the most complete surver., There wa3 however one
outstanding discrapancy; - the computed relative brightness towards the
ralactic Poles and the anti-centre, were much less than the measured
values.

Henyey and Keeman (1940), proposed that the radiation -is-
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Bremsstrahlung emission in the isnized component of the interstellar gas.
Alfvé; and Herlofson (1950), proposed that the radiation from radio
sources might originate from relativistic electrons, moving in the
magnetic field of a star. About the same time Kievenheur (1950), suggested
that the electrons arz the electron component of cosmic rays, and the
radiation originates in their traversal through interstellar magnetic
fields. Ginzburg in 1951, showed that the synchrotron process could
explain the Galactic radio emission, if the flux of cosmic ray electrons
is about one per cent that of the protons. This prediction was confirmed
when the first balloon flights carrying cosmic ray electron detectors,
wers flown in the 1950's.

In 1950 Ryle, 3mith and Elsmore suggested that some of the radio
sources that they had detected in their survey, mizht be identifiied with
nearby galaxies., The identification of a radio source with M3l was
confirmed when Hanbury Brown and Hazard (1951), showed that the size of
the radio source agreed with the optical 3ize of the galaxy. They also
showed that the total radio emission from Andromeda, is of the same order

of magnitude as that from the Galaxy.

1,2 BEvidence for a Galactic Radio Halo,

Shklovsky (1952) was the first person to suggest that the Selaxy is
surrounded by a large, spherical radio halo or corona, as it is sometimes
called. With a model of the radio-continuum emission, incorporating a

n
spherical halo, the wminimum brightness would occur at | - 180°,
b= £ 459, anl since the path length through the halo in this direction
4 o X
wn:ld be roughly three times less than that towards A 0, b =2 459,
tl:2 brightness would b2 about three times that in the latter. These two

predictions were both confirmed by Baldwin in 1955,




During this period cosmic ray anisotropy measurements were made,
which supported the halo hypothesis, It was found that the anisotropy
of cosmic rays above 10'1 ev is less than 10-~.(JL 16_5 from more recent
measurements). Biermann and Davis (1958), pointed out that a large
spherical volume contzining cosmic rays, would lead to such a small
anisotropy. This result was followed by the declaration of Pawsey (1961),
that the "recognition of the corona in our Galaxy from observations of the
nonthermal component of cosmic radio waves is one of the outstanding
astronomical discoveries of the century."™ Since then much work has been
done on the galactic distribution of continuum radio emission, and the
propagation and confinement of cosmic rays, making such a "discovery"
doubtful, Baldwin (1967) and Burke (1967), suggested that the enhanced
emission from the localAspiral arms and spurs, due to the compression of
the magnetic field, might be able to explain the entire background
radiation without the presence of a bright halo,

Webster (1575), from an analysis of T - T plots, in which the
temperature of a region of the sky at a particular frequency, is plotted
against the temperatur=s of the same region at a different frequency,
concluded that the 'signeture! of the plots is adequately accounted for
by a spherical halo with a radius of between 10 and 15 kpc. Assuming that
the spectrum of the halo emission is steeper than that of the dise
component, as would be expected from the energy loss processes, he produced
synthetic T - T curves, whichk resemble the observed ones when a large
halo is present., The T - T plots show a closed loop, and the separation
of the two branches of the loop is the 'signzture' of a radio halo with
a gpectrum steeper than that of the disc, According to him the radius of
the halo is 12.5 kpe, =nd the emissivity at B81.5 Maz 40° k/kpe, about 30
times weaker than the disc emission. Although his work appears to be

compelling evidence for a large halo, some workers are not in agreement




with his interpretation of the plots, His results also contradict the
results of Bulanov et al (1975) and Dogel et al (1975), who showed, from
cosmic ray diffusion calculations, that the average emissivity of the
halo at frequencies around 15 Mhz must be about the same as that of the
disz. Bulanov et al (1976), have shown that if the spectral index of the
radiation changes slowly from disc to halo, as expected from diffusion
models, Webster in asasuming constant spectral indices, would have
underestinated the raftio of halo to disc luminosity.

Strong (1977) 4id a 3-dimensional diffusion calculation 4o reproduce
the T -~ T plots. He found that the average magnetic field intensity in
the halo, may be about a fifth of that in the disc. The full width to
half-maximum of radio-emission, is estimated to be about 6 kpe at 17.5 Mhz.

Recently Prench (1977), has modelled the radio-continuum radiation
using a realistic model of the spiral-structure, and magnetic field and
cosmic ray electron distributions in the Galaxy. From a detailed comparison
with observations, it wes concluded tlat the background emission can be
best explained if the Galaxy possesses a2 'pseudo-halo'. This halo is
quite different from a spherical halo, in that the thickness of the halo
decreases towards the Galactic centre, the thickneas following that of

the observed HI distribution.

1.3 Evidence Against a Radio Halo,

The cobserved relative amounts of spallation nuclei, Lithium,
Beryliium and Boron, in the cosmic ray flux, has bsen used as evidence
against a halo. From these measurements, it is found that the average
amount of matter traversed by the primary cosmic reys is ~5 2/0'%"
3ince the difflusion time for particles out of a chaotic halo is about
3x 10”2# » the total mass in the halo would be about 3 x 207 Mg »

which is the same order of magnitude as that in which a halo would become




gravitationally unstable. Because it is not known how much matter the
cosmic rays traverse before leaving their sources, it is not a very strong
argument. Daniel and Stephens (1970), concluded that the cosmic ray
confinement mechanisms require either no halo, or a 'leaky' halo.

Price (1974) could account for the high-latitude emission by vlacing
the Sun on the inner edge of the adjacent outer arm on the Lin and Shu
spiral pattern, which corresponis to the Perseus arm, Wrench and
Osborne (1976), however, pointed out that this is unacceptaﬁle since the
Perseus arm is more than 1 kpc away,

Studies of nearby stars and 2l-cm hydrozen observations indicate
that the Sun lies closz to or somewhere within a spur or branch <f the
overall spiral pattern, the Orion arm. Hormby (1966) argued that much
of the high-latitude brightness is due to emission from the local arm,
although this conclusinn is not supported by the worl: of French.

The point is that both Hornby and Price rezard the value of the local
synchrotron emisaivity as being arbitrarily adjustable, while French takes
it to be fixed by the nbserved values of field strength and electron
intensity at the Barth. The spiral arms will have a Z-distribution of
emissivity that is mors strongly peaked towards the galactic plane, than
has the interarm region. French then argues that the placing of the Sun

in an arm region lowers, rather than increases, the nole temperature,

1.4 Difficulties in Detectinz a Galactic Radin Halo.

The detection of a possible radio halo is made uncertain by the
difficulty in subtracting the background signal, due to extra-galactic
sources, and that due to local sources, such as extended supernova
remnants, It is also complicated by possible spurious instrumental effects,
due to sidelobe responses far from the main beam.

Baldwin's early worx of 1955 could have been influenced by such




sidelobe responses. Burke (1967) repeated Baldwins' measurements and
found the ratio of the brightness temperatures in the two directions to
be one, & value in agreement with the absence of a halo,

The eitra-galactic component can be subtracted if a reasonable value
for the mean spectral index can be established. From the assumption that
the flux density of all extra-galactic radio sources at meter wavelengths
has the same spectral shape, 5"@\(— o » .Bridle (1967) found that
the integrated extra-galactic emission at 150 Mhz is 48 * 11° K,

Subtracting the emission due to all the spurs and fine structure is
a very difficult task, Early rough attempts to do so (Baldwin, 1963,

Yates, 1968), confirmed that an extensive halo is no longer demanded by

the observations.

1.5 Radio Halos of External Galaxies.

Because of the difficulties, mentioned above, in detecting
unmistakably a2 radio halo surrounding the Galaxy, external galaxies have
been studied to see if halos exist, ‘'Edge-on' galaxies are the ideal ones
for this purncse, A radio-telescope of sufficient sensitivity and
resolution would be able to detect the emlission from a halo of such a
galaxy, if it existed, unambiguously.

M31 is the nearest galaxy that is believed to be similar to ours,
and has been studied in detail at optical ani radio-wavelengths, (see
Berkhuijsen, 1977 for comparison of radio and optical data), Interferometer
measurements at 81 Mhz, made by Baldrin (1954) at Cambridge, showed that
the emi;sion distribution could consist of a component "distributed like
the stars™ plus a spherical component., This was the first evidence of a
helo in en exterral galaxy, end it confirmed that in gener:l terms the
distribution of radio continuum emission in M31 is roughly the same as that

of the Galaxy (Westerhout and Oort 1951), Baldwin estimated that the




spherical component contributes about two-thirds of the total intensity.

In a follow-up investigation to their first detection of radio
emission from M31, Hanbury-Brown and Hazard (1959), proposed an inter-
prefation of the obszrved radio emission in terms of a disc and a halo
model. This interpretation was supportsd by observations of Large et al,
(1959) at 4LO8 Mhaz.

Many surveys of M31 have been done since then, non2 of then
conclusivaely proving {the existence of a halo, but the usual conclusion
being that one exists. Pooley (1969a) found that the total flux density
in the spiral arms, nucleus, ani background sources is significantly less
at 408 Mhz than the total flux density measured by large et al. (1959), at
4,08 ¥hz, thus supporting the halo hypothesis. Durdin and Terzian (1972)
reached a similar conclusion at 73.8 Mhz, Assuming the 5C3 sources all
have a spectral index of -0,7, their halo dimensions are 25 x 40 kpc.

A more recent 408 Mhz survey, made by Haslam et al, (1974) with the
100-meter Bonn radio-telescope, was used by Wielebinski (1976) for a
thorough investigation into the origin of the radio emission. After
havinz subtracted the emission due to sources in the area, and that from
the spiral arms of our own galaxy, he concludsd that if a halo exists
arouni M31, it must be at least a factor of three fainter than the halo
proposzd for our Galaxy by Webster (1975).

van der Kruit and Allen (1976), after having evaluated all of the
results of the various surveys, concluded that a faint radio halo
probably does exist around M31, though 1tz brizhtness is not yet resolved,

Pooley (1969b) using the aperture synthesis radio-telescope at
Cambridge, male the firat high-resslution radio-continuum observations
of NGC 4631. He established an upper limit to the brightness temperaturs
of a halo of 109K at 408 Mhz. More recent measurements with the Westerbork

telescope, which has a hisgher sensitivity than the Cambridge one, by Ekers




and Sancisi (1977), have revealed radio emission extending to about
12 kpc from the plane, At 610 Mhz the halo constitutes only a few
percent of the total flux density.

Observations by Allen, Baldwin and Sancisi (1977), of NGC 891 at
Wésterbork, have also revealed emission at large distances from the plane
for this galaxy,

Other ‘edge-on' galaxies have been studied, as weil as the above
two, although not in as much detail. NGC 3,32 (Se¢), NGC 3675 (Sb), and
NGC 3556 (Sc) were olLserved in the Westerbork study of bright spiral
galaxies, at 1415 Mhz (van der Kruit, 1973). In the case of the former
two galaxies, there is some evidence for a possible extended emission.

In a similar southern sky survey the nearby 'edge-on' zalaxies
NGC 253 (SAB (s) ¢) and N3C 4945 (SB (s) ), have been studied by Cameron
(1971), with the Molonglo Cross radio-telescope at 408 Mhz. No evidence
was found, for both galaxies, for a halo component of total emission
(0.5 to 1.0). x 10" WHz' ster at LO8 Mhz, this beinz the value

then postulated for the Galactic halo.

1.6 Cosmic ray nucleon and material halos,

Since the electron component of cosmic rays, which produce the
synchrotron radio emissinsn, is only a small percentaze of the total cosmic
ray flux, it is nossible that a nucleon halo as well as a radio halo
exists. Cosmic ray nucleons do not suffer significant energy losses in
a large halo, so that evilence against an extensive cosmic ray halo
argiues against an extensive radio halo. The distribution of gala?ﬁic ;

100 Mev  jy -rays, as measured by the Sa3-2 and Cos-B  satellites,

provides constraints on the possibility of a nucleon halo and a test for
the existence of a radio halo, The S8as-2 observations of

~ 100 Mewv P, -radiation in the Galaxy imply a non-uniform cosmic

ray distribution.



Stecker (1977) used this data to show that the observations are best
explained by the absence of a nucleon halo, or a very thin one, ‘Worral
(1977) showed that a large percentage of the high latitude J -ray flux
probably emanates from the 5alaxy and discrete extragalactic sources.

She considers it likely that the deficit in the ) Tey flux (the
observed flux is greater than the flux expected from the disc) is due to
the inverse- compton flﬁx from a flat halo. The PRt data therefore
allows for the possibility of a nucleon and a radio halo.

The only form of halo known definitely %to exist around the Galaxy
is a halo of population IX stars, consisting of subdwarfs, globular
clusters and RR Lyr-variables with P *» di L (Unsold 1969). PFirm
evidence that external spiral galaxies are surrounded by massive faint
halo8 of stars has been obtained by Hegyi and Sorber (1977), from
observations of the 'edge-on' galaxy N3C 4565. They found that signifiecant
emission of light occurs as far as 30 kpc above the plene of the galaxy,

which is best explained by the presence of stars,

1.7 Sunmary ol Thesis.

The object of this thesis is to draw some conclusions from the
observations of the radio-continuum emission of ‘'edze-on galaxies',
rezarding a possible halo emission around the Galaxv, from models of the
z - distribution in emissivity of the Galaxy,

Chapter 2 describes the models of the radio-continuum eﬁission from
the Galaxy that will be used. In chapter 3 the 'edge-on' galaxies
NGC 4631 and NGC 391 will be compared with the Galaxy, since they have
both been studied in detail. Chapter 4 Aescribes the models of the radio-
continuum emission, that have been constructed for these two galaxies,

from the chapter 3 models. The final chepter, chapter 5, presents the

results of the calculations of chapter Lk, and compares them with the

observations. Also in this chapter, the conclusions will be presented

and a discussion of posszible serious omissions to the chapter 4 models.
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Chapter 2
A Model of the Synchrotron Radiation of the Galaxy.

2.1 Introduction.

In the paper of Brindle et al. (1978), which is based on the
calculations presented by French (PhD. Thesis, Durham 1977), the Galactic
continuum radiation has been modelled to try to explain the distribution
of emissivity over the whole celestial sphere., This chapter will
sumnarize the model, since the inzrelients will b= us=1 in a later chapter
to produce a model of an ‘edze-on' spiral galaxy. Algo in this chavter
the effect of 3piral shocks on the magnetic field will be discussed,
together with the effect of irregularities in spiral arms on the

synchrotron profilas,

2.2 Summary of Hodel,

2.2.1 Magnetic field.

The field consists of a regular component that runs parallel to the
arms, and a superimposed isotropically orientated random component.l In
regions where there is no field compression the ratio of magnitude of
regular to irregular is adjustel to give the best fit o the obgerwmtions,
and is taken to be 0.75. The overall magnitude of the field intensity
has the form

HR) e [ | - exp(- )] [p - %}l

(-4

(2.1)

The first bracket ensurss the magnetic field falls to zero at the centre,
as expected from dynamo theory of field generation (White 1977). The
seconi bracket determines the radial fall off, R, being taken to be 131,

again in order to reproduce the observations.

i



2.2,2 Arm - interarm Modulation.

Density wave theory was used in D. X, Prench's model to deternine
the compression of Magnetic field, with iistance from the inner eige of
spiral arms and height above the plane. According to the theory the gzas
density rises abruptly at ean arm, and then falls off approximately
exponentially out to the next arm, where it rises abruptly again. The
radial variation was approximated by the expression,

:-QE: = b} euﬂa(:— 13-7 34;-) + O-7

AR (2.2)

ﬁéere A is the radial separation of the two arms adjacent to the point

being considered, & the distance to the inmer arm, and 8., ) .5'{-
the uncompressed and compressed gas densities respectively. At approx-
imately 0.5 kpc above the plsne the compression is expected to have
fallen to zero, since at this height the magnetic pressure overcomes the
gas compression. The pdlynomial which approximates the fall off in

compression with height above the plane is

D(z)=1| x0-77152- 172> +22-%14 23 (2.3)

The overall compression at a particular distance between the arms and
height above the plane, is obtained when the exponential term in 2,2 is

multiplied by 2.3.

2.2.3 S8piral Structure.

The galactic spiral structure used in the model is based upon the
model of Georgelin (1976), which used HII regions as spiral tracers and
the map of nmeutral hydrogen outside the Solar Circle of Verschuur (1973).
The overall structure is that of a four-armed spiral galaxy, with the Sun
situated between the Sagittafius and Perseus arms. Fig..2.1 shows the

spiral structure.




Fig, 2,1 Galactic Spiral Structure.

mmeeem piral structure of Georgelin (1975), using HIT regions.
—— spiral structure o2 Verschuur (1973), using HI regions.
Dotted line represents the Orion feature, 2nd & the location of
the Sun 2t R = 10 kpe. Circle with radius 15 kpc represents

bcundary beyond which emission is taken to be zero.
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2,2.4 Brightness Temperature Determination.

The brightness temperature in a given direction is calculated from

the formula N

K
: -HCM.‘ . 1-3 X
Tb“°'°‘*‘"31°j° ‘_ R u\e‘%‘] +Hyy (%:,e,\:)}ds

(2.4)

Io 13 the observed value of electron intensity at the Rarth at

e 5 -t Y -3

1 GeV, 80 _ 30 B s sr GeV ’
and this is assumed uniform throughout the Galaxy. He&k is the

effective value of the irregular component of the magnetic field., The
integrations were performed out to a boundary of 15 kpc, using a step

length of 0.015 kpe, € is the angle between the line of sight and

the regular component >f the magnetic field.

2.3 Magnetic Field Comvression,

Due to the high conductivity of the gas near the plane of the Galaxy,
the magnetic field is effectively tied to it. The spiral shock fronts
of Density Wave Theory reault in compression perpendicular to the spiral
arms and the regular field., Therefore the resgular component of the
magnetic field inside the shock simply increases as the shock strength,
Things are not so 'simple for the irregular component, which is considered
lto b= 1sotropic. To obtain the effective magnetic field tg f\ut into the
brightness temperature formula, the quantity ( H s 67 T =
has to be averaged over all values of © . The field lines that are
orientated perpendicular to the shock are unaffected, but the ones that
are inclined to the shock undergo a certain amount of 'bending',
Fig. 2.2 elarifies this situation,

After the shock the component Eb is enhanced by the factor 3} .

3

)
The net effect is an increase in H, and a decreasing of the angle X ’




as shown in Pig. 2.2 (b).
In the three-dinensinnal case the component of the magnetic field
perpendicular to the galactic plane is also enhanced by the factor _;s_- .

C1Y
The co~ordinate system that will be used to derive H% is shown in

Fig. 2.3.
The X - Y plane corresponds to the galactic plane, and the components
of a randomly orientated magnetic field vector H, with no compression, are
H=H.+ Ry +H, (2.5)

In the compressed field case the components become,

,H_," H. -v;_ag\j>l + 8> H,
< L,

-\

= He + 4. + 4,
- —J —* (2.6)

Pig. 2.4 shows the decomposition of the randomly orientated magnetic

field vector H, and Fig. 2.5 the component of H in the Y - Z plane,

_"137.:‘53’-% = (\}jz\x‘\" \ ﬂ;\-‘-)_k{: H s (a)
(2.7)

Regarding | H § as H etc., from the diagrams

@@= Hy, bn@=H (2.8)
W W,

where oC is the angle tetween H and the x - axis, as shown in

Fig. 2.4, ¢ is the angle between the y - axis and the projection of H
onto the Y - Z plane, as shown in Pig, 2.5.

From these two relations and the diagrams,

HJ_:— H<4>¢=<.. 9 \"‘\’ = H 5(»\«.05::41) H7_='- Hsmm&h ¢

(2.9)

Hy= 3> Hstm am 98,

\

(2.10)

H. = 82 Hsioc sin®
KN (2.11)
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Pig, 2.2a

"Bending' of a magnetic field

/ﬁ/ﬁ@ line due to & shock front.

(2 - D:case)

Decomposition of the modified

field line into x and y components.

| >,
SHOCK /FRONT M. 2.3

Coordinate system used to derive
ax) '
Hq&'fﬂ The x - y plane represents

X - the plane of the Galaxy.




X Fig. 2.4

Decomposition of the rendomly orientated
magnetic field vector H, into its
x, ? and Z components.

ind
N

Pig, 2.5

Component of H projected onto
Y - 2 plane, '




Pig. 2.6

The geometry in the plane of the %alaxy.
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Since the neareat spiral arm, the Perseus arm, is over 2 kpc away,
and the compression region of the disc is 0.5 kpc, the angle between the
line of sight and the galactic plane will always be very small, and here
it will be assumed to be zero. |

7

Fig. 2.6 shows the geometry in the plane of the Galaxy. {\ Ly
’

is the perpendicular component of _’-i sy to the line of sight in the

plane of the Galaxy, ep the angle between the line of sight and the

4

Y - axis, and {  the angle between H and the X - axis.

>3
From Fig. 2.6 th2 magnitude of H;) is given by
\
Ve aN"5
H"3=<H°: P AT )7' (2.12)
- }.\ /
But since ¢ = G —;6, 5 the perpendicular

component of the compressed magnetic field vector to the line of sight,

in the x - y plane, is given by,

T e

/ ’
Consijering also the Bz component of j‘_\ then,

H_:= K'HZ/ r (H: ¥ "'\g“)cu;(:er N (%&; )‘X’ZC -
2.13

Expressing this equation in terms of H, &x_ and ¢ s by using

equations 2.10 and 2,11, it becomes
’ i . 2 a . 2 -\
H.= HE_(%_‘?smq.sm Q’) + (ww*a + (;_,s_s‘s-nq <@ Ql) ) <a>"< oy
1
$2bnawmo) e,)]ﬁ (2.11)
3




In order to calculate the synchrotron emission from this random
aq\
component, the quantity H.& *  has to be evaluated. This quantity
is obtained by integratinz equation 2.1k over all possible values of ¢

and ® , such that

HQQ:"E.‘\ Jfﬂ[(s‘ S a su\¢> (cuoq -\—(,5.1- s-vaa»¢) )

Q20 Ped
a Q

e ((’m (3» fon ce»cﬁ)-reuv)l;,. adad®
(2.15)

which comes from the general expression

2x) 22>
H%;=j (H;{he) T2 O0de

~
j 2N SO d &
o
V-8
:ﬂ )\8'623)ffa:2-€.

L
In this expression ef can be regarded as the angle between the line of

sight and the magnetic field direction. Since this expression needs to
be known for nearly all locations in the Galaxy, it was evaluated
numerically for values of &p between O and 90° for compression
ratio's 5*,- between 1 and 5. The following expression was then

fitted to the results,

bl () oo nl- (7)o
H% (2.16) \-8

. Cotas \ 3z
where 2.15 has been normalized by dividing by {635 (3’)

This equation agrees with numerical solutions to 2.15 to within 1 or 2°{
for ©p = h.5° with ,3; = 4, and to within comparable accuracy for other

values of @e and -3/ . Fig, 2.,7a and 2,7b show the variation of

Hﬂﬁ, with 5) and g ,




RPig, 2.7a

N

x>
Variation of H,&" with @ , for various compression ratios _%a' .
\
1-0 80"
og "
a\d
1 # '8 i \£L°
-4 =45
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Pig. 2.7b

Varigtion of H

2%

4

with 8=z for various angles of ©p

3y




2.4 Irregularities in the arms.

In the spiral styructure used in the model of French the arms are
fairly smooth (se= Fig. 2.1). When radio observations of external
galaxies were made, in particular M51, it was seen that the ridge lines
of the arms are not smooth. The radio arms closely follow the dust lanes
along the inner edge of the optical arms. This is the region where the
gas is compressed the most, and hence the magnetic field, and the
synchrotron emission is thus greateat here.

To investigate the effect of irregularities in the ridge lines, a
simple model of the Gzlaxy was used, Three circular arms of radii 7, 10
and 13 kpe, concentric to the galactic centre, were used. The arms were
then modified in amplitude, phase and frequency, by the relation

R- B —\—d<1n(b¢ +C), (2.17)
where ?6 iz the angle between the line joining the observer to the
galactic centre, and the line joininz the centre to the point reached in
the integration along the line of gsight. The geometry of the two
dimensional model {s shown in Fig. 2.8, with th= observer situated at
10 kpc from the centre.

The variation of the emissivity across an arm was represented by
= "1&) - -‘R)
€= e (-8 (2.18)° J (A-R.
is the distance to the innermost arm at the point being considered. The
integration was performed out %o a radius of 15 kpe, in longitude steps
of 10 fProm 0° +to 180%, the total emission being given by

5
j exp (—3y) ds (2.19)

for the case 0f an irregular megnetic field, and
S
j wp (~89)sn©ds  (2.20)
o
for a regular one. &  is the angle between the line of sight and the
magnetic field.

Different values of A, B and C were tried, the three arms being




Fig, 2.8
Geometry of the model used to investigate the

effect of arm irregularities on the synchrotron

profile.

arms.

30l1id circles represent the unmodulated




modified in exactlv the same way, Plots of intensity asgainst longitude
were then produced, a sample of them being shown in Fig. 2.9 an& Pig. 2.10.
The former plots are f'or the emission due solely to the irregular field,
and it is apparent that peaks are seen when the line of sight is
tangential to a 3piral arm, since in this configuration the path length
through the spiral arm to the next arm is a maximum., On the other hand,
when just the regular component of the magnetic field is considered, the
spiral arms do not show up. This is because at the tangential points
the angle € 4is always very small, and therefore there is little
emission from the regular field., When the arms are modulated, it is
seen from ¥ig, 2.5 that multiple peaks 2rise in the emission from the
irregular field. This is due to there then being several tangential
points along the line »f sight, with anvy one arm, over a small range of
longitude. In the case of the regular component, high peaks are seen if
the amplitude of the moduletion is arocund one kiloparsec. This is much
greater than the observed irregularities of around one tenth of a
¥iloparsec at the most, and so if the irregular field was superimposed
on the regular one, the multiple peaks would mainly te due to the

irregular component.

2.5 The Galactic plane profile.

The observed profile at 150 Mhz was obtained from the composite
survey of Landeckzr and Wielebinski (1970). That shown as the dashed
line in Tig. 2.11 follows the subtraction of thermal emission and the
contribution of galactic lnops, as described by French ani Osborne (1976),
together with a 500K extragalactic background. The peaks close to

L N 2 > o 1
f_ = 270 and §~ = 90° are dues to the Vela supernova remnant and the
Cygnus complex. The former is not part of the large scale synchrotron

emission of the Galaxy, while the latter contains a large element of
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Pig. 2.10
Profiles of radio emission alomg the

2'0 T galactic plane; due solely to a

A.""O a B:O; C=O regular magnetic field.

(No irregularities)
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thermel emission. They were discounted in obtaining a fit to the profile,

As mentioned abovz, the values of the free parameters
Rc? = 131 kpé‘ and F = 0.75 produced the best fit to the observationms,
This is indicated by the solid line in Fig., 2.11. No attempt is made to
fit the observations within 30° of the galactic centre, due to the lack
of information on spiral structure within the 3 kpc ring.

It can be seen that the observed profile has more rounded steps, in
the directions tangential to the spirsl arms, than the predicted profile,
although the latter has been convolved to conform with the angular
resobutions (~-3°) of the three surveys from which the Landecker and
Wielebinskiz;:s built up. In Fig. 2.12 these observations are compared
with the 408 Mhz profile from the surveys of Green (1974) and
Seegen et al. (1965), which has resolution in longitude of 0,5° and —~ 2°
respectively. It can be seen thet there is good overall agreement in the
brigntness temperatures when they are scaled according to an electron
spectrum having a differential exponent of 2.6. The higher frequency
measurements show detailed structqre in the steps in the profile which is
similar to that obtained in section 2.4, There is in fact a real
discrepancy in the observations in regard to these features, Although
the lower frequency profile has poorer resolution, it should still be
good enough to show most of the peaks appearing in the higher frenuency
profile,

The fit was made under the assumption of a c¢onstant electron density
throughout the %alaxy. An electron density varying in proportion to the
squars of the magnetic field, leads to a profile which is tno angular,
and it is difficult to account for the measured emissivity in front of
HI regiona. Similar arguments, of rather reduced weight, can be advanced
aga‘nst a linear relation between field strength ani slectron density.

The important feature of the model is that the electron density is not




-’

(%
|
—

1 | | 1 1 ] ] ]
180 90 0 270
: LONGITUDE
Pig, 2.11

Observed galactic plane longitude vprofile,

from the Landecker and Wielebinski map
(1970), after subtraction of thraralactic anl thermal emission and that due %o

ralactic loops, ’”rench and Osborne, 197G).
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modulated by the spiral arms. It is purely to simplify the calculations,
that the overall radial decrease in emissivity is attributed solely to a
radial decrease in magnetic field, A radial 3lecrease in electron intensity
is allowed, provided that the radial dependence of the magnetic f'ield is
adjusted to cowpensate and give the same emissivity variatiom.

An important feature of the model concerns the location of the Sun
with respesct t5 the local Orion arm of the Galaxy. It is generall&
agread that this is a branch of the overall sniral pattern of the Falaxy,
and that the Sun is nesr 4o its inner edge. Thes locally measured value
of the regular conponent of the galactic magnetic Pield is 3 A-gauss.

To reconcile this with the general level of synchrotron radiation
throughout the Zalaxy, it is necessary ts place the Sun in an interarm
region, rather than in a region of compression. If the compression
region of the Orion arm is then situated within e distance of 0.5 kpc in
the anticentrs direction, one can account for the relatively high values

of emissivity measured in front of HII regions by Caswell (1976).

2.6 The Z - variation of the Emissivity.

Due to the variation »F compressin 2 ths fi=2ld in the arms with
distance Z from the plane, discussed in section 2.2,2, there will be a
rapid variation of emissivity w+ith Z out to 2 = 0.5 kpe, for the arm
regions of the %alaxy. 'This will be superimposed on a more slowly varying
emissivity applicable to the intararm regions, due to an overall Adecrease
of' magnstic Pield strength and electron density with Z. Brindle et al.
(1978) consider various functionzl forms of the variation of the interarm
emissivity & (%, R), with the aim of accounting fnr the distributiom of
brighiness temperaiure over the whole sky. |

With the Sun in an interarm region, the local emissivity of 63 X kpéd

requires that £(Z, R), at R = 10 kpc, has an equivalent half width of
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2.75 kpe to account for the observed brightness temperature of 170° X

at the poles, after the subtraction of the extragalactic contribution.
Brindle et al. consider six different forms for § (Z, R), which obey this
constraint. The simplest case is that in which g (2, R) decreases
linearly from its value at the plane, to reach zero at 2 = 5.5 kpe.
This corresponds to the simple diffusion loss model, which has often been
applied to the propegation of cosmic rays in the Galaxy. The magnetic
field remains constant at its value in the plane from the interarm region,
while the varistion of electron density is determined by considering
sources at Z = O, an absorbing boundary at Z = 5.5, and a constant
diffusion mean free path. To account for the ratio of light to medium
nuclei in the cosmic ray flux, the mean free path would be ~ 1 pc, in
which case the characteristic energy loss time of the electrons of
energies of a few SENA would be much greater than the escape loss time,
and a linear decrease of electron density would be expected. Comparison
of the predicted all-sky brightness temperature map with that observed,
leads to the following conclusions, In the anticentre hemisphere the
agreement is satisfactory. This is to be expected however, since the
tenmperatures are made to agree at the Poles and in the anticentre direction
at b= 0%, and the temperature varies bv a factor of »~ 2 only between
these two directions. Towards the inner parts of the Galaxy however, the
predicted temperatures exceed those cbserved at intermediate latitudes.
For example, 2t ¥ = 330° the predicted temperature is nearly two times
too high at Bﬁ' = 300,

A simple way to decrease this emission is to decrease the width of
the emissivity distribution. The width at R = 10 %pc is fired, however,
8o that the implication is that the width decreases as the galactic centre
is approached. The scale height of the neutral hydrozen gas does follow

this behaviour (Jackson and Kellmann 1974), decreasing to half the local
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value at R = L kpc, and increasing to double at R = 15 kpe. The
width of the provosed emission region is much greater than that of the
zas layer, but ss both depend on the balence between gas, magnetic field
and cosmic ray pressurss, and the gravitational force towards the plane,
they may depend in 2 similar way upon galactic radius,

After considering a number of variants of E:(Z, R) along these lines,
Brindle et al. conclude that & hest fit to the observations can be

obteined with ,
2

kS
%.i&_?z_) - 1—o :ra._ﬂ;sz/w(@—- O- 04@'15(7-/‘.0(-"9— 0.00213 (%Ckﬂ 3
3

whasee WR) = O 595-0-6SR + C-0106R>. (2.21)

The Z- dependence is a polynomial approximation of an exponential decrease

7/
out to  “/w (r)

i

5 kpe, followed by & tail of essentially constant
emissivity which cuts off at "y (R) = 10.85 Xpe.

Fig. 2.13 (Brindle et al. Fig. §), is the ell-sky contour map
predicted by this model after the addition of the galactic l~ops end an
extragalactic background, It may be compared with the observed map of
Landecker and Wielebinski Pig. 2.14 (Brindle Fig. 5). It can be seen that
the overall agreement is good, although there are some discrepancies
remaining,

The aim in the succeeding chapters is to a»ply such models to the
edge-on galaxies NGC 891 and 4631, and to make further comparisons with

observations.
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The map of observed brightness temperature at 150 Mhz of Landecker
and Wielebinski. The number of contour levels has bzen reduced to
make comparisons easier. :
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Fig. 2.13

The prelicted map of brightness temperature, with an emissivity
that varies with galactic ralius ani Z- distance, In the
region 3300 < L¥ < 300, the model has been extrapolated.
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Chapter 3
Comperison of NGC 891, NGC 4631 and the Galaxy.

3.1 Introduction.

High-resolution radio-continuum maps are available for NGC 891 and
NGC 4631. Both thesa galaxies are relatively nearby galaxies and have
inelination angles of bvetween 85° and 90%, and are thus virtually
'edge-on'. They gslz0 have radio continuum emission at large 7 distances
above their galactic plancs, and the Westerbork radio maps should enable
some meaningful compariscns to be made between a model of asn edge-on
view of the radio-econiinuum emission of our Galaxy and the observationa,
The object of the next two chapters is to do just this., The purpose of
the present chapter is to compare the three galaxies 3o that a meaningful

comparison can be made,

3.2 Morphological Glassification,

Since some of the physical properties of galaxiezs are correlated
with the overall structure of the galaxy, it would be ideal if the three
galaxies alil had the same classification., The original Hubtle sequence
of galaxies (Hubble 1926), has besen revised so that the spiral sequence
now has the following atages : Sa, 3b, Sc, 3d, Sm and Im. Physical
parameters such as, colour, nuclear concentration, resolution, and
hydirogen content, very steadily along this sequence. Spiral structure
decays regularly through stages Sc to Im, being prominent but somewhat
irreguler at Sc, and vanishing or asbzent at Tm. Half steps of the sequence
are designated Sab, 8be, - - ° , Sdm. Types 34, 3dm, and Sm, Im encompass
the "lagellanic irregulars” group of Hubble's classification, but types
3d, Sdm, Sm show definite spiral structure, with irregularity increasing

from 34 to Sm. Tlattening towards an egquitorisl plane is maximum near
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stage 34 where the axis ratioc is = 1/10. Both earlier stages 3b, Se

1/

and the later stage Sm have larger axial ratios, about % to'5. There is

a correlation between angular velocity and type, in that earlier stages
(sa -) Sc) rotate faster than later stages (Sc - Sm), with typiecal
rotation periods in the outer regions of spirals inecreasing from
3 to 10 x 107 years, in the early stages, to 3 to 10 x 108 years in the
later stages. BStudies have shown that barred spirals 3B are as common
and just as "™normal" as the ordinary {non-barred) type, denoted SA in
the revised classification system. Many galaxies also show transition
characteristics noted SAB, The very late stage of spiral structure is
encountered in both families of spirals, SA and $B. Anong both tyves
two distinet varieties are present, the ring type, noted S(r), in which
the spirel arms emerge tangentially at the periphery of a circular (SA)
or elliptical (SB) annulus, and the more peculiar spiral type, noted
S(8), in whick the arms emerge from the mucleus (SA) or at the opposite
ends of a bar structure (SB). Both varieties are common and merge through
the transition types S(rs) in which the ring is broken or fragmentary.
Fron a sample of 1500 bright galaxies with revised types (de Vaucoleurs
19655),99& are classified as spirals and among them 31.3% are SA,
36.8% 3B, 27.6% SAB and 4.3% have no family assignment.

Our Galaxy has 2 spiral structure intermediate between that of an
Sb and Sc gelaxy. The spiral structure has been mainly determined from
the 21lcm emission of Hl and the study of the distribution of HII regions.
Although the overall grand structure is still not known particularly well,
the spacing of the nearby spiral arms is well determined, and this
together with the brightneas of the nucleuy, is the basis of its
classification { Tacman, 1975).

| In the case of NGC 4631 its morphological classification is not well

defined. Sandage (1961) classified it as late Sc, Morgan (1958) as §7




or 81, G. and A, de Vaucoleurs {1963a) as & Magellanic-type barred
spiral viewed along the bar, They interpreted this galaxy as an SB(s)d or
possibly 9B(s)m type, of a similar type to NGC 1313 or the Large Magellanic
Cloud. This latter classification was hased upon a detailed comparison
with the Large Cloud, Néc 55, NGC LC27, and other galaxies, and the
assymmetry of the light distribution. They derived an angle cof
inclination of 85 % 19 and found that the ovtical centre is shifted by
4" {~1 kpc) from the centrs of symmciry of the bust fitting rotation-
curve, the shif't being about the same as that between the optical centre
and the bar of the Large Magellanic Cloud, and the centre of symmetry of
the veloeity curve. In 1966 de Vaucoleurs and de Vaucoleurs revised their
classification of NGC 4631 to SB 27, and scme time later to SBm. The
difficulty in recognizing the spirsl structure is due to the edge on
aspect, it being particularly difficult to recognize barred spirals.
Jupport for this classification has come from 2lcm HI line observations
(Robinson and Van Damme, 1964, 1966; Roberts, 1968). Roth radio and
optical studies disclose the charecteristic asymmetry of the mass,
luminosity and velocity distributions with respect to the bar, Although
the detailed luminosity distribution in NGC 4631 had not been mapped in
1972, de Vaucoleurs end de Vaucoleurs interpreted the photographs as
dust clouds seen projected against the bar and in the region where the
main arm and seccndary arms emerge from the bar (see fig. 3.1).

3C 891 is a late 3b type with an inclination of around 88°. The
classificetion is based upon the brightness of the nucleus, the brightness
of the nucleus decreasing in the sequence 3a, 5Sb to Sc. On optical
photographs the galaxy is seen o be surrounded by an absorbing ring,
pertially resolved into distinct clouds (Dufav, 1963). Infrared observations

by Osterbrock and Sharnles (1952) of the Milly Way, sunnorts the claim that

HGC 891 is similar to the Galaxy. In the infrared the dark rift in the

Milky Way runs all the way through the galactie bulge. The structure




of the galactic rift is regular and sharply defingd, particularly
near the nucleus, There is e very rapid decrease in surface brightness
of the Milky.way from the galactic bulge northwards. The two observers
found the aimilarity with NGC 891 very pronocunced. In both cases the
nuclei and dark rifts are of the same form, and there is a steep
gradient of light from the centre of the galaxies cut to the edges, In
the Hubble Atlas of Galaxies, Sandage draws attention to dust filaments
extending to heights of about 1 xpc normal to the equatorial plane,

which do not exist in the Galaxy (see fig. 3.2).

3.5 Distances.
The distance to NGC 4631 has been estimated by various people to be

between 3 and 15 Mpc, Using dlameters of HIT regions, Sefsic (1960)

placed NGC 4631 in the Ursa Major IT Group of galaxies, and assigned it

a distance of 5.2 Mpc. Thia group lies in the region of th§ Canes

Venatici cluster as defined by Van den Bergh (1960). From galaxy

lurinosity criteria he plaéed the cluster at a distance of 4.4 Mpe, and

assigned NGC 4631 to the CVn cluster. The distance was also adopted by

de Vaucocleurs and de Vaucoleurs (1963a)in their optical study of the

galaxy. In a later discussion of groups of galaxies, de Vaucoleurs (1976)

placed NGC 4631 in the CVa IJ cloud, at e distance of 8 Mpc. The CVn IX

Cloud membership is similar to Se€Tsic's Ursa Major IT Group, de Vaucoleur's

CVn I Cloud, at 3.8 Mpc, is similar to 3ersic's Ursa Major 1 Group.

Corrections to the distance sczles adopted by Sersic and Van den Bergh

were proposed by Sandags (1962) and de Vancoleurs (1976drecalibrated

Van den Bergh's luminosity class. Sandage (1974), in his attempt to

obtain an accurate value for thé Aubble Constant, obtain=4 the distances

to 39 late-typs (3¢ - 3d - 3m - Ir) nearby zalaxies, incliuding NGC 4631,

He measured the engular sizes of the thres largest H IOregions, ani

obtained a distance of 5.2 Mpc to NGC 4631. Prom these distance measurements
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Sandage and Tammann computed a value for the Hubble consfant of
57 + 6 Xas"' /Moc.

This method of usinz the diameters of the largest HII regions, was
first mention=d by Dufay (1952). It relies on the existence of an upper
limit to the physical size of HII! regions in a given galaxy, but since
this limit is not very well defined, there is some uncertainty as to the
reliability of the method, Superassociations exist (e.g. 30 Doradus in
the Large Magellanic Cioud) which are ~5 magnitudes brighter than the
next brightest HII regions, whilch means that the "largest" HII region may
vary widely from one galaxy to another. It is alsoc very hard to actually
define the Alameter of an HII region on a photographic plate. Sandage
and Tammann considered two diameters, a "core" diameter ani a ™halo"
diameter, but these terms are themselves not well defined.

To calibrate this distance scale distances t> Local fGroup objects
such as LMC, SMU and M33 have to be known accurately. The Galaxy cannot
be used for this nurpose because interstellar obscuration could hide the
three largest HII regioas. Due to the uncertainty in the amount of
extinction at the galactic poles these Puniamental distances are still
not known very accurately. Szndage and Temmann maintain that there is no
extinction while researchers such as de Vaucoleurs believe that the
extinction is around 0,2 magnitudes,

Sinc= late type apirals and the Megellanic Clouds have many more 0-B
etars per unit mass thar do early spirals, the method is restricted to
galaxy types Sc ani later, Also because the apparent size of the HII
region nn the photographic nlate depends on 2 number of observational
factors such as plate scale,'exposure time, szeing etc,, there is a great
risk of systematic errors (Hodze 1975, Smith 1976, 3e Vaucoleurs 1976b).
De Vaucoleurs {1977) points osut that the method is als» not self consistent

and that there are too many uncertainties in the proceiure to be able to

use it with precision at the prezsent time. He plottel log V, against
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log @ , where V, is the recessional velocity of the galaxy and @& the
average size of the three largest HI1T regions, and found that the
result was not a straight line in accordance with © o< \Q:' , which
follows from Hubble's law V, < A , where A is the distance,

Teerikorpi (1976) reana%%zei the lata on nearby Sc gzlaxies provided §<
by Sandage anl Tammann, in order to take into account the luminosity
sslection effect still =xisting in the velocity range V <& 2000 km
S—.I Mpd_| . He calculated H to be 41 * 3 xm s Mch y assuming the
Sandage Tammann calibration for bright luminosity classes to be valid.
Noonan {1977) obtained a value for the Hubble constant from galaxy rotation
curves. The linear radius (8 ¥ 1 kpc) of the maximum rotational velocity
in the 5alaxy, with the angular radii of maximum rotetional velocity in
other galaxies, snabled him tn obitain a value Tor H of
5. 138 1w 87" ¥p¢' . Lynden-Bell (1977)obtained a value for H of
110 km 8 Mpc" s by applying Perrine’s "light-echo" theory to observatinsns
of 3C 120 and 3C 273. This wvalue is close to the value advocated by

5. von den Bergh and %, H., de Vaucoleurs, but the value causes a problenm

{0

in that the agze of the Mmiverss i3 then less than 9 x 101 years, wnereszs
the oldest stars in the %alaxy arz zround 12 x 101 years._

It is clear that the distances to extragzl-ctic >bjzcts bavonl the
Loczl Sroup are uncertain by sbout a factor of two. Thus,true linear
extents of radio halos of externzl galaxies are unczart.in Vv this amount
and their luminosities by a2 factor of four,

The Hubble distance of NGC L4631, assuminzg ¥ = 55 kms'\ /Mpc.is 11 Mpe.
In trhis thesis the wvalue of 5.2 Mpc will be us=2d, this giving a scale of
one minute of are approxinmately 29ual to one and 2 half kiloparsecs,

NGC 891 i3 a wember of the NGC 1033 group of galaxies, After
correctisn for galactic rotation, an2 ftakinz H %o be 55 Kmél/ﬁpc the

distance to W3C 891 is 13.0 Mpc. A distancs of 14 Mpe »ill be assumed in
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this thesis, giving a scale of one minute of arc approximately equal

to four kilonarsecs,

3.l Linear Sizes,

The Holmberg radius for the Galaxy is 15 ¥pe. This radius is that
at which the bHlue photoeslectric surface brightness has falle: to 26,6
msg. sec?- This is about the limit that one can see by eye inspection
of Palomar Sky 3urvey hlue prints.

The optical dimensiorns of NGO 4631 (Holmberg 1958) are 19.0' x L.4°',
corresponding to a linear aize of about 28 kpc x 6 kpc, at the adopted
distance of 5.2 ¥pc. These are the same as the dimensions published by
Danver (1942), but the two vhotographs published by 3. and A. de Vaucoleurs
(1965&) show imaz=2s of the disec only about 50" wide,

In the case of NGC 891, Kormendy and Bahcall (1974) measured the
extent along the major axis as 13.3' (53 kpc) diameter at 25.9 mag.,
(arcsac.jhin the green ( X\ 3900 - 5400: ). The usual quoted optical
Aimensions o the image of NGC 891 are 12' x 1', corresponding to a

linearsize of about 48 kpe x 4 kpe.
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3,5 Hl Distribution,

3.5.1 The Galaxy,

The HI gas is ooncantrated in the spiral arms. An overall major
pattern can be seen, but there is a grest deal of splitting and inter-
comection of the main features, In the few places where spiral arms
stand out clearly, there is an arm-interarm contrast of densify of around
5 to 1. MYost of the gas is confined to a disc shaped region, with a
thickneas at half intensity > a few hundred parsecs. Outside the Solar
radius the gas appears to depart significently from the plane., In the
longitude ranse -&ﬂ;~ 20° to ILOO it lies above the plane, and in the
range %2 210° to 340%, below the plane (Kerr and Westerhout 1965).
This warp can be explained by the tidal effect of the Magellenic Clouds
(Hunter and Toomre, 1969). Weak Hl emission has been foundi extending
from the plane to Z - distances of 3 or 4 kpc (Habing, 1966; Kepner, 1970;
Verschuur, 1973). The low latitude survey by Weaver and Williams (1973)
shows sas extending 1 - 2 kpc above spiral arms, the emount being a few
per cent of the peak arm intensity. Observations have been made of high
velocity clouds ( V> 70 km s™' relative to the Local Standard of Rest),
which do not appear to be related to the spiral structure. There is a
preponderance of negative velocities in the region at positive latitudes
between L7 = 4,0° and 190°, coinciding with the tilt of the galactic plane.
In the Scouthern sky the velocities of the clouds are mainly positive.

The sense of both of these velocities is the same as that due to
galactic rotation, but the megnitude of the velocities is . larger.
According to Oort (1966, 1969, 1970), these clouds are material that is
moving into the galaxy. Another interpretation is that the gas has been
e ccted from the arms cdue to the Parker inatability.

According to Verschuur (1973) the HI layer broadens out considerably
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in the outer regions, the thickness between half-intensity points
inereasing from 80 = 100 pc near the centre, and 200 pc in the solar
region, to 3 kpc at distances of 16 kpe from the galactic centre,

In a HI study using the 18-meter reflector &t Parkes, a long
filament of gas, extending from the region of the Small Magellanic Cloud
to the South Falactic Polar can and beyond, was discovered. This so-
called "Magellanic Stream" had been suspected for some time from star
counts. The gas follows a great circle over its entire 180° across the
sky. Assuming all the HI in the stream to be at the distance of the Small
Magellanic Cloud (63 kpc), the mass would be about 107 Mo Computer
simulations have shown that gravitational interaction between the SMC.
and the galaxy could have pulled the HI from the SMC. The radial
distribution of HI is shown in figure 3.3a (Jackson and Kellman 1973L
and the Magellanic Streom in fig. 3.3b and fig. 3.3c.
3.5.2 NGC L4631

Hl gas streaming along the line of sight near the centre of the
galaxy has been observed, and interpreted by some, notably G, and A.
de Vaucoleurs, to be gas streaming along 2 bar. An early estimate by
Epstein (1964) of the *otal hydrogen mass is (3 * 2) x 10* M, , the
total mass flowing in the two halves of the bar being about one solar mass
per year. The derived hydrozen mass of Winter (1975) is 4.9 x 10° M.
NGC 4631 has & companion galaxy about 50 kpc eway, 30’ to the South ®ast,
This galaxy, NGC 4656, is probably of type IRR1. A third galaxy, NGC 4627,
lies 2’ North of the centre of NGC 4631. HI observations have shown that
there is a bridge of HI extending from NGC 4631 to NGC 4656. Obaservations
have also shown that there is HI at distances up to 12 kpc above the plane
of NGC 4531, and also that there is complex structure in the bridge
Jjoining the galaxies. No opticel counterpart of this material is visible

on the Palomar Sky Survey prints, but a photograph by Arp (1966) shows
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opticél emission up to 27 ( ~ 3 kpc) above the plane., The material has a
wids range of velocities, the mass being estimated as 10q Mo , assuming
negligible s=lf-absorption. A rotetion curve fitted to the HI observations
shows that the eastern half of the galaxy could be disturbed, due to its
companion NGC 4656, The rotation curve of NGC L4656 shows that it has a
disturbed velocity field, the estimated mass being 1.8 x 10“ Mg .
Computer simulations have shown that the bridge could heve been formed by
a tidal interaction between the two galaxies. The same interaction could
alsc have produced the large Z-distribution in NGC 4631, although it is
possible that NGC 4627 zould be responsible. The mass of NGC 4627 has
been eatimated eas being 1/16 of that of NGC 4631, assuming it is an
elliptical galaxy with anm/i ratio of 10. If it orbits close to NGC L4631
then tidal forces could heve raised the HT froﬁ the plane to heights of
several kiloparsecs. Fig. 3,4 shows a map of the HI distribution between

the two galaxies.

3.5.3 NGC 891.

The HI distribution has been mapped by the Westerbork aperture
synthesia telescope. The results obtained are consistent with a2 thin disc
of HI of thickness £ 500 pcs, inclined at about 2° to the line of sight.
In the plane the HI does not extend to larger distances from the centre
than the optical image on the Palomar Sky survey prints, No traces of HT
have been found outside the disec in the Z direction. Asymmetry has been
observed in the HI distribution between the Northern and Southern sides,
the Northern side having stronger emission, while the emission from the
Southern sides extends to a larger radius. The Westerbork map of the HI

distribution is shown in fig. 3.5.
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Fig. 3.3b

HI 2istribution between the Magellanic Clouds and the South Galactie
Polar region, from Mathewson et al. (1974). All HI within the velocity
range =340 km.3—| to +380 km_S"l is plotted, except the 'zero' - velocity
HI (ie local spiral arm gas). The contours give the surface densities
of the HI in the Magellanic Stream, from 2 survey at Parkes,- The contour
unit is 2 x 10'“- atonm em” . The h-atched areas represent the approximate

extent of the Larege and Small ¥agellanic Clouds,




The Magellanic Stream'drawn on ar Aitoff projection in galectic
coordinates by Mathewsor et al, (1974). The shaded areas sre the areas
surveyed by Dieter (196%), Fulsbrosch and Raimond (1966), von Ruilenburg
(1972), 2nd Wannier and Wrixon (1972). The cross-hatched areas are high
velocity HI clouds discovered much earlier by northern hemisphere observers

(ef. Hulsbrosch, 1972).
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Integreted hydrogen map of NGC 4631 and NGC 4656, by

Winter (1975). The contour interval is 130 X km g ’

and the lowest contour is at 13C X km s . The dotfed

contour is at 15 X ke s" . The mass of the feature a is

estimated to be 10" My and that of b 2,6 x 107 ¥y .




Fisl 2. z
Distribution of HI column densify in NGC 891, by Sancisi et al (1974).
The contours (0.2, 0.4, 1.2, 2,0, 2.8) are in units of

-2

b .
X x 101 cm » These values are underestimates of the actual

column densities; because of HI self-absorption and absorption against
the radio-continuun emission from the disc of the galaxy itself, The

map is based on incomplete data anl therefore preliminary,
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3,6 Rotation and Massas,

3.6,1 The Galaxy.

The rotation curve of the Galaxy has been obtained from 2l-cm line
cbhservations of HI, together with the observations of the motions of the
nearby stars which gives the Sun's orbital speed. The theoretieal curve
computed by Schmidt (1965) from a model of the mass distribution inside
the 63alaxy, and the rotation curve obtained by Shane ani Smich (1965),are
shown in fig. 3.6 . The accepted mass of the &Falaxy is 2 x 10" My 5 dut

could be as high as 4.3 x 10" M, ( Lynden - Bell, 1977b)

3.6.2 NGC 891,

The Westerbork 21 cm observations of NGC 891 have shown that there is
a great degree of regularity in the large-scale motions in the galaxy.
The observed HI line spectrum 1s similar to the longitude-velocity
diagrams which have been constructed for our alaxy from 21 cm line
observations. The highest rotational velocity is 240 km/s, and the
rotation curve is symmetrical to within * 10 km/é in the southern and
northern side, and stays high and approximately constant from 2’ to 5’
from the centre, The total mess is 3 x 1d' My from the HI observations.
Fig. 3.7shows the distribution of HI radial velociti=s along the major

axis of NGC 891,

3.6.3 RNGC 4631.

In 1969 Crillon end Monnet studied the ionized hydrogen in NGC 4631,
and discovered ani catalogued 88 HII regions. The rotation curve was
obtained fromn radial velocity mesasurements. The ceéntre of symmetry of the
optieal rotation curve is 1° away from the rotation curve of HI, and the

bar-like motions mentioned by de Vaucoleurs (19Gﬂ!)were not found., In
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Rotation curve of NGC 4631 by de Vaucoleurs and de Vaucoleurs (1963a),
from HoC and six other emission line measurements. The probable

error of the filled circl:s range from 10 to 18 km. s~ , and that of

the open circles 5 - 7 km-s~' . The continuous curve is that computed
for a model, while the dashed line is a freehand interpolation of the
observed velocities, OCrnass marks centrc of symmetry of regulax
rotation-curve., ¥iojeci.:: of bar is alleged to ke -~ 46" west

of A,




the south~east, outside the galactic plane, the radial velocities of H{J
regions are 50 km/sec smaller than that of the neighbouring regions in

the galactic plane, sugzesting that some ejection of matter has occured.
The total mass of the galaxy is £~ 3.5 x 107 Mo . A.J.B. Winter

(1975) derived the rotation curve of NGC L4531 from his 21 - cm observations,
and the total mass from his curve is (1,95 * 0.2) x 10'° Mo , this
mass lying within 10 kpe from the centre, and it is therefore a lower

estimate of the mass., These two rotation curves are shown in fig. 3,8,

3.7 Continuum Radioc Properties.

3.7.1 The Galaxy.

The continuum spectrum has been observed for wavelengths from a few
millimeters to about 30 m (103‘- JI;HZ ), while most of the observational
work has been carried out in the range 3 em - 3 m., At high frequencies
thermal emission starts to take over from the synchrotron process, as the
main contributor to the rradio emission, while at low frequencies
synchrotron self-absorption becomes important. At low frequencies
(10 - 100 Mhz ), continuum radio emission is detected over the whole
sky, and there are superposed 'sources', of small and extended angular
dizmeters., The radio emission from discrete sources e.g. stars, pulsars,
ete., has a negligible integrated effect on the background radiation.
Supernova remnants also moke a wery small contribution to the total flux,
but some are strong enough to be Individually detectable in external
galaxies,

The Landecker and Wielebinski (1970) whole sky map is the only complete
map of the whole sky. It is a2 combinetion of several surveys at 85 and 150
Mhz , the observations having been mainly at Parkes and Cambridge with an
angular resolution of about 2°. The map is shown in fig. 3.9. The diffuse

component from the disc of the galaxy dominates the radio emission, the
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main emission extending over the longitude range 275° to 100°. 'Steps’
are seen in directions tangential to spirel arms, and there are alsc a
number of prominent 'spurs' starting off from the galactic plane in
nearly perpendicular directions. The distribution of emission in galactic
longitude, near the plane, is very irregular, but towards the galactic
centre it is relatively smooth, the long path length smoothing out
discrete variations. In the anti-centre direction the emission path
length is much shorter, and thus local features stand out more. The
radiation intensity . spectral index in the disc is - 0.4 M 0.1l
(Bridle, 1967) at ~~ 178 Mhz , steeping to ~ 0.6 * 0.1 at higher
frequencies. Prom the Landecker and Wielebinski map Allen, Baldwin and
Sancisi (1977), estimated that the semi-major axis extent of the radio
emission of the galaxy is about 8 kpe. Baldwin (1976) derived an
equivalent width of 1.5 kpe for the disc emission, at 408 Mhz, Various
radio paraemeters of the Galaxy, along with the parameters for NGC 891

and NGC 4631 are listed in table Z.1.

3.7.2 NGC 891.

The continuum radio emission of NGC 891 has been mapped by the |
Westerbork radio telescope, at frequencies of 610 Mhz, 1412 Mhz and 5 Ghz 1
(49.2 em, 21.2 cm snd 6 cu respactively). With the adopted distance of
14 Mpc, the emission is seen to extend to distances of ~ § kpe above the
plane. The overall radio emission consists of a highly flattened component
coinciding with the equatorial plane, and a "thick disc" component with
an axial ratio of about 3.5/1 . The aspectral index in the range
€00 Mhz to 5 Ghz is - 0.65, within 12 kpc of the centre along the major
axis. In the Z direction the spectral index is about - 0.65 from
Z=0to 2= 2.5%kpe, and there is evidence that the spectrum steepens

at higher Z. The equivalent width of the volume emissivity is approximately

1.8 kpe, and the semi-major axis extent of the radio emission 9 kpe,




Some radlo propertiazs of the Falaxy,
on that of Allen

Table 3.1

NGC 89l ani NGC 4631.
et al, (1977) ).

(Table based

Parameter

Falaxy

NGC 891

Radio lumin?sity
(10*' _wHz~ at
21 cm.)

1.4

1.8

k.2

¥lux density of_ disc
(3y , at 21 cm.)

0.12

0.74

1.0

Equivalent thickmess
of radio dise in kpe,
at 21 cm.

1.5

1.8

Exponential scale
length 7 of radio
emissivity, in v at
Z = 0 (kpc), at

21 cnm,

Face-on surface
brightness at T =0, ,
(K at 21 cm.)

(o]
L ]
N

1.6

Spectral index in
the disc,

-0.6 £ 0.1

(Bridle 1967)

-0.79 * 0.02

-0.65

(Y7 178 Mhz in anti-centre)
(Brindle & Osborne 1975, unpublished)

-0,6




approximately.

Seaquist and Bignell (1976) have mapped NGC 891 at 2695 Mhz and
8085 Mhz. The half-power beam widths at the two frequencies are 9" and
3% approximately. In toth c23es the radio emission is similar to the
obtioal form of the galaxy, containing a mixture of thermal and non-
thermal components., The disec apﬁears t> te resolved into a small dise
component with a superimposed component of discrete sources, which are
probablyv HII regions. These sources tend to clump together into con-
centrations and the clumpiness suggests the existence of a ring of
emission 5 kpc from the galactic centre, and possibly another at 8 kpec,
The first ring may correspond to the ring of eamission in the Galaxy at
L kpe (the so called 4 kpc arm). The 2695 Mhz map bears a strong
resemblance to radio map of the plane region of our Galaxy. FigA-loa
shows the distribution of face-on brightness at 2695 Mhz. There is seen
to be a pronounced dip in the brightress distribution at 4 kpec. Similar
effects are observed in 131, M51 and NGC LE31,

The radio absolute magnitude of NGC 891, according t» that given by
de Jong (1967), is -19.6, the absolute photogranhic magnitude being
10.85. Pig. 5 of de Jong (1957) shows that NGC 891 is somewhat more
powerful than that expected from a normal spiral galaxy. Maps of the

continuum emission are shown in fig. 3,10,

3.7.3 NGC 4631,
The Westerhork observations of NGC 4631 show that the brightest

radio continuum feature is the centre region, with an extent of 3 kpec
along the major axis. The variation of the spectral index across the
face of the galaxy shows similarities to the variation in NGC 891, In
the central nuclear region the spectrum is -0.5, changing to -0.6 near

the equatorial plane, and steepening at large Z distances from the plane,
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FACE-ON BRIGHTNESS TEMP (K)

Fig. 3.10

Distribution of Pace-on brightness temperature at 2695 Mhs .
of NGC 891 by Seaduist and Bignell (1976). The
compﬁtafidns were made by averagini the profiles on
Opposife sides of the brightest point of the galacéic
nucleus. It was asgumed that the emissivity'ié isotropic

and distributzd with circular symmetry.
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Tig, 3,10
408 Mhz mav of KGC 891, redrawn from Baldwin and Pooley (1$73).
The beamwidth is 80° x 120” , and the contour interval 100K after the
first contour level at 50K, The ontical image is shown shaded in,
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Fig, 3.10¢

2695 Mhz map of NGC 891 by Seaquist and Bignell (1976). The
zero contour has been omitted, and the contour interval is

equivalent to the brightness temperature of 2,20K,
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8085 Mhz map of NaC 891 by Seaquist and Pignell (1976). The
zero contour has been onitted, and the contour interval is

equivalent to a2n increment in brightness temperature of 1.39K.



e

The 1412 Mhz map of NGC 891 by Allen et. al. (1977). The lowest
contour values are 0 (thin dashed), 1 (=i s), and 2 nJy/bean

area, thereafter in steps of 4.55 from 4.55 to 2
area, continuing in steps of 11,35 nJy/beam area .

(Tu, (K)/S (nJy) veam ares = 0.66)
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2.75 nJy/ beam

The 610 Mhz mep of N3C 891 by Allen et. al, (1977).

values are 0 (thin

196.1, and 2%.15 mJy (bean

dashed), 5 &= 36), 10, 19,6,

The contour

39.2, 98.05,
area)"(Tb eK)/s (mJy/beam area) = 0,68),
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The radio disc has about the same radial extent in kpc as that of NGC 891,
but the emission decreases much less rapidly with inereasing Z, Maps

of the continuum emission are shown in fig. 3.11. Pig3-lld and 311 e
show the cross-sections through the brightness distribution in NGC 4631

at 408 Mhz and at 1415 Mhz (van der Kruit 1973).

7.8 The Galactic Nucledi,

The nucleus of our Galaxy is the only one that hag bewn studied in
detail. Due to large obscuration hy dust particles the galactic centre
cannot be seen at optical wavelengths. Since the initial discovery of
the radio source, known as Sagittarius A, near the centre, the central
region has been extensively studied at radio wavelengths, and also more
recently, infrared wavelengths, CGComplex molecules have been detected in
the region, and also vresent are several X-ray sources,

The emission from the galactic centre consists of three main
components : & non-thermal source, Sagittarius A (9 x 7 pe) very close to
the centrs, an extended source, about 180 x 70 pec, elongated along.the'

[

galactic plane, which abpears to be non—thermai, and a complex of éiént
HII regions in a similar area. 3gr A itself consists of two main
features : Sgr. A East, which has 2 ateep non-thermal spectrum and Sgr. A
West, which is a centrally peaked source of linear size ~ 3 pc with a
flat spectrum which could be thermal,

Both N5C 891 and NGC 4631 have nuclei with much higher radio
luminosities. Fig. 3.12 shows a plot of the monochromatic radio power
of the nuclear source against the disc brightness, for various galaxies
(Zkers, 1975).

The observations of Seaquist and Bignell (1976) show that the nuclear

region (within 2 few hundred parsecs of the nucleus) of NGC 891 is

composed of an unresolved source with a half-power width less than




ig. 3.1ls

610 Mhz map of N3G 4631, redrawn fror Tkers and Sancisi (1977). The
half-power beom width is 58" x 107", ani the contour interval 1.5 from
1.5 t0 6, 10 from 10 to 60, and 29 from 20 io 160K, The dashed lins
represents. the -1,5 and 0 ¥ contour. The optical image is shown shaded in,
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Fig, 3.11b

1407 Mhz of NGC L4631, redrawn from Pooley (1969b). The beam width
is 23” x 42” , end the contour interval 39K up to 129K, and 6°

thereafter. The optical photograph of f,
is shown shaded in.

and A, de Vaucoleurs (1963a)
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1,07 Mhz radio survey of N3C 4631 and N3C 4K56 by
Winter (1975). The lowest contour is at zero and
the contour intervael 0.25K, for the first three contours,

and 1K for higher ones.




|

1

s T T T T T 1 T T
(mfv) Heaw NGC 4631
600 |- i

- ~>\-‘~‘_-_F‘ _CAMBRIDGE 408 MHz
00 | = S "
L t 1 1 ] 1 1 1 ]

‘s
mie) 4
80 WSRT 1415 MHz —
40 - | 8 -

. - - w
%”‘t '''''' i 1 i
i 1 1 1 i | 1 i 1 ] ]
g 5' 3 2 1 o - 1 2' 3 4 5 [}
Fig, 3.11d

Variation of the brightness distribution along

NGC 4631 at 408 Mnz (Pooley 1969), and at 1415 Mhz (van der Kruit 1973).
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The variation of emissivity with distance ®rom the nucleus of

NGC 4431 (Baldwin and Pooley 1973).
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5" (350 pc), superimposed on an extended region with h.p.w. of
~ 20" (1400 pe). Both components are non-thermal and superimposed upon
the underlying galactic disc radiation. The peak brightness at 8085 Mhz
is about one beamwlidth awav from:Z:rresponding peck brightness point on
the 2695 Mhz map. The radiation to the immediate north of the nuclear
source appears to be thermal, while immediately to the south.of the nuclear
source it is non-thermal, The 8085 Mhz map shows a small, probably
unresolved source ( ~ 140 pc), superimposed on s complex background. At
2695 Mhz the luminosity of the unresolwved component is 8 x 10\8l~1**£;‘
(D = 14 Mpc), compared to the luminosity of Sgr. A of 1o‘ﬁ \J}\Q—‘
The source in NGC 891 appears to be a flattened region lying in the
galactic plane, with a brightness temperature of ~- §X above the level
of the surrounding disc, when referred to half-power points ( * 700 pe).
The mean brightness at a similar distance from Sgt. A is ~5°%K af
2650 Yhz Prom the map of Beard et. al. (1969)., If the surrounding disec
brightness is subtracted, the amount attributable to the extended nuclear
source in our Galaxy, is probably less than 1°K.

The central source in NGC 4631 is resolved into a triple structure

at high résolution.

3.9 Conclusions.

NGC 891 appesrs to be more similar to the Galaxy than NGC 4631, but
is substantially larger, whereas NGC 4631 is smaller, At radio wave-
lengths NGC 891 has a luminosity about 18 times that of the Galaxy, while
NGC 4631 is about 3 times more luminous, The HI distribution in NGC 891
appears to resemble more closely the distribution in the Galaxy, than
does the distribution in NGC 4631, but there is no evidence for a broadening
of the HI layer at large Radii. NGC 891 is different from the other two

galaxies in having no close companions which could exert tidal forces, and
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is therefore in a completely undisturbed state.

Although NGC 4631 has some properties which associate it with being
a "Magellanic barred-spiral", its radio properties are not consistent
with this. The barred-spirals NGC 1300, 5383, 7640 and 7741, have been
observed by the Westerhork telescope. In only two of the four galaxies
was radiation detected from the nucleus, and for NGC 7640 and NGC 7741
no radjation at all was found (van der Kruit, 1973). Tts radio properties
are also dissimilar to those of the Large Magellanic Cloud, which has a
nucleus with a similar emissivity, but disc component roughly one-third,
that of the Salaxy (Mathewson, 1971).

Burbidge, Burbidge and Prendergast (1964) strongly criticised
de Vaucoleurs and de Vauccleurs classification (1965&). They point out
that an elongeted ber ssen end-on cannot be distinguished from an
axisymmetric nuclear bulge, and that their comparison galaxies have
usuélly been classified as irregular by other observers. NGC 1637 is
an example of an Sc galaxy with 2 markedly asymmetric light distribution
(Sandage 1961), and it is clerrly seen not to be a barred-spiral. They
concluie that there i3 no evidence that NGC 4631 is a barred-spiral, and
that even if they concede that it is, de Vaucoleurs and de Vaucoleurs model
of the rotation is theoretically implausible, since it defies both
conservation of energy and momentum.

The systematic residuals which de Vaucoleurs and de Vaucoleurs found
in N5C 4631 (fig. 3.13) which they interpreted as departures from circular
motinns, are not apparent in Winter's rotation curve (Pig. 3.8).

Van der Kruit (1973) conciuded that no correletion had been found
between morphological itype and radio properties, except that the nuclei
are fainter in 3¢ d spirals, and that there is no clear distinction between
nuclei of normal and barred-spirals. However, Lequeux (1971) found that
nuclear radio emission is more common among $b's, while bright Sc's have

a relatively stronger disc.
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It would therefors be safer to attach more significance to a

comparison of the radios~emission of the Galaxy with NGC 891, than with

N3C 4631,
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Chapter &4
The Models of the Synchrotron Emission from NGC 891 and NGC 4631

4.1 Introduction.

This chapter will describe the models of the continuum radiation of
'edge-on', or near 'edge-on' galaxies, which have been constructed from
the ingredients of the model of the galactic continuum radiation of
Brindle et al. (1978).

In order to compare the continuum rediation from an edge-on aspect
of the Galaxy with that from an external galaxy the resolution of the
radio telescope has to be taken into account. Also when locking at
external galaxies, the emission from the innermost region needs to be
mocelled, since the telescope beam effectively smooths the emission out
over a large area (typically 2 kpc x 2 kpc).

The brightness temperature is given by the formula
EYO

5 —
T,(v) = Jf () HL () *ds )
(see Pacholezyk 1970)
where I(s) is the electron intensity at the point reached in the
integration along the line of sight, Hy(s) is the perpendicular
component of the magnetic fielé there, andc) is the electron spectral
index.

Therefore in order to calculate the emission from the galaxy, the

above integral must be evaluated along lines of sight through the galaxy.

the predicted values must then be convolved with the appropriate telescope
beams, before they can be compared with the actual observations. The
details of how this was done will be discussed later on. Only two
'edge-on' galaxies have teen studied with sufficient resolution and

sensitivity to make it worthwhile for a comparison to be made, namely
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NGC 891 and NGC 4631. The results of the calculations will be presented

in the next chapter.

4.2 Model of an 'Bdge-on' galaxy.

The model con;isted of four circuler arms of radii 4, 7, 11 and
14.5 kpe. Circular arms were chosen so as to facilitate the computations,
and the radii chosen so as t2 give a good approximation to the arms used
in the model of the Galaxy. %ig. 4.1 shows the four arms superimposed on
the spiral structure, and Fig. 4.2 shows the geometry of the model.
Since the model is symmetrical about the major and minor axes, the
emission from the top right hand quadrant »f the model was calculated,
and. then the emission from the whole model obtained from symmetry. The
integration was performed from the boundary to the axis through the
cenrtre, the emission then being doubled.

The emission was calculated at 0.25 kpc intervals along the major
and minor exes, starting at 0.125 kpc from the centre and finishing at a
radial distance of 19.875 kpc.

In a region of no compression, i.e, at or above 0.5 kpc from the
plane and at radial distances less than that of the first arm (4 kpc),

the integral evaluated is

Sa
' V-8
[(H(&\sé\e)ﬂ+ o-sassl(t\éﬂ) 1{(2,!\) ds. (4.2)
-3,

where © , the angle between the line of sight and magnetic field, is
-\ A
given bty ®n  (5/v) ,endRby (s*+ Y Y . F  is the ratio

of the regular to irregular magnetic field strength,.and is 0.75.




Pig. 4.1

Circular arms of radii, 4, 7, 11 and 14.5 kpe, ani 20 kpe

radial boundary, superimpossd on spirel structure of Georgelin (1976).
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an edge on zalaxy.
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In compression regions the integral evaluated is

Sa 1-3 . ) .
J‘ (\-\(ﬂ.s'.-. e,%i) N H@&«S(%{_) o, F)l E_(z, PQ ds
3

where €& (Z, F—) H(R) and Ha&( d>, e, F—) are
) g’ (.3)
given by equations 2.2 , 2.1 and 2.16 respectively,
The integration was verformed in stages along the line of sight,
starting at the major axls, out to the first arm, then from the first
arm to the second arm, end so on until a 20 kpc boundary was reached,

where the emission was assumed to be zerc. The integration step length -

was about 0.01 kpe, giving an accuracy of about one per cent.

k.3 Model of Continuum radiation from gelaxy with inclination o< L=< 90°,
This model is based upon the previous model, all the various
parameters being the same., The geometry of the model is shown in ®ig. 4.3.

LY
A . M 2
The radial distance from the centre is given by 0= (SPsee +Y )"

and the vertical distance from the plane by (lhh)
Z-= \(10@&. -v-:.:..si:\c;—ﬂ')/&&\(- —Sbt\j (&.5)
where T is the distance shown in the diagrem . © is given by
e = (ﬁD—‘ (@,(G’\-‘(%) xém\.) (th)
N
The computer prograr  integrated the emission along lines of sight,

separated by 0.25 kpc intervals in the vertical and horizontal directions,
within the rectangle ABCD (Fig. 4.3). It was arranged that lines of
sight would pass through points perpendicular to E s the centre point,
and the emission could be calculated out to any distance from the plane
simply by changing the vzlue B, Having reached the point D, the emission
coming from the remaining vart of the galaxy was obtained from symmetry.
The step length was again about 0.01 kpe, though the accuracy achieved

varied between one and ten per cert.
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Geometry of the model of the synchrotron radio emission from a near

edge-on galaxy,




49

4.4 Convolution program.

Having calculated the emission at the grid points the predictions
were then convolved with the appropriate beam sizes. The beam shapes are
all elliptical, and the response of the telescope approximately gaussian,

The temperzture of =2 source measured by an antenna is given by,
&> P

-Tq(e):J 9(19*3)"‘-(5) dB (4.7)

where A is normalized so that
o o

J B(e)de=\ (.3

i
(see Kraus, 1966)

T q (© ) is the measured antenns temperature at a position © ,
A (©® - B) is the response of the antenna in a direction B measured from
& , and T(B) is the true temperature in the direction B,

The co-ordinate system used in the beam convolution is shown in

Pig. L.4. Since the response is approximately gaussian A (© - B) becomes

( >y oy’

QD:T ;(@5 -1 .\,ga‘;.;,ﬁ e.-_‘)) (4.9)

where G;L_ is the half-power beam width in Right AscenSion, 4%; that
in Declination, and x; , y. , &_. as shown in fig. 4.4.

Fig. 4.5 shows the set up in the convolution program. All points
within the rectangle ABCD were convolved., The half-power beam widths of
the telescope, expressed in seconds of arc, were first transformed into
& linear distance (kpe), using the assumed distance of the object. Each
point was convolved using all the points within three standard deviations
of the beam centre. The following relation for an ellipse was used so as

to include all the points,

R= (s "“\-) + (er AR

e, ~(s 0 ) T s =3 ;\(6? "*;)ik

(4.10)
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where n is the number of standard deviations convolving to.
Whenever the beam fell outside the grid area the emission there was.taken
to be zero.

The integral was approximated by a summation over all points within
3-sfandard deviations of the centre of the beam, and the normalization
performed by dividingythe sum of the exponential terms, so that the

measured intensity is given by

1- (é_\ T(e) ""b'“)/ (4.11)
. <

where Y = ‘i %L (%.12)

L=y

The summation i; over the points within the radius R.

Therefore to conwolve the grid values with a given beam, the position
angle of the beam oC , the half-power beam widths and the distance to
the object, have to be specified. The convolved points in the rectangle
BCEF (fig. 4.5), were obtained from symmetry, the value at the point P

being equal to that at the point D.

4,5 Addition of source to centre.

As slready mentioned, the m&del of Brindle et al. (1978) has no
source of exira emission at the centre of the Galaxy, and my models simply
extrapélate the model {o the centre. Therefore in order to make the
computed maps more comparable to the QbServations, a point source of
emission was added. This extra emission was added after the convolution
had been executed, since the convolution of a point source simply mirrors

the beam shape,
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L4L.6 Presentation of Results.

Having convolved the grid points, and added a point source, a contour
‘"map was produced, and also profiles of the emission along the major and
minor axes of the galaxy. The G.P.C.P. (General purpose contouring
program) was used, but it was found that its memory was not sufficient
to handle all the grid points, so every fourth point was in practise
convolved and plotted. A flow diagram showing the production of a contour

map and profiles is shown in fig. 4.6
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Comparison with Observations and Conclusions.

5:1 Introduction.

The object of this chapter is to present the results of the modelling
of the edgze-on zalaxies NGC 4631 and NGC 891, and to Araw some conclusions
from the results,

The observations chosen for cowparison with the predictions, have
beein madé by the Westerbor%: Synthesis Radio Telescope. This telescope is
a l2-element, Earth rotation, aperturs-synthesis instrument.. Ten of the
elenents are fixed on an Bast-West line at intervals of 14/, meters, and
two eiements ars moveable along a high-preeision track running ®ast-West.
The elemeﬁts are equatorially mounted, parabolic reflector antennae of
25 meters diameter. Al) tWelvg antennae have reflectors that have
dimensinns identical to within 1 mm, making the telescoape essentially
perfect at 21-cm observations, and usable at 6-cm. The length of the
array gives a resolution in seconis of arc about equal to the opsrating
wavélength in cm (20 arcsec. = 20 om wevelength), in Right Ascension, the
beamwidth in Declination being proportional to cosec.§ .

The design nf the telescope is such that in a 12-hour observing
period, 20 baselines can be measured simultenesusly. Operatinzg at 1415
Mhz, the effective bandwidth is 4¥¥hz, and the system noise temperature
2,0 X, At A10 Mhz the bandwidth is also msmhz, but the noise temperature
has inereased to 380 %, The radi- receivers are equipéei with parametric
amplifiers, and the configuratiosn and size of the elements leads to an
r. m, 8, noise of 10'3q wm"" Hz'\ , after a measurement »7 12 hours
duration. The rzdio contour maps, produced by the telescipe, are made
with respesct 2 an arbitrary background level, Pig. 5,1 shows the
g2ometrical lay-out of the radioc-telescone, anl 5.2 the cross-section of

the synthesized bean,
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Plan view of the geometrical lay-out of the Westerbork Synthesis
Radio Telescope (Baars and Hooghoudt 1974). The points W - ¥ - E
determine the reference baseline, and the crosses indicate measuring
points from which the antennae are placed on a straight, horizontal

east-west line,

Fig. 5.2

Cross-section of the Westerbork synthecsizzl beam (Hggbom and Brouw

1974). Solid line is the response curve for the standard gaussien
grading, and the dashed line the narrower bean that can be obtaineld

with 2 uniform grading. The half-power beam width 4 is given by

0.8/R radians in Right Ascension, and 0.5/R sin§ radians in

Declination, where R is the maximum interferometer spacineg in wavelengths.




5.2 Maps of the Synchrotron Emission from an edzse-on view of the Zalaxy.

Two maps of an edge-on view of the Galaxy are shown in figs. 5.3 and
5.4. The former one shows the emission predicted from the model with an
enisgivity Aecreasing linearly with Z.- distence, end the latter that
predicted from the model with an emissivity dependent on both Z and R, es
discussed in Chapter 2. From now on these two models will be referred to
as model 1 and model 2, respectively. Both meps are in units of brightness
temperature at 150 Yhz, 2nd both have no extra‘source of emission added at
the centre.

It can be seen from these two maps, that model 1 produces more
emission from the centrel region of the Galaxy, then does model 2, whereas
model 2 produces more emission at large radii and elso an extensive halo
of emission. Such a low brightness temperzture halec would not be
detectable at distances of more than a few megaparsecs, with present day
telescope sensitivities.

Pigs. 5.5 and 5.6 show the emission profiles along the major and
minor axes, for both models, resnectively. Prom the two maps emissivities
°x / kpe), 2t varinus points, are presented in table 5.1 and compared
with those given by Webster (1975). These values have heen scaled to
408 ¥hz usinz 2 brightness temperature spectral index of 2.8, TWebster's
haln is a uniformly enitting spherical region of radius hetwecn 10 and 15
kpe, so that the emissivity is constant throughout the halo, The model 2

emissivities are lower than the corresponding model 1 ones, in the inner
regions of the %alaxy, but the emission extends to nearly 22 kpc above the
plane instead of 5.5 kpe. Despite these differences, the ratio of the

luiainosity nrodiuced by model 1, to that produced by model 2, is 0.98,
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150 ¥hz brightness temperature distribution predicted by model 2.
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Table 5.1

Comparison of emissivities fK/kpc) producsd by modelsl ani 2 with

those of Webster (1977), at 408 %hz.

The model predictions have been

scaled by 150 28
4038 » (g = 2.6).
Gala?tocentric Z-distanceﬁ Nodel 1 Model 2 Webster
distance (Kpe) Ckpe) emissivity emissivity emissivity
0 10 0 0.08 0.3
0 9 0 0.11 n
0 8 0 0.14 "
0 7 0 0.20 ! "
0 6 0 0.29 | "
0 5 0.49 0.5 "
0 L 1.48 0.75% "
0 3 2.47 0.99 "
0 2 3.46 1.61 "
0 1 L.45 2.97 "
inner 3 kpc 0 13 13 ~ 20
region
(30 kpec path length) ‘




5.3 Comparison with NGC 891,

The Westerbork radio maps chosen for comparison with the model
predictiong are the 610 ani 1412 Vaz ones. The hélf—power beam widths
for these two maps are 57" x 85" (3.8 x 5.7 kpe, for adonted distance of
14 Mpe) and 25" x 37" (1.7 x 2.5 kpe), respectively. Since the resolution
of the former map is much inferior to the latter one, the main comparison
vill be made with the 1412 Mhz map. As discussed later on, the thermal
emission at this frequency is estimated to be a small fraction of the
radio-continuim emission.

To allow Por the much greater size of NGC 891 -compared with the
-éalaxy, the linear scales of the mars were scaled-up by 1.5. The
predicted maps of the two models, which have been convnlved to the
résolution of the 1412 Mhz man aﬁd normalized to bring the predicted
brightness temperatures inté agreenent with the observed ones, are shown
in figs. 5.7 and 5.8. It is apparent that model 2 rroduces a much too
extended halo of emission around the galexy, and the model 1 emlssion 2lso
extends too far., To hring the Z-extent of the emission predicted by
qédel 1 into agreement with the observed extent of -~ 6 kpc, the map
scale in ‘the Z-directiodn was adjusted so that the boundary is at 6 kpe,
instead of the 8.25 knc one produced by scaling up by 1.5. The model 1
map produced this way is shown in fig. 5.9. Pig. 5.10 shows the model 2
map produced the same way. Profiles of the emission along the major and
ninor axes of the galaxy ere shown in figs, 5.11 and 5.12, respectively,
with the observed profiles surerimhosed, As can be seen from the major
axis profiles the model 1 profile gives quite a sood fit, tﬁe model 2
profile prdﬁucing too little emission near the galactic centre. From the
minor axis profilés it can be séen that the model 1 profile is much
broader than the observed profile, whereas the model 2 profile does not

fall off rapidly enough at large Z-distances. Overall, the distribution
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Figs' 5-9

Computed 1412 Mhz map By model 1, scaled up by 1.5 x 1.1.

NGC 891
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Fig. 5.10 .

Cpmpﬁted 1412 Yhz map by model 2, scaled up by 1.5 x 1.1,
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of emission about N3C 891 more nearly resembles that of model 1, though
the emissivity fall-off can not simply be linear with Z-distance,

As can be seen from fig, 5.11 there is an unresolved source o?
emission at the centre of the galaxy. To make the model 1 map mor?
comparable with the observed one, zn extra source of emission waslgdded
at the céntre. This map is shown in fig. 5.13, ﬁnd the profiles in
figs. 5.14 and 5.15. This map is drawn to the same scale as fig. 3%,10b,

Table 5.2 shows the varicus parameters used to produce this map.

Table 5.2

Assumed distance (Mpc) 14

Scaling up factors .5 gR—direction)
L

1
1.8 (Z~direction)

Position angle of ' -25,09
telescone beam

Balf-power team widths 25" x 37"
normalization constant - 0.0189
Extra emission =2dded 50

at centre (K)

The normalization constant is the amount the 150 thz predictions of |
the Galaxy have to be multinlizd by to obtain agreement with the dbservations.
NGC 891 is therefore approximately 6*6 times brighter than the Galaxy
at U1Mhz (g = 2.5).('&(,%%(,“-534““ q..e,):o-se)

Allen, Baldwin and Sancisi (1977) have averzged the 1412 Yhz emission

PerPenJicuhr
in strips 195" (13 kpe) in length parallel to and 12" (0.8 kpe) in width A
to the major gxis, in order to improve the signal to noise ratio. PFig.

5.16 shows this profile with the model 1 profile superimposed, the

predictions having been averaged as above. As can be seen from this
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Fig. 5.13 |
The computed 1412 Yhz map of N3C 891, with a point source of

emission added at the centre, The map is drawn to the same sé¢ale

as iz, 3.10e. The sontour intervals ars alsd> the same,
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4
profile, the observed emission falls off raridly out to ahout 2 kpc and

then aﬁproximately exponentially out to 6 kpc, wheress the prediéted
profile is practicelly linear betweer 1 and 4 kpc.

A 610 Yhz mar has been computed for model 1, by scaling the 1412 Vhsz
predictions by (JZ%:)” eni convolving with the 57" x 85" elliptical
beam, This may is shown in fig. 5.17, and the observed an& prediicted
profiles, along the major and minor axes, in figs, 5.18 and 5.19. The
former profile gives a reasonable fit, but the Z profile is again too
broad, Mig. 5.20 shows the 610 Mhz profiles perpendicular to the major
axis, after having been aversged in strips 180" (12 kpc) in length and
30" (2 kpe) in width, as presented by Allen et al. (1977). The agreement
is seen to be better after this averaging pfocess has heen done.

N3C 891 has also been mapped at 4995 Vhz (6 cm) by Allen, Baldwin
and Sanbiéi (1977) and LO8 Mhz by Baldwin and Fooley (1973). The half-
power beam widths of the telescope beams are 11".1 x 17" (0.7 x 1.1 kpe)
and 80" x 120" (5.7 x 8 kpc), respectively. At 5 Ghz the disc seems to
consist of two components; one is similar to the HI disc and could be
thermal, while the other is nonthermal and extends to about Lk kpc in the
Z-direction (Allen et al. 1977). The 408 Mhz variation of emissivity at
Z = 0 with radius, and that for the Galaxy, is shown in fig. 5.21.(Baldwin
and Pooley 1973). Tig. 5.22 shows the brightness profile along the major
axis of N%C 891, and that for the Galaxy (Paldwin and Pooley 1973).

These values have been computed for an assumed distance to NGC 891 of

7 ¥pe. As can be seen from these two figures, ‘the emissivity &nd
brightness temperature distributions cen be rezsonably well approximated
by an exponential fall off,

To conclude this section, nmodel 1 can account for the radio-continuum
emission of N3C 891 reasonably well. Some possible explanations for the

nuch higher radio luminosity of NGC 891, than the alaxy, will be given

later on.
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The variation of em‘issivify elonz the semi-major axis of NGC 891
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5.4, Comparison with NGC 4631.

The Westerbork radio map chosen for a comparison with the model
predictions, is the 610 Mz (Zkers and Sancisi 1977). The half-power
beam width is 58" x 107"(1.5 x 2.7 kpc at the adopted.distance o-f‘ 5,2
Mpc). 4 1412 Yhz map is 21so available (23" x h2f), but at this high
resolution the nucleus is resolved into a triple structure and a 'spur'’
feature is prominent, so that the lower resolution map was considered more
suitable for a compariscon. This 610 Mhz map would also be expected to be
more comparable to the 150 Mhz models of French (1977), and also thermal
emission will be less important at this frequency.

To allow for the smaller linear size of NGC 4631, compared with the
Galaxy, thé linear scales of the predicted maps have been scaledl down by
0.6. Radio maps of the galaxy produced by models 1 and 2 are shown in
figs. 5.23 and 5.24 respectivelv, TPigs. 5.25 and 5.26 show the emission
profiles along the major and minor exes, with the observed profiles
superimposed. The observed 610 Mhz man has been shown in fig, 3.10a. It
can be sezn that the model 2 comruted map more closely resembles the
observed one, than does the model 1. map.

Computed 610 Mhiz maps of NGC 4631 for inclination angles of 85° and
80°, from model 1, are shown in figs, 5.27 and 5.28, On comparison with
fig, 5.23, which was computed assuming NGC L4631 to be exactly edge-on,
inastead of ~ 849, it is seen that the 85° one is almost identical with the
90° one. For this reason, and ~lso to save computation time, all further
meps were computed for an angle of inclination of 90°.

As in the case of NGC 89) there is an unresolved source of emission
near the centre of the galaxy. %ig. 5.29 shows a 610 MYhz map proiuced
with & point source of emission added. The major and minor axes profiles,
with the observasd ones superimposed, are shown in figs. 5.30 and 5,31,

respectively. It can be seen that the observed pesk in emission along
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the mejor axis is hroader than the predicted one. This is probably
because the zentral source is in actual fact a triple source. On the
whole the agreement is fairly rensonable. Table 5.3 lists the parameters

used to produce this laiter map,

Table 5.3
VYap scale factor 0.6
Normalization constant 0.06
Emission (OK) added at centre 85
Radial displacement of source 0.8 (West)

from centre (kpé)

Assumed distance (Mpc) 5.2
Position angle of telescone bean 95°
Half-power beam widtha 58" x 107"

NGC 4631 is therefore three times brighter than the Galaxy at
610 Mhz (a =2.6)

Radio maps ars also availahle for NGC 4631, at 408 and 1407 Vhz
(Pooley 1969), LBOO and 2695 Mhz (Wielebinski and vor ¥ep-herr 1977) with
the 100-m radio-telescope of the Max-Planck-Institut flur Radioastronomie,
and 1407 ¥hz (Winter 1975) with the Cambridge extended Half-Mile
telescope. The znzular resoluticns of these maps are 80" x 150"

(2 x 3.75 kpe), 23" x 42" (0.58 x 1.0 kpc), 2.6' (3.9 xpe), 4.4' (6.6 kpe)
and 2' x 3.75 (6 x 11.25 kpc) respectively.

As stated in chapter 1, the L4LO8 and 1407 Mhz maps were made by the
Cambridge One-Mile telescope, and no halo emission was detected. The
resolutions of these meps are considered to be too poor for meaningful

comparisons to be made.




5.5 Thermal Zmission.

The thermal emission 'om HII regions is exp=scted to be stroungly

coneentrated to the galactic nlane. The spectral index of thermal
speciral

emission, 2.1, is considerabl; flatter than the &rightness,\index of 2.8,
so that at hizh frequencics ths thermal emission will eventually doninate
the radio emission,

Por the fala-— Yirabayashi (1974), has estimated that at 150 Mz,
around seven per cent of the observedl emission is thernal, whereas at
408 Vhz the valus is nineteen per cent, ILarze et al. (1961), investizated
the thermal percentage variation of thermal emission with longitude, and
found that the thermal emiision peaks at approximately the galactic
centre, Observations of M33 by Israel and van der ¥Xruit (1974), at high
resolution, show many inlividual HIT regions. They extrapolated the
emission from these sources to the less luminous HII regions, and
estimated that all the radio emission at 1400 Mhz could he thermal.

In the case of eidze~on galaxies the effzct of the thermal emission
on the coantour lines, is t2 increase the axial ratios. The thermal
emission cnuld also be partly responsible far the charrga of spectral index
across the discs of NGC 891 and NGC 4A31. Van der Kruit (1977), showed
that the spectral index change across the face of M5L, can be explained
by the variations in the amount of therasl emission with position. Allen,
Baldwin and S=ncisi (1977), estimated that less than one-third of the disc
emission, at 5 Ghz, is thermal, or l=ss than about 10 per cent of the
total flux density of N3C 891. 3trong (1977), points »ut that the spectral

Wi gle Cio

indices OL““S y K ,qqs and o ? in N3C 391, at the 610 thz beam
resolution at Z = 0, are all enual within the experimental error
( Aec -~ 0.02 ), contrary t> a decrsasing of e that would occur
if the thermel contribution was significant.

It is therefore concludzd tha't the omission of therma) radiation,
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below Prequencizs of about 2 Ghz, is not serinmus,

5,45 Comprzssion 3trengths.

In the models of N3C 4531 and NGC 891, it has been assumed that they
have the same compression strength as that of the %alaxy. Since the
enhanced emission from fhe region near to the zalactic plane, is partly
due to the compression of the magnetic field by the spiral shocks of
Jensity Wave Theory, & higher compression strength could explain the much
higher disc emissions, off the two galaxiss. The increase in emission
roughly follows the. farm _%_\: (% :--,, where S. and 8 are the gas
densities before and after t;; sh;:k respectively. Therefaore, the emission
is strongly dependent on the coapressiosn strengths in the arms. Mouschovias
et al. (1974), heve shown that the enhancement in radio emission will be
less than that predicted from above, since the magnetic field will bucikle
in the perpendicular diresction, owing to the onset of the Parker instability.
The electrons will also be redistributed by their own pressure, when a
Perker instability is formed, It is possible that this mechanisam could
explain some of the high Z-emission in NGC 891 and N3C 4631. The dust
visible in optical photographs of NGC B9l at distances of about one
kiloparsec from the. plane, cnuld have been ejected by this mechanism, and
would therafore contain magnetic fields,

Such railio enhancement, Aue to spiral shocks, is seen in W51
(Mathewson et al. 1972), 481 (van der Kruit 1973a), MIO1 (Israel et al.
1975), N5C 4258 (van der Kruit et al. 1972) and IC 342 (Baker et al. 1977).
Instances where the radio enhancement seems to be absent, are Maffei IT
(Allen znd Raimond 1972) and NGC 2403 (van der Kruit 1973a).

For both NGC 891 and KGC 4631, no estimate of the compression
strength is possible from the radio-continuum observations. In the cese

of about a dozen other spiral galaxiss, crude estimates of the amount of

compression have been obtained (van der ¥ruit 1973b), by malking use of the
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above formula,

The shock strength depends on the velocity with which the g#s approaches
the shock. These velocities are larger, on the average, in galaxies in
which the rotation curve reaches its maximum at = radius (R nu) much
smaller than that of the outermost HIL region (R,,; ), when the pattern
spzed of the density wave equals the rotation speed of the outermost HII
region, Tne compression strength also correlates with the luminosity
clagsification of van den Bergh, which i3 based on the narrowness of the
optical arms. Trom table 1 of vin der Kruit (1973b), NGC 4631 is assigned
a compression strength somewhere in the region 0 - 1 (< 0.5 weaker
compression, 0.5 - 1,0 intermediate compression, > 1.0 strong compression).
Van der Kruit points out that if the central complex of emission is a
triple radis source, such as in NGC 4736, then N5C 4631 would be a low
compression-strength galaxy. The triple structure observed in the central
region of NGC 4631, at high resolution, could be due to the emission from
the spiral arms when seen tangentially (Pooley 1969, van der Kruit 1973a),
or the result of explosions in the nucleus.

In the case of our Galaxy, the observed value of Rper/ Rope 18
0.5 = 0.6, and from Pig. 6 of van der Zruit (1973b), it is seen to be a
weak compression system (Type A), but could be of intermediate Type B,

In the case of N3C 391, the only clue to its compression-atrength
comes from the observed radial velocities of HI. As discussed in Chapter 3,
thiese are similar to what is observed in the %falaxy, malting it unlikely
that its compression strength is much greater than that in the Galaxy.

It is therefore not possible to explain the much greater emission

from N3C L4631 and NGC 891, simply Ly greater shock-strengths,
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5.7 Yagnetic Ffields.

Dort (1972), showed that the large range in radio brightness from
one galaxy to another, could te explained as being due to large
variations in the magnetic field strengths. Allen, Baldwin and Sancisi
(1577), calculated the equipartition magnetic field in the Galaxy,

NGC 891 and NGC 4631, 2ssuming oC = -0,65 and that there is 100 times

as much energy in the ts5tal cosmic ray flux as in the electron component,
the vzlues being 0.5, 0.7 and 1.1 x 10"”"s gauss, respectively. Tt is
seen that only a small range of magnetic field intensities is needed to
produce the diverse radio fluxes, this being due to the intensity of
radio emiession heing dependent on approximately thg square of the magnetic
field intensity.

The coﬁtinuum—radio emission about N3C L4631 resembles that predicted
by White (1977), from his gelactic dynamo model whigh is surrounded by
ionized intergalactic hydrogen (density 10‘.5 - 16'6 particles cm—s ). In
this model the magnetic field arises from the diffeerential rotation of
the galaxy, which causes shearing of the gas and current loops, which
generate the field. The magnetic field intensity is a2lso determined by
the form of the rotation curve, greater differential rotation producing
a2 more intense magnetic field.

Brecher and Purbidge (1970) found no compelling astrophysical
evidence for the existence of intergalectic matter, but recent dﬁta from
redio end X-ray astronomy suggest that it does exist (Field 1972, 1974).
Earlier optical studies indicated the existence of absorbing matter within
the Coma cluster of Galaxies (Zwicky 1962, Farachentsev and Lipovetskii
1968), but the reslity of the extinection effect has been questioned.
Probatly the best evidence for intergalactic natter has come from the
observed X-ray background between 1 - 100 Xev, The observations are

-3

consistent with hot intergalactic gas of N\~ 10_'S cn and T~ 10‘ dK

(Sciama 1973, Field and Henry 196L4).
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Strong {1977), hzs done calculztions of the Airfusive and convective
transnort of electrons away from the disec of NGC 891, to account for the
spatial distribution of intensity and sypectral index in the halo. He
found that the magnetic field must fall off slowly with height above the
plane, with most of the redio intensity decrease resulting from electron
propagation and energy losses.

It therefore seems likely that the different radio luminosities of

the thres galaxies, is simply due to different msgnetic field intensities.

5.8 Conclusion.

The models of Prench (1977), of the Galactic radio-continuum
emission, can ressonably well explain the distributions of emission in
NGC 891 and NGC L4631, Y¥odel 1 which can account for that of NGC 891, and
model 2 for that of NGC 4631, produce fits to the observed Galactic radio
emigsion which are nearly as good as each other. Therefore modelling of
edge-on galaxies is useful to see if models of the Galaxy are 'reasonable',
Because the radio-telescope resolutions, used so far to map these galaxies,
are not good enough to resolve the spiral structure, other simpler models
could alsc reproduce the observations.

It is important to note that it is difficult to clearly distinguish
between a 'halo' and a thick disc of emission. Van der Kruit and Allen
(1976), distinguish 'halos' from 'thick dises', if the axial ratio of the

faintest reliable radio contours exceeds 0.5.
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