Chapter 'VIII - The ilydrogen Line and Galactic Structure

Horizons have expanded resarkably since the pre-
Galileoan days, when the Earth was firmly balieved to be the
centre of the Universe. Galileo's observations transferred
this distinctive role to the Sun, and he scems to havs suse
pected that the Mllky Way amight be made up of clouds of stars.
It was Sir William Herschel howsvsr who first saw that the
solar system was embedded in a myriad of stars: he tried
ta determine thelr structure from star counts in different
parts of the Milky Way, on the tacit assumption that the Sun
was centrally placed within it. It was left to the Harvard
astronomer harlow Shapley to show that this was not the case,
and that the Sun and the whole zaix solar system occupy no
such favoured position. ¥We are, in fact, about 30,000 1light
ysars, or located ons third of its dismeter, from the centre
(Saa Chapter page g 1

Progross in determining the % shape of the Galaxy and
distribution of matter throughout it has been aldasd by the
study of othor star systess such as the Andromeda Xebuli,
whose spiral arms wers rovealed for the first tims by the
famous telescope which Lord Rosss constructed fax: for himself
around 1843, As telesscopes inmproved it has become clear
that the Universe around us is studded with galaxies, nany
of them exhibiting various forms of spiral structure.
Somstiwmes they may be seen flat-on, sometimes edge-on, or
at various intermediate aspects, as is illustrated in Plate

With the realisation that our Galaxy is merely one of
an enormous number of such separate entitiss which together
constitute the Universe came the suggestion that it may also
show similar spiral form, That it 13 a flattened lens or
disk-shaped systom was clear from a count of stars in various
directions. The bright band crossing the night sky which
we call the Milky Way indicates the plans, or the lonz-
dimension of the disk; at rizht angles to this we are

looking out through the thin dimensions and stars are



S BT,
atively scarce. See Platg

It was clear, too, that
o centre of the

Galaxy lay in the divection of

tha constellation
sagittarius,

and that the Sup and the golar System ars situated
st 2 long way from the Centre,

The task of delineating the
details of any possibis spiral structure,

however, 3ia looked
1ike bsing a hopeless task, particularly because the huge clouds
absorbing matsrial which are effoctivaly opaque to light

waves severely limit our view in

especially so towards

of

nany directions, This is

the zEatxat contral rogions, whers the
star population is highest,

Scmething of an optical break-
through occurred, however, in t

he late 1940's when Baads and
Hayall, found that the spiral arms in the Andromeda Galaxy,

31, contained most of the exission nebulas as well as the O
and B-type stsrs, {.2. those which ars the cosmically youngest,
They suggeated that thess objects might serve as tracers to
define the spiral arms within the Milky W2y, and ia 1951 Morgan
and his associates at Yerkes Cbservatory, following this lsad,
found that in the sclar naishbourhood thase objects fall into
thres groupings which sppsar o constitute sscticns of three

separate arms, The picture was necessarily a rsestricted one

howsver becauss ‘the optical heorizea was limzited to only a

faw thousand light years in most directicas. A good deal of

datail was available within 2his limited range, but no information
at 2ll about the ianterssting cantral regions,

it was at this stage that radioastronomy enterad the
picturs with one of its early aad major contributions,

At a timo when rsdio waves from space had barely been
detoctsd, van der lulst, sz of the group at Leiden University,
which had been particularly interssted in galactic structurs,
prodicted (in 1943) that radio o-issionsvshould be detectadle
from hydrogen throughout the Galaxy, as l‘rpsult of a hyperfine
eransition which can occurAvltyighfhoﬁkyérpgon atom. llo foresaw
that the availabiliey of a rndiq 1%!}0:25;&1‘0:130 frequency
would provides the péislblllty of dotcrn%ning velocities in the line

.
.



¢ which had proved of such inestimable value to optical

pnomers. ¢ S also that it would give a means of explor-

the Univarse in depth, because of the much greater psnetrat-
jng power of radio waves, With their longer wavelength radio
waves are able to ooze their way through the dust grains of

the absorbing clouds, insximx instead of being completely
stopped, as is the case for the much shorter waves of light.

The liydrogan Line

The hydrogen present in the vast spaces between the stars
is romote from any source of optlcal excitation and so is cold,

highly rarefied and all the stoms exist in the ground state, i.e.

the single olectron occupies its lowest orbit,

Undar these
conditions no omission of light is possidle,

The ground stats
itsslf, howaver, has two levels which correspond to two possible
orientations of the spin of the slsctron and the nucleus.

¥hen
the direciions of the spins are parallel ths energy of the aton

i{s slightly greater than when they ars oppossed,

A changs from
one state to the other is possible and i3 zeferred to as s

hyverfine transition, or a spin-flip:

when the flip is from the
parallel to the anti-parallsl position a quantum of 21 cm
radiation is emittod whose fraguency can be measured in the
i1sboratory with high precision. The value to the nsarast
cycle when both source and receivar are 2t rast with respect
to sach other is 1420,405752 Midz.

It is impossible @ to have
=211 the atoms az rest with respact to the observer, however

because of their individual motions under the effects of thormal
agitation, 30 the frequencies emittsd are varied by Doppler

shifts and the line has a definite width instead of being
infinitely sharp.

The chance of & spin-flip occurring spontansously is

governed by probability considerations and is oxtremely low -
only about 2.85:19'15 por second., An atom In the higher energy
condition (with spin orientations parallel) is likely to remain

there on the average, for about 11 million years before




v}

ne gpontaneously into the altornative lower energy state,
bite this low Raix:

}Qkikiﬁ of occurrsnce and the low density
£ hydrogen at

ons in interstellar space enough transltions are
tak

[
ing place at any Iinstant to produce 2l-c¢m radilo emiasions
that ars oasily datoctadle with modern radio teloscopss, even

from galaxies well outside the Milky Way.

The relative numbers
of atoms in the two possible conditions of the ground state

are a function of the spin or excitation temperature, which is

essentially determined by collisions betwsen atons;

when this
is the dominant factor tha spin temperature is offectively equal

to the kinetic or “ordinary” temperature of the gas cloud,

This
is ganerally of the order 100°-125°X, but may fall a2s low as

50°X in some particularly cold rsglons of space.

The brightness
temperaturs of the continuous background

emission at a wavelength
of 21 cm=s Tarely exceeds about

30°X so the clouds of nsutral
hydrogen appear bright in emissicn. Point sources may, however,
He bright enough to Tevaal the presence of clouds in thea

foreground by absorption lines st the hydrogen 1ine froquency.

The Leiden group set out to follow up Van der Hulst's
srediction but wers forestalled in their discovery of the
hydrogen line by a fire which destroyed their first raceiver in
3193590. The first successful detection of 21 cm signals was
carried out by Ewen and Purcell at Harvard in 1951, who reported
an antenna temperaturs of 25° over a section of tha Milky Way.

This result was confirmed shortly after by Christiansen and Hindman
in Sydney and by Muller and Cort in the Netherlands. Thus was
axxuxkxax forged a unique tool for puls

ing regions of space
where neutral hydrogen is the

predominant constituent but can
never be studied optically.

Magging the Spiral Structure

Redio astronomsTs wWOTO

quick to appreciate the possibilities

held out from a detailed survey of the distridbution of the

u;lin- emissions, and Two groups in particular set out to carry
' the necessary

o cbservations one at thoe radiophysics Laboratory
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in Sydnay and the othsr at tho Leidsn Observatory in the
.‘.harlands. Ths basic obsasrvational problems are increased
in the case of linae emlssions by the nced to search in frequency
as wall as in two coordinates of position in the sky, and by the
fact that the siznal intensity 1s low, It is consequently
azxuszint essentisl to use higchly stable receivers of low-noise
performance, since the signal intensity is commonly below that
generated by circuit neiss, It i3 necessary also to oliminate
the contribution to the signal €rom the continuua emlsQion at the
1ine frequency: this is usually done by comparing the intensity
st two frequencies, one within and the other outside the baad
ovar which hydrbgen line emission is expected, I practice
thess comparison frequencies ars 1.5-2,0 Miz apart, and switching
betwean them is done at a rapid rate, so that gain variations in
2z the receiver will be largely cancelled out, with consequent
izprovement in stability. A profils of the emission at a point
in the sky is obtalned by recording the intensity as the receiver
is tuned over the appropriate frequency range, or altermatively,
by providing a number of narrow-band filters which together span
the desired range, 30 that the profile is obtained directly from
the intensity recorded by the filters, A remarkabls feature of
these observations is the complexity of the profiles observed in
some directions, whare many peaks in the curve indicate that
signals ares being received fromw & number of clouds moving with
different radial velocities. This could be due to local tur-
bulence, or more probably, to the fact that they are located at
diffarent distances from us - see for examples Flgs. .
in other directions the cloud structurs is obviously much less
complex: in these figures the signsl intansity has been plotted
in terms of radial velocity, derived from the difference between
the ohserved frequency and the known rost frequency (1420,40575 MHz)
f.e. the Doppler shift.

The first maps of the Galaxy which gave a clear indication
of its undoubted spiral structure were the result of combining

observations made by Dutch and Australian radicastronomers. A
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more recent determination of the structure of tho outer ragions
‘; zivon in Fig. » in which the left hand half of ths
picture is based on cobservatlons of reglons which are visible
from Sydney and the right hand half on data froam Lelden., Deter-
nination of the shape of the spiral arms from the daduced radial
volpcitios 1is dependent upon being able to coavert the observad
Doppler displacements into distances from the Galactic centre,
Obssrvations of the motions of visible stars and gaseous nebulas
indicate that everything in the Galaxy is rotating in slow
majesty around a common centre, Plausible models have been
deduced which relate velecity in orblt to the distance from the
contre, and with the nid of thase models, in particular that de-
velopad by Maarten Schaidt while at Leiden, the observed radial
valocity with respect to the Sun can be converted into s distance
from the centre of rotation, The much greater power of radio-
waves to penotrate the abserbing dust clouds makes virtually the‘
full depth of the Galaxy availabls for exploration and the
resulting picture leaves no doubt that we ars living in the
=idst of a spiral nebula; if we could view it from far enough
sway it would probably resemble s shown in Plate
The information availabls from hydrogen line studies is, in
fact, so much more comsprehensive than that from optical observa-
tions that it has boen used to define a new position for the
zentre of the Galaxy differing from the praviocusly accepted
position by several degrees., The new systes of geslactic co-
ordinates based on X 21 cm hydrogen lins measurs=zents was
adopted in 1950, following the recommendation of a Commission
of Dutch and Australian astronomers. This is perhaps the first
time on which an importsnt sstronomical dacision has been based
on radio evidence,
The blank sactors in the map of the Galaxy shown {n
ExZ Pigure represent x areas whers no roliable indication
of distance can be given because the orbital velocity is at
right angles to the 1line of sight, i.e. the Doppler shift is

nil and the method of deriving distance breaks down. The
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Galaxy seems to be a fairly tightly wound spiral, with arms which
are nearly circular in form, and with no clearly narked tendency
931!1‘18? trail or lead the dirszction of rotation, There ap-
pears to be a very bright central nuclous, as for the Andromeda
nsbula from which two major arms emerge, hut details of structure
in the central reglons are still very sketchy: thess regions

aro completely screened to light waves, so there is no optical
plcturs to help in the interpretation. Some indication of the
co:pléz structure near the centre is ziven by Figurs - which
is devived from a survey at 3 cms carried out by Hill with the
Parkes 210-ft Radio Zxx Tolescops: 1t reveals at least four
small sources aligned in the galactic plana.

The radlio observarions alse reveal thaxx that remarkable
snd unexpected expansion is taking place throughout the cemtral
regions, with velocities reaching up to 200 ka/s in some reglons,
This leads inevitably to loss of hydrogen from the centye at a
substantial rate, of the order of one solar mass par aanum,
which would lead to depletion of the hydrogen in a time very
short compared with the ags of the Galaxy. 70838 nust, therefors,
¢ soze maans by which this 1s rsplenished; 1t comes prasumably
from the halo which surrounds the Calaxy. Almost 5t the very
centrs the obsorvations show the existence of a dlak with high
xz rotational velocities, up to 2635 km/ssc. This is zsscciated
with a radio source whose aon-thermal spectru=m indicates
syachrotron origin, and hence the prasencs of rather strong
magnatic flelds, Adout 3000 parsecs from the cantrs a feature
known as the 3 hkileoparsec arz occurs whers the hydrogen con-
contration 1s high. Two sectiens of the arm are defined frem
the profiles: they participate in the rotation at the normal
spaed of 200 kmfsec and also have an expansicn velocity of
30 kn/sec, A possible structure for the central regions 1s
indlcated in Fig. .

The distribution of the neutral hydrogen in the galactic
plane can ke determined by scanning across the plane of the

Milky Yay. It is found to he concentrated in a very thin
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.}3‘ whoss thickness is of the order 200 parsecs, i.e. less than
one per cent of the diameter, The hydrogen layer is extremely
flat in the central regions and almost out to the Sun's distance
from the ceatre, and it is this plane which has been used as a
prinary reference plane in defining the now system of galactic
latitude and longitude introduced in 1960, Systematic dis-
tortion of the layer occurs in the outer parts, with positive
deviations of several hundred parsecs on the northern side of
the line joining the Sun to tho centre, and negative deviations
on tha southorn side, A cross section through the Galactic

contre normal to the Sun-contre line is shown in Fig.

Ths maximum downward deoflesction occurs at the palactic loangituds
of the Large Magollanic Cloud aad the possibility eof a tidal
sffoct was consldered as a posasibls cause, The observad deflection
is too great by several orders of magnitude to be accounted for
as a gravitational tide, howevsr, 2nd sonme other forces must be
rssponsible: studies of interaction between galaxios have shown
that the obzarved structures cannot always be accounted for by
gravitational effocts alonme.

Observations of the non-tharmal radio emission at high
galactic latitudes indicate that the Calaxy is embedded in s
tenuous halo of gas, of diametsr 20-25 kiloparsecs. The
Andromeda and other galaxies are observed to be surrounded by
a2 similar gascoous halo, and the existence of such 2 medium is
in fact basic to theories of gzalactic magnetic fields., An
upper limit to the density of nsutral hydrogen within the halo

é per cns, so vory refined techniquss are nesded to

is about 10~
detect it; at this stage it is not known whother 1t occurs in

concentrated clouds, or is unifomly distributed,
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External Galaxies

The sensitivity of modern radio telescopss is such that
21 ca hydrogen line signals can be plcked up frem sources which
lie well outside our own Galaxy. The Magellanic Clouds were
the flrst external systems in which the 21 cm lins was observed
(by Kerr, liindman and Robinson in Sydney in 1954); H-1line
onission has since been detected from approximately 100 external
galaiios. These systems nmostly exhibit some form of spiral
structure: only one elliptical system has been observed to emit
the 21 ¢a line. In many instances profiles taken at different
points across a nebula roveal different Doppler shifts, from
which its recession as a whols can be determined and sometines
its relation as well., The galaxy with the largest velocity of
recession so far detacted from H-lines =x measursasats with the
Parkes telaescope is HGC 4501, which is receding at a speed of 2120
ka/sec {corresponding to a received frequency of 1410 Miz),
Plate shows 2 photograph of the Galaxy NGC 300 with
some relative Doppler shifts indicated, from which it is clear
that the system as & whole 1s receding a2t a speed of 140 ka/sec,
and xaissiayx rotating as it goes,

The integrated 21-¢m energy recsived from a galaxy provides
a measure of the total amount of hydrogen ia the galaxy, while
the intornal motion revealed from diffsrential Doppler shifts
sllows the total mass of the system to be determined. Thus,
from thase résults the rolative proportion of neutral hydrogen

can be deternined for diffsrent types of galaxies.

The Magellanic Clouds

Those twin assesmblages of stars, easily visible to the
unaided oye on wmoonless nights as hazy pntches; distinct from
the Milky ¥Way, not far from the south celestial pole, were
named after the axplorer Ferdinand Magellan who mentioned them
in the log of his voyage in which the globe was circumnavigated

for the first time. They are the closest of the external
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galaxies but ars too far south to be reachad by the world's
!'lgest optical tolescopes, and consequently have not bsen studied
in detail until relatively recently. They are only about

180,000 1ight ysars away, i.e, at about one-tenth the distance

of the Andromeda Nebula, snd thus present unique opportunities

for studying the birth and evolution of stars in relation to the
structure and dynamics of the system to which they belong.

" Both the Large and the Small Clouds were originally regarded
as irregular galaxies, without the spiral or regular structure
so evident in other external systeas. An increasing body of
avidencs, part{cularly from studies of the 21-ca hydrogen line
sxkxxkanx emission has produced a clear picture of their rotation
and their spiral structure. The rotation curves derived for
H-line Doppler shifts are shown in Fig, The Large cloud
offers an ideal opportunity to study the distribution of neutral
and ionized hydrogen in relation to the skaxk distribution of
young stars, From a detalled saty study of 21-cm emission with
she Parkes 210-ft radio telescope McGee and Milton found the
_nautral hydrogen to be largely situated in some fifty two large
cozplexes of average diameter 2000 1light yaar; and mass sone
four million times that of our Sun. Thess vast clouds of gas
curtain most of the young stars and are the nurseries whers new
s2ars are born: combination of the radio data with optical
studies of the Large Cloud is providing a comprshensive plcture
of the qar1y>§tages in the life of stars. It also reveals that
the Large Cloud has extensive siructure characteristic of a
fairly typical barred spiral of type S5BC. Two enormous spiral
arms emerge from sither end of the bar of stars which is a
faature of the system, and wind around on the north and south
sides in the plane of ths sky. In additlion two shorter arms
also emerge fro= the ends of the stellar bar, but are inclined
at an angle of sbout 20° to the former system. Plate
shows a picture of the spiral arms superimposed on a Mount

Stromlo photograph of the Large Cloud.
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. The total mass of the Largs Cloud deduced from the ro-
tation snd random motion of the hydrogen clouds is about 6x109
times that of the Sun, while the total wass of the neutral
hydrogen is deduced to be 5.4:10s solar masses. The neutral
hydrogen thus ERRXXITNMSXX constitutes about 9 per cent of the
rotal mass of the system, as against about 1.5 per cent for
our Galaxy. The Magellsnic System is thus at an earlier stags

in its evolution.

Hydrogen betwsan the Galaxies

Information on the density of intargalactic space would
he of great cosmological lmpertaace and a numbar of attempts have
bson mads to detect neutral hydrogen, both in emission eand in
absorption. Soma of the best work has been carried out by
Robiason et al. with the Parkes 210-ft radio tolescope. Ho
trace of the 21-cm hydrogen line in emlssion was obsarvad,
but it was detected in shsorption in a cluster of galaxies in
she constellation Virgo, suggasiing that zas clouds are common
in this group of galaxies, Traces of sbsorption were also
found in the spectrum of the radiec source Fornax A, and this
was attributed to general intergalactic hydrogen, with an

upper linit to its density of about 9 x 10'6 iigii par cas.



