Chaptor X - Cosmic H;gnptic Pields

A new chapter in astronomy was begua in 1962 with the dis-
‘:ry that radio techniques had reached the stage whavre detailed
studiss of magnetisam in a distant galaxy were possible, Astrono-
mers had found it increasingly necessary to suppose that magnetic
£is1ds wers present in order to explain, for exampls, the im-
pressive and ordered spiral structure 80 characteristic of the
fuxEnxa incresse of resote galaxies, but there was no means of
demonstrating their existence nor of determining their character-
istics. Discovery of the peculiar properties of the *loadstons”
from magnesia which caused it to align itself in a direction fixed
in ralation to the Earth, and the subsequent development of the
zagnetic conpais has kax besn of inestimable benefit to mariners
ovsr the centuries, There 18 no reason TO 3UpPpoOsse that Earth
is alone in having its built-in magnet xx but it was not until the
discovery of the Zeeman effoct in 1508 that evidencs for the
existonce of magnetic flolds as far sway as the Sun was first
obtained, rseman found that the characteristic optical lines
smitted by atoms are spilit inte symmetrical doublats or triplets
xitk in the presence of & magnetic fileld: the recognition of
such splits in the spectrum of light from the Sun revealed the
presence of magnetic fi2lds en the Sun, particularly in the
aeighbourhood of sunspots. 1t has also been possible to show
by the same moan3 that some stars possess unusually strong magnetic
flelds; and by obssrvations of the polarization of light waves
that ths grains of interstellar dust are asligned in a preferred
direction through the influence of the magnetic field which,
apparently, pervades the whole Milky Way system. in recent yoars,
of course, space probes and manned vehicles have provided direct
and incontrovertible evidence of the magnetic fields which exist
within the solar systeam, but the countless star systeas with which
the uhol%ﬁf space is studded, and which owe their present form
and structure to their built-in magnetic fields, are forever
beyond the reach of such =moan3 of exploration. ‘e are therafore

completely dependent upon indirect wethods, one of the most
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pronising of vhick is study of the inmprint indelibly stamped by
t.r aagnetic fl2lds on the radio frequency signals we can now
detact from them.

A clear indication that some at least of tha extraterrestrial
radlo waves originated in a magnetic field comes from the fact
that their variation with frequency is quite Jdiffersnt from that
for thernal scurces. ([See Chapter Y A consequance of such
an oriyin i1s that the waves should be polarized. Early atteapts
to detect polarization however were unsuccessful, larg;ly dus to
the use of long wavelenzths and wide bandwidths which night be
expectad to smear out any polarisation unless it were high and
conitant over a wide area. Westsrhout and his group at Leiden
ware the first to domonstrata that polarization due to galactic
fialds could beo dotected at 408 Miz., 3Surveys of a large part
of the northern skiss showad that thare wars three regions in which
ths polarization was high: for the remainder of the northern
sky it was extremely low, Tho observed results wers consistent
with a magnetic field aligned along the galactic planes, in agreoment
with the interpretation of optical rasults, Purther radio measure-
ments made it clear that the figld in our viciﬁitr is dirscted
along the spiral arm in which the solar system is located.

Apart from these manifostations of the oxistence of a general
£ie1d in the Galaxy the radio observations wers able to identify
local fields in a number of sources, and it was in confirming the
sptically-obsorved polariszation from the Crad lisbula that the
raslity of the synchroiron process as the orizin of radio frequency
emission fromz non-tharmal sources was Firaly established, Observa-
tions of other discreto sources, principslly by Gardner and hils
colleagues with the Australiaa 210-foot radio telescope, have shown
detactable polarization from Vela X, another supernova rommant
and from saveral others 3lso suspected of being the remains of
suparnovas,

A major expansion of magnetic horizen)s caze lats in 1961

when Mayer and hls colleagues at the U,S, Naval Research Laboratory
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in Yashington D.C, noticed that ths radio waves being recorded

‘llt a wavalength of asbout 3 cas froz the very powerful but distant
source CTygnus A varied in strength as the plane of polarization
accepted by their radle talescope was rotatad, In most sources
oscillations of the electrons causing the emission are not
orzanized in sny particular way and cover all possible directions,
30 that the electric fields iIn the radio waves we recelve from
thex likewise cover all possible orientations, Under these
conditions the signals are unpolarized (or randoamly polarized)
and do not vary as the foed is rotatsad, The observations of
Mayer et al, showad that tha slactrons ia Cygnus A are vibrating
in a preforr;d direction which can only be due to an enveloping
aagnatic fleld, Thus, evea though this island galaxy is near
the limit of the horizoans currently attalnable with optical
ta2lascopes, wa now have 3 meand of verifying the existence of
fialds and porhaps of tracing them out in some detail,

The power of this new technique was Jemonstratad shortly
aftarwards in a ramarkablo way by Coorner and Price of ths
2.3.1.R.0. Radiophysics Laboratory in Sydney, using the newly
conpleted 219-foot radio telescope at ?arkss’in wiat proved %o
b5 its first major achlevement. Tha telescops had been provided
with a fesd support which could be rotated so that it was well
equipped for studles of polarization., The Austrzlians, after
neting that the signals from the central {(double)} source in
Centaurus A were cortainly polarized, uandartock 2 detalled
survey ¢f thls source (which was one of those included in the
first 1ist of sources published by Eoltem). It is associated
with ons of our nearer neighbour galaxies, NGC 3128 which is
2 more 13 million light years away. This nsbula has an
unusual appearance which does not fit into any of the usual
classifications of galaxies, and Is shown in PFig. 2. Contours
of the radio scurce at 21 cms snd also at 11 cas are fllustrated
in Fiz. 3 in which the directions of polarization of the 21 cn
siznals from a nuxber of points are xksm shown by the double-

headed arrows, and the position and relative size of the
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visible galaxy NGC 5128 by the snall square at x.
. The first inmprossion is of tho enormous volume through which
the magnetic field extends, whereas the optical source is only
scme 19 minutes of arc in diareter ths radio contours with thelr
associated fleld spread out 50 tinss as far and cover about 8°
of sky. The second feature to noto is that the direction of
polarization does not vary markedly over this large region,
indicating remarkable uniformity of the wagnatic field, and of
special significance 1s the fact that the degree of polarization
is hish, veaching as much as 403 at 20 cms in some arnus; Cooper
and his associates found that the direction of the plane of
polarization véried with frequency and made many measurements
at a nusber of frequencies between 10 and 75 cws., The results
£or a central rezion of Centeurus A are pinkm plotted im Fig, 4
and are consistent with a rotation proportienal to the squarte of
the wavelongth, which is the relationship expected for Faraday
rotation, 1.e. the rotation preduced when elactromagnetic waves
nass through an lornized medium containing a macnetic field. This

iz usually expressed in zaxsm ferms of a “rotation neasure®, the
| censtant of proporticnality in the relation u‘— Ry % A (where
» 1s the rotation of the direction of polarization at wavelength
A) and is given as so many radians per metrez. The smount of
Faraday rotation is easily found from observations at a number
of frequencies: it is obviously zere at very short wavolengths
but the plane of polarization may be turned throuzh one or several
complete 360® rotations at 785 cms., More importantly, the position
anzle of polarization at the source - obtained by extrapolating
the curva relatinr rotatisn-to-wavelensth to zsro wavelength -
gives the directlon of the rmagnetic field at the source. (This
£1512 1s at right anglas 2o the plane of polarization.)

The ohsarvations of Cooper and Price show that not only

+hae fiold hut the rotation msasure is remarkably constant ever
the huge volume embraced by Contaurus-A . ¥Where is the Faraday
rotation produced: in the outor regions of Centaurus A itself,

within the field mx of our own Galaxy, or perhaps even in
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penetrating the terrestrial ionosphere? The 1last namad can
a'!.ly be ruled out bacause the ionisation density of the ilonosphere
has marked daily and seasonal variations, but no such variations
in the rotation measure have been detected, The outer regions of the
aource itscif at first sight may appear thes most likely but this
would require that tho field should be uniform over a distance of
half a million 1light years, because the rotation measured found by
Cooper wores roughly the same at three points spread over this huge
distance. This leaves only the Calactic fleld as the likely causs,
and further observations at Parkes put this beyond doubt. Gardner
and Whiteoak studied a number of radio sources both within and
ocutside the Galaxy and found that the rotation is broadly a
function of galactic latitude, maxinum effacts occurring for
signals coming from diroctions in the plane of the Galaxy and
very 1little from the poles, Thse variation with galactic longitude
is nmors complex however and further obssrvatlions ars nesded to
daefine the fleld in mere detsil. Fig. 5 summarises the measuro-~
monts of rotatien measure for (a) sources of nmorthern galactic
iatitude and (b) for southern sources, The general dependencs
" on galactic latituds is clesr but the larger scatter for southern
scurces reflects the affects of fislds in the local spiral amm,
Some of the most extensive surveys of polarization havs
been carried out by Australian radicastronomers at Parkes,
Gardner, Morris and Whitsoak having observed a total of 368
sources at thras frequencies 2650, 1640 and 1410 MHz (11, 18
and 20 c¢ms waveleangzhl. This totsl includad 64 quzsi stellar
objects, 119 radio or normal spiral galaxies and 31 galactic
sbjects, the remainder being unidentified or of doubtful identity:
they were mostly taken from the Parkes Catalogue of Radio Sources.
For a proportion of ths quasars the raﬁults support current idsass
that these strange objects consist of two components one of which
is of small size asnd radiates only at high frequencles while the
other is larger, bshaves like a radio galaxy, and mmwtxihwzad
contributes the paiz polariz ed emission. Results for the

galaxies confirm a relationship suggested from the preliminary
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observations, namely that the highest degrees of polarization

.ccur in objects which are physically large and have rolatively
low surface brightness. This is indlcated in Fig. 6. The
unidentifiod sources show characteristics that closely parallel
radio galaxies and, as has deen suggested by Bolton, probably
represent galaxies that are beyond the limits of the Palomar
Sky Survey plates used in searching for identifications. The
rotation measure is proportional both to the electron density
snd to the longitudinal magnetic fleld and if oithar.or both of
these vary appreclably within an area comparable with the beam
of the radic telescope then the net polarization measursd will
be reduced anh may be smeared out altogether. This effect i3
known as depolarization and is increasingly evident at longer
waveslengths, which accounts for the nszative results obtained
in some of the first attempts to detect polarization, nade bafore
techniques for observing at very short wavelsngths had been
davaloped.,

Anothar feature that has emerged is that in the case of
axtanded sources of low brightness the direction of the nagnetic
fisld (which is elways at right angles to the plans of polarization
at the source) lies roughly at right sngles to the direction in
which the source i3 elongated. This iz evident for NGC 5128
{sas9 Flg. j ané it also =zppears in tha case of several other
sources examined by Gardner which were large enough to be
resolved by the serisi beam., The iatensity comtours for Pornax A
are shown in Fig. 7; this source is associated with the paculiar
galaxy NGC 1316 which lies midway between the two components
of the radio source. Another intsresting example is the
extragalactic source 13-33 which at a wavelength of 11 cms 1is
resolved into three components, all of which are polarized,
ths contral one coinciding closely in position with the galaxy
1C 4296 (11.9 magnitude)., For this source the direction of
the magnetic field is remarkably uniform across the sources -

a distsnce estimated at one million light yesrs - and closely
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aligned with the line of centres of the thres components.

.Sea Pig. 8). These cobservations are conslstent with the sug-
gestion that a2 sowme radio sources sare the outcome of an explosion
in the opt?cal galaxy with which they are associated, the
ragnetic lines of force being compressed by the expansion of gas
which followed the initial explosion., For extended sources
of high brightness teamperature however such as Cygnus A, the
field tonds to be more nearly along the major axis sz of the
source, Intonsity contours for this source obtnlnoé by
gpsrture synthesis at Cambridge are shown in Fig. 9. The
detz avallable from some 20 oxtendad extragalactic sources
indicates that the field tonds to be either generally parallel

to or at right sngles to the major axis,

The Zvelutien of Radio Sources

The knottiest problem in present day astronosy is how
zalaxles sriginate and why thers should be different kinds:
=onster galaxies, like our own, with a mass 100,000 =illion
tizes that of the 3un, whea the average siza i3 only about
19,000 million solay masses; and quasars and radio galaxies,
emitting radio waves so powerfully that we cannot visualise the
processes by which so much energy can be made avallable for so
iong.

We do not know the origin of the original magnetic fiald
but it clearly plays a major role along with gravitaticnal and
ralational forcaes, in shaping the structure of the condensing
gas cloud, and any theories of the evoluticn of radio galaxies
=ust be able to account for the observed polarization., The
fact that many such galaxies consist of two radlo sources
sysmetrically placed on either side of an optical galaxy suggests
that the latter c¢onsist of plasma sjected from the parent galaxy
following a violent oxplosion., The plasma carries magnetic
field with it which becomes compressed and wound up as a result

of rotation, and eslectrons spiralling around the linesx of force
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euit the synchrotron radiation which our radio telescopes can
.tact. Initially the mapnetiz fisld in the plasnma will romain
linked with tho parsnt hody and it is possible to imagine a model
in which tho signals coma from two groups of slsctrons radiating
with their fislds pradominantly parallal to and perpendicular

to tho axis of rotatlon., At tho stage indicazed in Fig. 10 the
A group would predominate and ths polarization would be at 30° ‘
to ths msjor axis. As expansion procesds the radio source

would beacose mors spherical ia shape and the T group of electrons
becess progressively more importaant until the polarization is
predominsatly parallel to ths major axis. Aa evolution of this
type implies that the degrea of polarization would pass through
zero at one stage, and it is possible that it is this stage that
wo se2o in one component of the central (double) source of Centsurus
A which i3 virtually unpolarized.

It ssans that in each component of a source thers are two
rezions from which polarized radio waves originate, one enitting
in a plane paraliel to the major axis of the source and the
other perpendicular te it, with the former usuaily predonminating.
4t this stags hovever there is a need for nore detsiled informa~
tion sbout the distridution of polarizstion in 2 range of sources |
of different brightness temperaturss, and of the rotation and

zensral motion of the gzalaxies with which they ars associated.





