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ABSTRACT

Title of Thesis: A STUDY OF THE 2l-cm LINE IN THE SOLAR
' NEIGHBOURHOOD

_Supervisor: DR. W. L. H. SHUTER

A survey of 2l-cm line emission at points equall&
spaced over the entire sky visible from Tenticton, British
. Columbia, has been made, and the profiles obtained at the
vintermédiate galactic latitudes have been used to deterﬁine‘
several of the properties of the Aistribution éf the gas in
the solar neighﬁourhood and to study the dynamics of the gas,
includihg the detérﬁination of solar motion with respect‘tqv
gés, the distribution of random velocities . and the departures

of gas velocities from circular motion.
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"~ INTRODUCTION

Prediction and discovery of 2l-cm line,radietion: o

The most abundant element in the universe is hydrogen.
It is the building material of the stars and galaxies. Yet,
until about eighteen years ago astronomers had not succeeded
in measuring the neutral'hYdrogen content of the interstellar
medium of our Galaxy., This was because iﬁ 1ts unexcited state
neutral hydrogen &oes\not emit any radiation in ﬁhe vieible
frequency range. But today the‘2l-cm radio ffequehcy radiation
is a very important tool to the astronomer. Dufing a colloquium
on the investigatione of Janaky (37, 38) and of Reber (56, 57)
organised by the Nederlandse Astronomen Club in 19uu van de Hulst
(3&) predicted that if a hydrogen atom was in its unexcited or
ground state, deeignated by 1esg, the magnetic field of the
proton and electron oould change from parallel to anti-parellel
orientations and a epectral line shonld be emitted at a frequency
of 1420 MHz and that‘there.appeared to be a good chance ef de-
tecting fhie.treneition ffom the vast but sparsely distributed
neutral hydrogen content of the Galaxy. 'Sbklovsky (61) on the
basis of'the trahsitioh,probebility between hyperfine components
of the ground state.of hydrogen'atom showed that this epectral
line shouid have been detectable in the galactic radio spectrum
even with the eehipment availsble at the time, Subsequently
the discovery wae,made in 1951 by Ewen and Purcell (23 (al(b) )
- at Harvard University by the getection of the 2l-cm line from
galactic atomic hydrogen. This detection was  confirmed within

a few weeks by Huller and Oort (47) in Leiden and by Christiansen



2
and Hindman (53) in Sydney. This discovery wassexcitihg not
..only because this héppened-to be the first épectral line to be‘
discoveredVinvsolgr or cosmic radio waves but also because 16

- opened up Q hew fieid of astronbm;cgl reséarch_- 2l-cm line
Astronomy'? with péssibilities of grgatly exténding our know-
ledge of the Galaxy and the uniﬁerse. In fact, since éhéAini-
tial discovery in 1951 hydrogen line investigations have account-
ed for considerable pgrt of the effort in radio astronomy. The
2l-cm line of neutral hydrogen was the only spectral line observ-
ed in cosmic radio waves until 1963, when the radio frequency
spectrum at a wave length near 18-cm of the OH (hydroxyl) fadi-
cél in interstellar space was detected by the M.I.T. radio astro-
ndmj group using the 84 ft. parabolic antenna of the Millstone
Hill Observatory of Lincoln LaboratorycuaginceA196h many spectral
lines = the rbcombinationllihes - of excited afomio hydrbgen and
helium corresponding to transitions ihvoliing high principal

quantum numbers have been detected in HII regions.,

The'discovéry of this spectral line of atomic hydrogen
in the ground state led to numerous studies of galactic structure,
physics of the interstellar medium and hydrogen distribution in
nearby external galaxies. As a necessary background.tﬁe current

knowledge of the galactic system is briefly reviewed here.

General composition of the Galactic system:

The structure of the Milky way Galaxy (or simply, the
Galaxy) is shown in fig. 1, and the space distribution of the
principal objects in the Galaxy is schematically illustrated in
fig., 2, which représents a meridian cross section of the Galaxy

through the sun. It is a vast wheel shaped system of some
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hundred billion stars with a diameter that probably exceeds 30

Kiloparsecs. The mass of the Galaxylis about 1010

Mo . The
flattened shape of the Galaxy is a consequence of its rotation.
The sun, about 10 Kiloparsecs from the centre out to the rim,

1 to complete its orbital

moves at a speed of about 250 KMS~
revolution about the galactic centre in about 200 million years,
At the centre of the Galaxy, the nucleus, the stars are somewhat
closer together than they are in the solar neighbourhood.
Extending outward from the nucleus and winding through the disk

of the Gaiaxy are the spiral arms, The spiral arms consist of
vast clouds of gas and cosmic dust - the so called interstellar
medium., It is in the 1nterste11§r gas and dust clouds of the
spiral arms that star formetion is believed to be still taking
place. The sun is.believed to be located in the local arm.

- In addition to the individual stars and clouds of inter -
stellar matter the Galaxy contains many star clusters. The most
common are the 'open' or 'galéctic' clusters which are located in
the main disk of the Galaxy and are usually in or near spiral arms.
Besides the open clusters there,are over a hundred globular clus-
ters. These are scattered in a roughly spherical distribution
about the Galaxy. They form more or less spherical thalo' or
tcorona’ surrounding the main body of the Galaxy. Mrs. Hogg (33)
lists positions, descriﬁtions and distances of the S14 galactic
ciusters and 119‘globuiar clusters,

The interatollﬁr clouds and the 0 and B type stars, hot
super giant stars recently born from them and forming a very thin
galactic layer only 1/100 as thick as its diameter, comprise

'extreme population I objects'., In addition to the globular
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clusters the RR Lyrae stars that are metal poor and extreme sub-
- dwarf's have a'nearly.spherical distribution around the galactic
centre., This class is called the"halo pbpulation'II" The
- motion of the objects belonging to these extreme classes differ
in & way corresponding to their difference in distribution. while
the objects belonging to population I move in almost circular
orbits around the galactic centre the halo population II stars
travel in elohgated ogbits that are often strongly inclined to
the galactic plane, _Some,properties of stellar populatiqne are
+listed in Table 1.

The youngest stars are those of population I whose dis-
tribution and motion§ still indicaté the apirai arms in which
théy were born. The'firgt reliable'determihations of the galactic
spiral structure based on the distribution of HII regions emitt-
ihg the Hﬂciiihe'qnd a;so on the distribution of O associations in.
the neighbourhood of the sun wﬁs made by Morgan and his colleagues
(LS, 4b) at the Yefkes Observatory of the University of Chicago.
(Fig. 35; It has also been noticed from studies of the distri-
bution of gélacticlclugters, Cepheid variables and B stars of
different ages only the objects younger than about 20 million
years aré distinotly concentrated in the arms. They are still
near the r birth places‘wherq%hey condensed from the gas; their
older counterparts have had time to wander. This suggests that
the spiral armé are fundamentally pattefns of gas rather than
atars,

It has been recognized that light from the stars 1s not
only reddened and weakened by the inteéstellar gas and dust
during its passage through space, but itlia also polarized
(31, 32). ‘This polarization suggests that something must be
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»causing alignment o: the 1nterstellar'grains responsible for

the reddening. The galactic magnetic field is an obvious choice,
The association'or a}magnétic field with the Galaxy is also
suggested by the'phenoﬁenon of galactic éosmic rays, the galabtiq
nonthermal radiation and the maintenance of the galactic;spiral

arms.,

Previous gl-cmﬁline ggggigs and some important results:

With the breakthrough that came in galﬁctic astronomy in
"1951 by the discovéry of the 2l-cm line in emission of neutral
hydrogen much valuable information has a@cumulated in extending
our knowledge of the properties of the gas component of the inter-~
stellar medium in thé solar neighbourhood as well as the overall
large scale structure of our Galaxy. These are briefly reviewed

in the following paragraphs.

Galactic conditions ;g'the solar neighbourhood:

| Baéié information on the density of interstellar matter
has Eeen obtained from thé intensity of the hydrogen emission
line at Zl;cm.  The data obtained by Van de Hulst, Muller end Oort
(35) indicate a mean densitj of 0.7 neutfal H-atom/ca in the solar
neighbourhood, Sinée the 21-cm line may be more near;y saturated
‘than has been assumed, and since the ionized H~atoms will increase
. the mean density slightly, the total mean interstellar gas'dens-
ity is taken as equivalent to 1 H-atom/ca, near the galactic
plane, This value accounts for only 20% of the mass density in
the general vicinity of the sun calculated by Oort (50, 51).
About ;0% of the density is accounted for by stars of known type.
Roughly 40% remaipé unexplained. The invisible mass may be

molecular hydrogen and (or) very faint stars.
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The ratio of dust to neutral hydrogen has been shown by
-*Lilley-(ul) to be roﬁghly’constant over large regions but the
proportionaiity fails (8,28), whén‘smaller regions are examined.

_ Recent work by Heiles (27) has shown that OH emission is'expectéd.
in dust cloudsAin which 2l1-cm line.ehission is not observed. The
kinetic temperature of Hl indicated by saturation intensities of
the 2l-cm line is_125° K which has been pointed out by Kahn (39)
to be a harmonic mean temperaturé welghted by density. Much
lower temperatures have been noticed in individual gas clouds .
(13,1&,55,58,62). The temperature of HII regions is very un-
certain at present. The opticél methods yleld a kinetic temper-
ature of 10,000°K, whereas radio recombination line methods give
temberatures around SQOO6 K.

The obsefyétibns'of the angles of polarization of star
light suggest that'tﬁe'lines of magnetic force in the solar
neighbourhood are preferentially 6riented along a spiral arm
(31, 32). The general properties of the gas in the solar
neighpoufhood have beeq obtained from observations at 2l-cm of
neutral hydrogen ét intefmediatellétitudes. The earlier results
were from the three extensive surveys (15,21,22,43,44) awvay from
the Milky Way strip.' The carnegie-survey of Erickson et al and
S&dney surveys of ﬁcGée et al showed that hydrogen density is
predominantly horizqntally stratified, parallel to the galactic
plane. Also these surveys have shown thét the velocity distri-
bution of hydrogen is associated with differential galactic
rotation and_thét hydrogen ié flowing away from the sun at about

6 Kms'1

in the directions of the galactic centre and anticentre
in low and medium latitudes and is streaming in from above and

below,



In considering the velocity field in the neighbourhood
,_of the sun the irregularities in the distribution of inter-
stellar matter are usually described by the random cloud picture
-:with the: cloud about lO Pc in diameter with a density of about lOl
atoms/cﬂ and 8 such clouds per Kiloparseo._ The distribution of
cloud velocities is exponential with a dispersion of 7 KmS~ -1
(1,48,65). Some authors (17, 18) suggest abandoning the cloud
model and adopting a model of a continuous medium with density
fluctuations, Heiles! (26) high resolution observations do not

agree with the 'standard,cloud model't

Results pertaining: -to large scale structure -of the Galaxy:

- It was mentioned above thet Mcrgan and his associates
delineated by optical means the spiral arms in the solar neigh-
bourhood. They could explore only a small’ fraction of the Galaxy
" because of the strong interstellar extinction of optical radiation

by the dark obscuring matter that exists in. the plane of the Milky
way. The observed galactic obscuration is’ caused by small part-
icles which are believed to be needle shaped. The 8size of these
small particles is very much less than 2l-cm, the wave length of
radiation emitted by galactic neutral hydrogen, and therefore the
}particles have negligible blocking power for such radiation. So,
this 2l1-cm line radiation from.galactic atomic hydrogen has been
utilized to penetrate the far reaches of the.Galaxy and indicate
the distribution of neutral hydrogen. Since the interstellar

| medium is closely associated with extreme Population I stars
these surveys give a fair representation of the Population T
structure of the Galaxy and have confirmed the spiral nature of

the Galaxy. . The spiral~pattern of the Galaxy was successfully
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mapped in.the Zl;cm liné survejs of the Netherlaﬁds and Austra=-
.lia (52)., 1In spite 6f th£s édvanée in the knowledge about our -
Galaxy that it is a spiral nebula the ideas of the dynamics of
the Galaxy need improvement, »One'of the vefy confusing facté is .
that the rotation curves obtained for the northern and southerﬁ
hemispheres do not agree in detail and thé~ga1act1c structure
map shows an asymméfrj'»between the two halves, In order to
reconcile the data of the two hemispheres Kerr (40) 1nvestiggted

1 of the

the possibility of an outward motion equal to 7 KmS~
local standard of resf; .Anothér possibility that was suégested
by Kerr on the asaumption thatvthé'Galaxy is circularly symmetric
on a lafge’scale was a general outward motion of the gas away
from the galactic centre throughout the Galaiy.. The spiral patt-
ern.worked outvin_thia basis becomes more §ymmetrical. But other
studies have not.genérﬁllj supported tﬁe idea of ﬁhe motion of the
local standard of rest. Bf;es (16) tried to find.the expansion
motion suggested by Kerr, but reached a negative conclusion, and
he conciﬁded that his data provided neither proof nor a denial

of the expansion 1aw‘ppqposedibylxerr. The investigation of
weaver (69) points out that there are localized and rather peculi-
er radial motions, but they'are diatributed in a haphazard and
clumsy way over the gaiactic plane, An 1n§estigation by Venugopali
and Shuter (67) of the solar motion with respect to hydrogen has
shown that in the solar neighbourhood there is no systematic rela-
tive motion between stars and gas; Thus it is clear that the

deviation between the rotation curves for the northern and south-

ern sides is due to large scale deviations from circular motion
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and that a smoothly_iarying circular orbit medelnof galactic
rotation can no Ienger be used,_snd that the'Over-all.picture
_of gas distribution snd motions is & ceﬁplex“one.

Other‘interesting facts that have come out of the 2l-cm
line studies are thel3 Kpc'expanding'arm,,the high velocity
clouds in the intermediate latitudes and the clouds at great
distances from the plane which suggest streams of gas flowing
toward us from a direction of about 130° galaetdc'longitude.
2l-cm line studies provide‘informstion on the magnetic field of
the Galaxy. The possibility of.using.the 2l-cm hyperfine struct-
ure for measuilng the very weak interstellar magnetic fields by
utilising the Zeeman Efrect st suggested by Bolton and wild
(9); The results were not conclusive until very recently when
Verschuur (685 made d'successrul attenpt at the National Radio
Astronomy Observatory snd round the existence of a field of 20
micro gauss in a cloud in the Perseus arm and of the order of
one microgauss for a cloud in Orion_arm.‘ Smith (6&) from Fara-
day rotsfion measurements of Pulsar CP0950 deduced very small
fields in its direction._

It should alSo be mentioned that 2l-om line research has
. been applied for studying hydrogen distribution in external gal-
axies, for the determination of'distances to rqdio sources includ-
ing quasars and pulsars dnd for the measurement of the density of

the intergalactic medium,
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PHYSICS OF THE 21-Cm. LINE

- Origin of the linéz _

Iﬁ'a reiatively ﬂ;rrow frequeﬁcy interval centred about
1420.4 MHz. (A= 21 cm.) the intensity of.thevradio frequency
radiation received from a typical region of the Galaxy is double
that of adJacént pbrtions‘of the spectrum. This is due to'tﬁe
inherent properties of the hydrogén atbm. The details of the
origin of this 1420.l4 MHz radiation and other galactic radio
frequency lines are réVieWed bj Barrett (3); .A brief descrip-
tion of the formation of the neutral hydrbgen spectral line is
given below, |

‘ - In atomic and molecular syatems the electrons and nuclei

. can take up only;thoée motions and §rientations that yield a
discrete set of ;ntefnallenergies - tﬁe enefgy levels. In a
bound system §he Oheigy'is 'quantizedﬁ. ~Simiiéfly,}the various
anguiér momenta associated with the electrons, nucleus or both
are quantized.'

jThe angular momenta necessary to specify the energy
states of an atom are: 1) the total electronic orbital angular
momentumei s 2) the total éiectronic spin momentum E; ’
3) the total eleqtron:l:c angulér momentum 7= T+3 » L) the
nuclear sﬁin momentumff , -and 5) the total atomic angular}
momentum-;:-?+:; « From quantum mechanics it is known that
the total orbitai angulérvmohentﬁm-f' is given by an expression
involving only the azimuthal quantum number L , viz:JL(?xH) 4.

The resultant of the addition of two angular momentum vectors

may assume one of several possible values. Thus for a given
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value of I and S the possible'#aluee of J are L+S, L+ S-1,
"L+ S=2y stecees ‘LssL inea'similer menner*the.possible values
of F can be obtaiﬁed; | | -

| Ene§gy ;e#ele'iﬁ atoms arise from electric and magnetic.
interactions of the‘atomie eleetrons amongst themselves and
with ﬁhe nucleus., The most important of these interactions
from the standpoiht of Radio Astronomy is that‘between the
magnetic moment.of the electroﬁ and the magnetic moment of the
nucleus, that 1is ”the‘hyperfine energy". The electron, because
of its 1nherent;properties and because of its motion about the
vnucleus;‘producea a magnet;c field at the nucleus, This'creates
different energies ef'the system for various orientations of the
nuclear magnetie moment with respect to this field., This inter-
action always :occurs 1n -atomic- aystem when neither the nuclear
angular momentum-f nor the total electronic angular momentum
J is zero.- Ir the internal energy of the atom without inclu-
.sion of hyperrine effecte is E° s the total internal energy

becomee,

o - - . 1
E 'A::‘_;Eo"'EH = Eo"‘-’"’I' ‘HJ--_-----_-

where the magnetic inferaction energy En is the negative of the
#ector dot product of the nuclear magnetic mo?enﬁ 7:& and the
magnetic field due to the electron‘§% « For a hydrogen-like
atom the hyperfine magnetic interaction energy can be expressed
ih terms of the quantum humbere F,I,J and L and the physical
constants by (5,6):
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E,= 71(7;;) oc f»cRZ’ ,E(F‘H)—I(I*') —J@+) |

r J(T+D(RL+1) ]
———- R

where'g& 18 the nuclear tg! factor which is character-

istic of a particular nucleus and may be positive or

negative,
m mass of electron
M mass of nucleus _
: 2 =3
ac fine structure constant 2'%—2— = 7-R2973Xx10
R Rydbei_'g constant = R-Tflm e—b ,_/.09737)(,[05::,7.'
: ' : v cl3 ‘
Z ionic charge _
and n the effec;ive quantum number of the hydrogen-

like levél.
Thia,equatién représenfs the energy of interaction
between the magnetic field of the electron and the nuclear
magnetic moment.vAWhen thé nuclear spin'momentum is zero

_ - —
corresponding to ftr :?I/ANI:O,,-»F:J and E goes to zero.

M
However, for a given I and J not zero, various values of F
are possible corresponding to different orientations of 3’

relative to'f'and the equation yields different values of the

energy for the different orientations.

The transition frequency Y of radiation emitted

(or absorbed) is given by the well known Bohr condition:

where E, and E; are the energies of the final and initial

states of the atom respectively. This equation allows the

prediction of the tfansition frequencies 1f the energies of
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the stﬁtes and selection rules are known. The atomic hjperfine,
~energies of hydrogen are giveh by equation 2 above and the
selection rule for hyperfine transitions is AF = +£1,0 with
jumps F=0 to F=0 forbidden, The 1 —» O trensition is then
equivalent to a s8pin flip.

| The frequency'of'the transition from a state F41 to a

state F is given‘by

- ™m _oc"ckzj’;, S 4
V=2 ?I( M) n: J’(J+|)(2.L+_»)

From this expression the transition freqﬁency for the hydrogen
hyperfine levels can be predicted. |

It is well known that the ground state of hydrogen
1 ZS%L R splits into pyo veiy close levels on account of its
hyperfine étructure,7due to the mutual interaction between the
intrinsic magnetic moheﬁts of the protoﬁ and the electrcon (72).The
1'2'S%x state of atomic hydrogen is characterized Sy n=1,
L=0, S=%and J= kf. The possible values of.F are 1 and O.
This transition called'!aﬂspinlflipﬂuresults.1n:theie1ectron.spin
flipping from a position parallel to the nuclear spin in the
F=1 1level to an anti-parallel position in the F=0 level.
- The transition occurs between states having the same L .quantum
number i.e.; L=0 and is therefore a magnetic diﬁole transition.
The latest value for the frequency of the tranéition in free
space, at zero.magnetic field and zero absolute temperature 1is

1,420,405, 751.7860 + 0.0046HZ. (4).

Transition probability:
The probability for a spontaneous 1-—» 0 transition is

given by the Einstein A.Coefficient:



‘whereﬂ 15 the Bohr magnet:en .-.A € A = 0.92732Xx 1520 erg gausgl.
AJTN1

The mean life time of the ‘excited' hydrogen (1.e. of the hydro-

gen in stute F=1) is 't|o=n’°3 EX 1%‘4 sec, or 11 million years.

The reasons for such a long life time are the low frequency of

" the line (since A, ,c('v ) and the fact that it comes from a

forbidden traneition (transition probabilities for magnetic

dipole radiation are of the order of 105 times as small as

those for electric dipole radiation regardless of frequenc@

The natural half width of this line has the minute value

5x10° 16 g, 'S . In the interstellar medium the basic elemen-

tary processes determlning the population of the hyperfine |

levels are collisions ef the first and second kinds. In colli-

sions of the_firSt.klnd a change of Kinetic energy of transla-

tion into excitation energy takes place by collision. Collisions

of the second kind iﬁclude'not-only the exact reverse of collisions

of»the first:kind'but also all other processes in which an atom

or molecule gives up excitation energy by colliding with another

partner. In equilibrium the number of collisions of the first

kind per unit volume and time equals the number of collisions of

the second kind, Then the population of the two hyperfine levels

1 and O will be given by Boltzmann's formula:

~HY
noog g e 6
n
o ?o .
where 8 and g, are the statistical weights of the sublevels
given by g=2F+ 1 and TS is known as the 'spin temperature!'.

It should not be‘simply assumed that the spin temperature Tg is
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equal to the‘kinetic temperature Tka the atom$.~ Purcell and
Fiéld (54) end Field,(zu) mede & careful analysis of the various
\processes which are cémpetihg‘toléstablish the relative popula-
tions of the energy levels for the'hydrogen line from inter-
stellar space and.fouhd that collisions are the dominant ractof
in controlling the spin states and therefbre the spin temperature
is effectively equal to the Kinetic temperature.

ne o g

Equation 6 can be rewritten as —~ =3. 2 R7k, Further
because the energy difference between the two sublevels is so
small.éiagli is gméll (00,0681 K) ana thevexponential above is
close to unity for all reasonable vélues of T‘&'. Therefore
Ny - 3. Since the initisl state of the transition giving rise
g:f%he 2l-cm. line is maintained in equilibrium by collisions
the energy emitted ih this line depends on the internal energy
of the interstellar gas which means that the monochromatic
galactic radib emi;sion'is'thermal.

Althbugh the Einsbein A coefficient is very small for
this transition and moat of the transitions from the upper to
the lower state‘are radiation-less as a result of collisions
of the Seéond.kind, yet because of the vést.number of hydrogen
atoms in the galacfic disk the hydrogen line from the inter-

stellér medium could be detected,

The formation of Emission and Absorption lines:

Equation of Transfer for the 2l-cm. line:

Let us first consider the transfer of radiation along
any line of sight passing through some assembly of atoms. Let
the volume coefficients of absorptioﬁ and emission in the

frequency element ( ))) ) +cLy ) at the point in the line of



sight at distance S from the observer be K (V) and J ( Y )dv
respectively. Then the specifid»intehsity, I(7Y)dy , of

the radiation at any point is given by the equation of transfer:
“‘""Tm =J0) —k (MIW) -=---7
S

The solution to this can be obtained from'qn elementary analysis.
Since the intensity at any point S and a given direction results
from ;he emission at all points beyond S, reduced by the factor .

-xf)ctv) to allow for the absorption by the intervening matter
we can write |

~f k() abs’
() 53(») efo ——---3

o
for the intensity of the emergent radiation. The observed inten-
sity is usually expressed in terms of the brightness temperature

T,(Y) which is given by the Rayleight«Jeans formula:

@)= I __ ___q
2R V*
Here 'ﬁ' is the Boltzmann's constant.

The ratio of the emission and absorption coefficients can be

written as follows by the Planck-Kirchhoff'f law:

2
J';(Og - &_T (or) J.(l))-‘ 2‘)) ‘{Z,T KW) .- .- fO

where T refers to the spin temperature whlch is equal to the

kinetic temperature here,

Therefore, we obtain oo TY)

TL())) -_-j‘r K (D) Q—"P[J k() d.8 j ds jT ) aL't'()))
4 - - R I
where T()))::jk()’)cl&’ 1s the optical depth and TY) 1is the

(o)
optical depth of the whole Galaxy in a given direction. If the

kinetic temperature of the whole Galaxy is constant, then
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This is the general relation for an emission line,

The presence of continuous spectrum:

Absorption line formation:
' This means that we should introduce the continuous abso- -
rption and emission coefficients K,(»)and J)()) for the continuum,

Now the equation of transfer becbme3°

dI(») =T +T,)- [K()))-PK,UHI@)*“'B

m"J Em) +J0)] "-"P{ S [l_<(v)+t< @]Cu}

As before we get:
_-—-14_

and for the region in the continuum ad jacent to the radio line,

whereT(“)) and K(v)are equal to zero,

T =5t J:r'(”)e"”[fk.(v)d/sjaﬁ-_”

The galaxy can be considered transparent for decimetre radio waves

in the continuum; so,,equation 15 becomes

a2z R |
To =55 [T ds ==l

~Also, in the region of the Zl-cm. line K(;))>> K,()}) .

So equation 14 can be written as:

Tb ()>) = k J[I(v) +J, ())J e

TL (Tt a(b'i'sz JIUe "

Using equations 12 andvlb in 17 we have ”""'7

T =T E - exp (-T’(»))] +T, xp (CTO)) -9
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The difference in brightness temperature between different points

" on the line profile and thé'contipuum will be equal to:

AT =T [1- exp CTIN]] Ty [i - <expTOYY] ----19
= D= <expeT O] {wkm T)ond TW)

to be of the same order.

It is evident from the above that the relative size of
T and Ty, determine whether there will result an emission line, no
line or an absorption 1line,

If hydrogen absorption is observed by directing the

antenna to a continuum source of small angular diameter:
=T(
o) =T(-€" ) +Tp 22 & 20

where T(?) is the effective opacity spread over -Q-B » the

beam angle and 'L's(y)that part confined to £Lg , the source solid

angle.
T, =TSk _ .. __
AT BT R
The observed profile is given by
‘ - ~Ts (Y
AT = BTO) - (1-€ 5Py . 22
-T‘(Q)

where AT (v) = 1 (I-
From the observables AT())))AT T») and Tp “e can ‘getTE(;))

) is the expected profile.

which is of very great astronomical interest.

Absorption measurements provide a technique for study-
ing individual hydrogen clouds, for the anguiar diameter of the
radio stars is typically a few minutes of arc so that only a
narrow pencil of rays joins the source to the earth, and the few
clouds through which this pencil cuts can usually be seperated

in depth by their differing poppler shifts.
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EQUIPMENT. AND OBSERVATIONS

A sﬁrvey of neutral hydrogen of the whole sky visible
from Pentictbn has been undertaken in order to obtain a catalogue
of profiles spaced 5°arc apart in the sky with the points |
surveyed givep in fhe new system of galactic co-ordinates. On
the completion of the survey part of the collected data was uéed
.to determine severgl of the properties of the nearby gas, to
describe the spatial distribution of random velocities of neutral
hydrogen in the solar neighbourhood for which there was no prev-
ious information. This project forms the subject of Chapter IV.
Also, an analysis of the departures of the velocities of nearby
gas from éircular motion is presented in chapter V. .In the pres=-
ent chapter a brief descfiption of the equipment used and the
-observations made is given.

) “The obsérvations described here were obtained in August
and Séptembér 1967, using the 25.6 metre paraboloid and the 2l-cm.
line facilities (42) of the Dominion Radio Astrophysical Observa=-
tory, Penticton (longitude:;119° 37" W, latitude ::h9° 19' N)
with a new 100 channel.filtef spectrometer designed and constructed
by Dr. P.E.Argyle. The 25.6 metre antenna which has a half power
beam width of 36' at A=2l-cm, is equatorially‘mounted, and at
its location is far enough south thaﬁ observaﬁions down’to-declin-
ation -30o are possible, Any part of the sky visible at the site
can be observed directly, and the telescope position is indi-
cated by synchronous repeaters reading declination, right ascen-
sion and hour angle. The telescope cah_track in hour angle at

the sidereal rate, The radio frequency preamplifier is an elect-

ron beam parametric smplifier (Adler tube ) similar to the one
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described by-Adler,.Hfbek,and Wade (2),,and is operated'in the
‘popdegeherate modeffdr hydrdgen-line studies with the spectro-
meter. | |

The hundred channel radio frequency‘speqtrometer is built :
around a commerciglly produced l"contiguous‘comb filter", This
filter system contains 100 crystal filters, each of 10 KHz._bahd
width. The band edges of adjacent filters coincide, so that the
total band width of fhe éys%em is 1 MHz. The filters are so
designed ﬁhat.the:frequency comﬁbnents of signal not passed by a
filter are reflected éo that they are available as input signal
to other filters; in other words, the filters do not act as short
circuits to frequencies they do not transmit. All amplification
is made in front of the contiguous filter, thus avoiding the pro-
blem of maintaining_uniform gain in one hundred independent
amplifiers, ‘The ceﬁtfe'frequency of the spectrometer 1is 10;7 MHz.,
the last'intermediata“frequency of the hydrogen.receiver. The
standard 1ntegfa€ion time used 1n‘the‘apectrometer.is 60 seconds,
Two banks of'infegratiﬁg dapaqitofs.are used so that one bank can
be used while the other is being charged. Thus no obéerving time
is lost'during read out‘. Ré@d out of a bank of capacitors is done
with a 'binary read out treé' of reed switches. The resultant
voitages are read by a digital voltmeter which tpen commands the
card punch to record the 3vdigit number just produced. These data
are punched on four IBM cards, with the firat columns of each card
being used for serial number or some identification. The over-all

o

system noise temperature was about 250 K.
: o

The profiles were obtained at posiﬁions 5 ar¢ apart along

o _
circles of latitude at intervals of § . The longitude interval



corresponding to the length Z}S(“ 5° ) of & éircle of latitude
~was calculated from. the rolation A.a &—i and rounded off to
" the nearest degree., The longitude (1) and latitude (b) are
expressed in the new standard system of galactic co-ordinates._
(7)e In all,over 1200'profiles.were obtained, covering_the entire
sky visible from Pantioton. -The-catalogﬁe of profiles is bel ng
prepared for publication. The brightneas temperature calibration
for the profiles was obtained from repeated observations of the
Berkeley calibration profile at JL::ZO? ’ f@r = -15 for which
the peak intensity was taken as 62° K.
The velocities of hydrogen gas wére referred to the local
standard of rest: (l.s.r.) which required that the obseryeq radial
‘velocities be corrected for Doppler shifts produced by the earth's
orbital motion ahdﬁfprlthé mption ofﬂthé.éun‘with respect to the
mean velocity of Hydrogén-in.the viclnitylof the sun. It has been
showﬁ,(b?) that 1A.the iicinity,oflphe sun there is no appreciable’
diffe;eniial motion betweén the neutral hydrogen and the stars; so
iﬁ the rQQuction of the obﬁérved velqcities}td l.8.r. in this sur-
vey thé,ﬁtandard solar motion (19) defined.by Se= 20.0 ngl,
Lo = 56%2, Be =+ 23. 2° , K"' 0,0 KmSl was used. In the corr-
éction for the orbital motion of the earth the eccentrlcity (e),
the mean longitude of:perigee-(n") ; the obliquity of the eclip-
tic (€ ) end the mean longitude of the sun (L)“ are involvedv, and
these are calculated usl ng the expressions given in the Explana-
tory Supplemex t to the Ephemeris (1961).
The profiles of brightness temperature versus radial velo-

city were automatically plotted at the University of British

Columbia computer centre, The co-ordinates to which each profile
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refers were indicated}iﬁ»the top iighﬁ hand éorner. |
| The data fréﬁ'thé profiles'of the intermediate latitude
' zones were used fbrvthe following,sthdies of hydrogen in the solar
vieinity: ” |
i) Kinetic temperature; 11) distribution of random motions
and iii) departured_of veiocities from circular motion. These

are describedlin the next two chapters.
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ANALYSIS AND INTHRPRETATION

This project was underﬁaken with the principal objective of
being able to describe the spatiai distribution of random veloci-
ties of neutral hydrogen in the solar neighbourhood, for which
there was no previous information .

It soon became clear that the main prerequisites for
this study were a determination of the solar motion with respect
to neutral hydrogen and the requirement that the distribution of
hydrogén in the solar neighbourhood obey a simple model, so that
a mean distance and hence radial velocity could be assigned for
the hydrogen emission of each of our observed profiles.

The solar motion with respect to neutral hydrogen was
found to be sufficiently close to the standard solar motion (o7)
that the standard value could be used, This determination of solar
motion with respect to neutral hydrogen Qas undertaken earlier,
and the procedure adopted is described briefly here.

Solar Motion from 2l-¢m. line Observations:

Radial velocities determined from 2l-cm. profiles are nor-
mally specified, with respect to the‘local standard of rest (12), =a
reference frame travelling with the mean velocity of the stars in
the vicinity of the sun, This is achieved by correcting the obser-
ved radial velocities for the earth's orbital motion, and for the
standard solar motion(19)- the velocity of the sun with respcct to
the local standard of rest. Because in the 2l-cm. line studies of
local hydrogen in the Galaxy one would normally wish to specify the
redial velocity of galactic hydrogen with respect to the mesn velo-
city of HYDROGEN in the vicinity of the sun, one must recognize

the assumption implicit in the above procedure (73) that there is
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no systematic differential motion between the nearby hydrogen
and stars, In our investigations we have in effect measured
the differential motion between the nearby hydrogen and stars
by measuring the velocity of the sun with respect to the nearby
hydrogen. The technique used i1s similar in principle to the
method commonly used in optical astronomy for determination of
the solar motion from stellar radial velocities, but a modifi-
cation is required because in the 2l1-cm., line case the distance
of the observed hydrogen is not usually known.

The observed radial velocity of nearby hydrogen g;s with
respect to the 8un Vo ‘
(66a)

Vh, = K —-SOCoSBocos'&Cos(L-'L@) ...SOSCWBQS:,.A,E-
+An cosx - Sl - ---- 2,3

may be represented by the familiar equation

whefe 'K' is a constant term, Sg is the speed ofi the sun with
respect to the mean velicity of hydrogen, Lg QiBQ are the galac-
tic co-ordinates of the apex of solar motion,9x)‘L,1r are the

II’_

heliocentric co-ordinates of the observed hydrogen'ggs; énd A
the Oort constant for radial velocity. The last term ip phe
above equation,A)chszf&'szmxf,,representS the contributj.on toy
radiai velocity resulting from differential galactic rotatioﬁ on ‘'
the simple hypothesis of circular motion about the galactiq axis,
this motion bd ng independent of the vertycalgdistance ol the
observed gas from the galactic plane. Sichg'n' ‘the distance

to the gas observed is not wellﬁkﬁowng(the qpservations were
restricted to longitudes 00, 900, 180° and 270°, for which :
sin 2,1.:'. O) and hence the temAnCos"!,-S:n‘;'g,b ’svanishes,_"., Further,

since the above equation is only valid for’'ri ’small compared to

the distance from the sun to thngalactié centre, the‘obseyvge
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tions were confined to intermediate latitudes where, due to the
~ thinness of the galactic disk the condition is fulfilled.
Two independent profiles at each of the following 22

positions were obtained and used in the analysis,

Co-ordinates of the profiles used in the analysis

1 ' b

0° +20°%, +25°, +30°, +35°, +40°%, +us5°.
90° -20°%, -—25° _30° 35° _—40°, —us5°.
180° -20°, —25°, —30° —35°, —L40° _—45°.
270° - 430°%, +35° 440°%, +45°.

Radial velocity V averaged over brightness temperature

for each profile defined as

jVTzr(") ‘*\/51‘(,(\,) dv - 24,

with the limits of integration Vl aqd V2 taken as the velocity
values at which the 21-cm. brightnessktemperature TG-(V) was '10%
of its maximum value, was determined with an ‘accuracy of 1;0.3«

-1 ‘ . & .
KmS , These velocities were referred to t he sun ual ng tables (30),

and the resulting radial velocities,"h'were used to obtain the
i | . . ; . o Lo
elements of solar motion S@ » LC)“ " B® , and K by means of a

D, ' i
vt “ I A by

least squares solution of the equation !
o o

’ ,L_K SoCcsBocv::PrCosd Le)
~—-5O5W\—B®SW\,6— - RT

The elements of solar mot&on relative to neutral hydrogen obtalned

i

in.this investigation, with thelr probable errors, are
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Sg = 2.1 + 1.3 Kxns",1
Lo = Ub9°%.2 + 8°.9
B = 24°.7 + 13°.7

K = —0.8 + 0.7 Kms™%

There is no significant difference between our results and the
standard solar motion given below for comparison:

Se = 20.0 kms™t

L = 56°,2
B = 23°.2 .

K = 0.0 ¥Kms~!

Thus our results indicate that in the“vicinity of the sun
there. isno appreciéble differential motion between the neutral
hydrogen and the stars; and also that no significaht errors sare
introduced in 2l-cm. line work by using the standard solar motion
to correct observed radial velocities to the local standard of rest.

Besides the determination of the soler motion with respect
to neutral hydrogen we require for our analysis of random motions
that the hydrogen distribution in the solar vicinity be capable of
being described reasonably well by a simple model. McGee and
Murray (43) concluded from their low resoiution sky sur&ey of
neutral hydrogen-that the local distribution is substantially
horizontally stratified in density, with a number of concentra-
tions of gas embedded in it. We, therefore, tentatively adopt the
model that the hydrogen density is a function only of Z , the
distance from the sun in a direction perpendicular to the central

plane of the galactic disk. This model can be tested in a simple
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way. Referring to figure 4, we suppose that two planes P and P’
_parallel to the central plane of the Galaxy G, and distances Zg,
and Z; respectively from S, the position of the sﬁn, pass through
points at which the average hydrogen density is half that in the
vicinity of the sun., If the gas 1s horizontally stratified in
density as required and we assume Z, corfesponds to an optical
depth T;, and 'r! (= 2, cosec b ) corresponds to an optical
depth T , then the model requires T =Tocosec b. To allow for
the presence of 2l-cm. line emission from the galactic halo (or
for the inadequacy of the simple bicture of the Galaxy adopted)

we may include a constant term Ts;and write

The relation between the brightness temperature T, observed along
the line of sight.at latitude b and the kinetic temperature Ty
and the optical depth ‘T of the gas is obtained as follows:

4 Adding>a11 the elementary contributions along a ray, the

brightness temperature in the direction of any ray is given by
. 400

—_— -~/ R -
L =\e T AT - --- U7
where 7:[13 the optical depth to each element., For a thick layer

of isothermal homogeneous gas of temperature Tk and optical thick-
!r .
ness C . ! /
T‘r‘-‘J‘ de(.T
o L ol
—_ =C
=Tk (=€) ... --28
From the above equation we obtain
T= An e for Ty - RT
Cle=Tg,)

(BuL T = TD Cosec b +tH frovwn 26)
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Therefore from (26) end (29)

T = TK/(TKbTL):TOCcsec(r+TH —ee 230
Therefore, if the gas density is horizontally stratified and if
the correct choice of Ty is made, & plot of T vs cosec b based
on the observed 4 a~dT is expected to be a straight line. The
effect of an incorrect choice of Tk can easily be predicted.
If Tk is chosen too high the plot would curve down at low lati-
.tudes where the optical depth becomes appreciable; similarly, if

T, were too low the plot would curve upward at low galactic lati-

k
tudes,

In this analysis the peak brightness temperature of each
profile‘in the latitude range -}-10° to + 40° was obtained and the
mean brightnéss temperéture.around each ciréle of galactic lati-
tude was determined sd that yériatiohs with galactic longitude
were averaged over, Using these mean values of Tb—’ values of T
were calculated for‘assumed values of Tk of 80° K, 100° K, 120° K,
and 1u0° K, and.graphs of T vs cosec b were plotted for the north-
ern and southern galactic hemispheres separately. These plots are
shown in Pigures 5 and 6.

It is seen that a linear relationship is obtained for a
kinetic temperature of 126o K. A least squares solution for the
best fitting straight line was then made for various temperatures
around 120° K, 1.e., for 110°, 120°, 130°, and 140° K, and the

corresponding values of T},and 7:H were found. That combination

of Tk 0 ’to and ’t,,which gave the minimum residual.}luli
-~ (Co Cosec l> +T'H))] z

2 A
v S R S
L=\
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(where n is the'number.of Ty, values considered in each plot) was

taken as the best representative values of Tk,T;>and QfH .

The following values were obtained:
Northern galactic hemisphere T, = 120°k, To= 0.07,T}=0.05.

Southern galactic hemisphere Tk - 120°K, ’Co:.0.0B;thz—0.0l.

Mean values with their estimated errors are:

= 120° + 15° K

T, = 0.08 -+ 0.01

"tH =-0,03 4+ 0,01
The value of Tk = 120° K obtained in this study is in agreement
with the usually adopted Leiden value (71).

The optical depth from the sun to the half density points
of the gaiacﬁic disk 1s T,=0.08, and this value is considered
further in the next seceion. |

| The negative value for T, ( = — 0.03) suggests there is
no appreciable neutral hydrogen emission from & distribution with
spherical symmetry about the sun, and can be accounted for by
assuming that the value of 1:0 immediately above the sun is slight-
ly less than the average vealue at points around the sun. This
result appears to be in accordance with the general distribution
of stars near the sun (20). Since the value of 734 was derived
by averaging over all galactic lengitudes, it 1s not possible
from this result to comment on whether neutral hydrogen emission

from the galactic halo has been observed, although this could

be deduced by further analysis of our basic data.
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Distribution of Random Motions

(2) Technique and Analysis

In order to investigate thé distribution of random
motions in nearby hydrogal"gas the axes of the velocity
~ellipsoid and their directions were determined according to
the following procedure.

The brightness tempgratures, Tb’
converted to optical depth values, T , ud ng T, = 120%k

of each profile were

derived above, and the relationT= 1n TkA@k - Tb). From the

profiles of Tvs radial velocity V, the mean velocity ¥ bs'

Vy ..
Vu(rs \S\V’I‘(V)ol/ T(V) dv "321

and the dispersion o total'

[j(v vces)'t(v) d/j,t(v)d‘/] .33

(with ‘the limits of 1ntegration V and V2 taben as the velocity
values at which the 21 ecm. brightness temperature Tb(V) was
104 of its maximum value) were calculated for each profile,

Our aim in this study is initially to determine the
dispersion in each of the hydrogen profiles attributable to
random motion and turbulence o;.v This‘can be derived from
the relation

o~

r = f:f.b.\.-( Onet + l:ke.vmaL+ r ‘) **** >4

where Ototal defined in equation (33) is obtained from the

profiles, and %rot? 7 thermal and %inst

dispersion produced by differential galactic rotation, by

are respectively the

thermal broadening, and by the instrument pass band.

We consider now the derivation of the latter 3 quantities.



According to the theory of differential galactic rotation

the mean radial veldcity is given as

V. = Ar Sin 21 cos‘b + (Vp) ~~~~~ 35

obs
for small heli_ocenﬁric distances, where r is the mean distance

of the emitting hydrogen, A is the Oort constant for radial
velocity and 'Vp ‘is the mean value of the peculiar radial velocity.

The mean distance is r — z_cosec b, where z, is the mesn height

o
of the emitting hydrogen from the plane containing the sun.
Therefore | .

Vibs = Az, Sin 21 cosec b cos b _ _ _ - - 36

where the term Vp is being disregarded I‘qr( the mement. Thus
from each profile a value of Az, was obt‘éined, and the mean
value _A-z: from all the profiles was calculated. With this

value I-z; the theoretical mean velocitj that the gas should

have in each direction of observation was coniputed from
,T'th: Azo ‘ain 21 cosec b cos 2b ———--37

‘Then a iinear relationship Vobs"'“.\;th: v was considered,
and the value of & found for which 2_#2 was a minimum. It may
easily be shown that the constantl indicates the nature of the
peculiar velocitiesbvp. If o= 1 the mean of all the 'values
V tends to zero. . If o¢ deviates from 1 the mean is non-zero, and
the value.K'z—o must be corrected tooc_A—z-; to allow for the bias
so introduced.

To estimate the velocity dispersion produced by differ-

ential galactic rotation it is necessary to make an aséumption

about the manner in which the hydrogen density varies with z.
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Two simple models were considered: the first being & uniform
_density disk, and the second one in which the hydrogen density
falls off exponentially with z. The second model was uadopted,
since it appeared to conform more closely with the profiles. It -

is easily shown that in the case

-V/V
T(V) = T (o) e —e——--33
where V ::odvth corresponds to the velocity at the scale
height Zge Then the dispersion of each profile due to galactic

rotation o—_, for this density distribution was calculated from

rot
02 . molsl
rot =< Vth °
The thermal broadening ogﬁermal was evaluated assuming

T, = l20°K, and the instrument broadening Oinst W2Ss also derived.

k
The values of a;'weré then used to derive the velocity
éllipsoid, a dispersion ellipsoid with three unequal axes,
according to the procedure described by Trumpler and Weaver (66b).
| First the six second order central moments,fLijk, of the

ellipsoidal distribution were determined by the least squares

method from the following equation of condition
A 2 o 2
- ‘o—"—’. (¢,8) = %3 Fraco + Vi3 [rero ) froon

2 .
YA N3 Va3 Priio + 2,}3_3)33/,4.0“ ,
+RIY’37-&/"-‘O' —_— - ":_ — I ~ ) 39
where the direction cosines7’13, )’ 23? 733 are given by

)43. = Cos ¢ Cos &
Ji3 = Stno Cos 3 | .. .o
]33 Sind
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From the Iu'ijk so determined the squares of the semiprincipal

p B
. axes (Z) , (21) (2’_&) of the velocity ellipsoid were found
as the three roots of the cubic equation in CZ) :

|

The direction cosines Q,,M;,n.of the axlas corresponding

to Z' » wWere detarmined from

Dy, 200

'el = T — st L. e

V (0,200 H(B110) +(Ayo)

mil -+ Do
| «/(Al,zoo)l-b (AI,IIO) +(A| lo:)

JAYINT=Y

7\.3'—"—*

R - - er
J(A'-ZOD)L-# (At,llo)z-—k (A (,lQI)L
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.Here

and A 14 g is the cofactor of the term containing }"'ijk‘

The direction cosines of the axes corresponding to

ZZ and ZB are obtained by changing the subscript in the
above from 1 to 2 and 3.

Vi ps 8Nd0{ .4y Were obtained for a sample of 50

profiles at intermediate galactic latitudes between + 15°
and + 45° and covering 360° in longitude, and the velocity
ellipsoid was derijed as described above.

(b) Results

= 2.53 Kms™ L.
The value of & required to minimize the sum of the squares

of the residuals Zve :Z(Vobs -c:(:’\?t‘h)2 is «=0,5.

From the corrected valueacr;.o: 1,26 KmS'l

A = 15 Kms~1 kpe~1

The derived measn value of Azo-' i.e. -A-zo

, and assuming

we obtain for the scale thickness of the
galaxy in the solar neighbourhood;
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Therefore the total thickness of the galactic disk

measured between points wherqthe hydrogen density is one half

that at the positionnnf the sun is ~ Zio or 168 pec.

In 3 (b) above we obtained 't'o:: 0.08 corresponding to

Eo so in the solar neighbourhood the optical depth for the 2l1-cm.
can be estimated to be 0.95/kpc,

The axes of the velocity ellipsoid and their directions are:

I, = b7 km$'  L=2372 £ = 4357

il

{
AR
9O

ZR‘=4'5'KW;5‘ . £=/60'3 ﬂ—

Yy = 7-8 km$' L =290 &= —49%

=l [EF+ () +(5y)"
= 65 ke S |

Meow Ewor e(E) = £0-3KkmS'

ZVZ = 1-5]
o A
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Discusg}gg

From this analysié the mean dispersion is equal to 6,5
KmS'l whiéh is in good agreement with other determinations.

The dynamicai theory of the stellar system in a steady | ,
state developed by Lindblad and Oort (63) shows that the direct-
ion of the longer &xis of the velocity ellipsoid in the galactic
plane (i.e. the vertex) should coincide with the anticentre -
centre line, i.,e, w}Zrz 180° and 0°. The direction of this
axis corresponding to §:1 in the present analysis of thi s axis
is towards ~""'Lr.'239°.2 which is parallel to that of the
magnetic field lines in the neighbourhood of the sun (36).

This coincidence in the directions suggests the random gas.
motions are elither strongly influenced by the local magnetic
field or that both the gas motion and the fleld are influenced
in the same way by some other perturbation.

. The Lindblad-Oort theory also requires that the third
axis of the ellipsoid which should point toward the pole of the
Milky Way be equal in length to the longer axis in the plane,

and the ratio of the two axes which lie in the plane <3Ei/zér;l.5.

In our analysis we obtain 2:12 6.7 KmS-1 and 2:3 = 7.8-Kms'l',

and the ratio(z 1/‘[_ 9: 1l.51.

The agreement between our observations of these quantities
and the predictions of the Lindblad-Qort theory is good, but it
is not clear whether it should be expected if the Lindblad-Oort
theory were rerormuiated to take.accoﬁnt of the effects of the
lpcal magnetic field, so that further theoretical analysis

seems desirable,
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It is also of interest to compare the velocity ellipsoid
‘elements for the gas with those for B stars given by Nordstrom

(4L9). They are
Z’ = 12.4- Kwm s —l/ = 2,46003 &- = +35°.C1

Z,Q, =107 KMS' IL = /700"4. 4 - -f—/OowO

2y = Tl KMS' L - 2,45‘36 b= -—54?3

It should be noted that the velocity dispersion of B.stars
is appreciably greater than that of neutralvhydrogen gas, and
for late type stars the disperéion is even greater than that
for B stars. '

We suggest a similar progression applies for the vertex
longitude. The longitude of the vertex for B stars ( v412:266?3)
is about 27° furthgr from the anticentre than that for the ras.

For the later type stars the vertex directioh is 43@52000.
However, the #ertex longitude for B stars is not well defined,
since the axes'ZLI-and }:2 of the velocity ellipsoid are very
nearly equal and there seems to be some difficulty in decid;ng
which of these axeé corresponds to the vertex. Bearing thesp
uncertainties in mind we suggest, after conside;ation of the
available data for B stars (16), that the vertex direction is
towards J&ﬂ% 2200, midway between that for the gas and that
for the later type stars,

We therefore Suggest, as an explanation of the obser-

vations, that the vertex direction of all classes of stars are
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found to be towards longifudes greater tha71 1& = 180°
. suggested by theory, that these stars were formed from gas with
maximum random motions aligned with j41 = 240° and have
gradually relaxed towards the direcﬁion “4a‘= 180° required.
by theory. During this relaxation process themagnitude of the.

random velocities has increased progressively.
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DEPARTURE FROM CIRCULAR MOTION

Although 1t is clear that the gas motions are predomin-
antly circular in most parts of the Galaxy it has also been
noticed that important deviations from perfect circular motion
do exist in the over-all ﬁelocity field of the Galaxy. Hence
an investigation of the departure of the gas motion from the
circular motion accordingAto the Oort-Lindblad theory of
galactic rotation was undertaken to see if ouf data could
suggést any systematic departure from circular motion.

In the last chapter it has been mentioned that a linéar
relfhionshipxz&;‘°<ib;:v was considered and ﬁhat the value
of & found for which i}ﬂ'was a minimum, The constant &
indicates the nature of the peculiar velocitieslaL . If
X = 1, the mean of all values V tends to zero. If o« deviates
from 1 the mean is non-zero and the value KEO must be corrected
to o AZ, to allow for the bias so introduced. Then the resid-
uals Vu(,s — ol -\7{;,.‘3\/ can be used to study the departures from
circular motion.,

A plot of the residuals V obtained in the analysis of
last chapter against the longitude (1) for each latitude (b)
seemed to suggest a significant cos 21variation. A cos 21
variation of the residuals suggests a possibility of the exist-
ence of radial motion in our Galaxy. In fact, there is observ-
ational evidence both for our own (59, 40) and for external

galaxies (11) that radial motions exist in regions with dimen-
sions of a few Kilopérsecs and that the circular and radial

motions may not be axisymmetric. Hence:'an attempt has been made
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to see if any systematic radial motion could be detected from our
Qata. | .

Trumpler and Weaver (66c) and Rubin and Burley (60) have
derived expressions for the radial velocity of stars with respect
to the local standard of rest resulting from the combined effect
of galactic rotation and radial motion., The expression for the

differential velocity for the solar vicinity is:
Vn = N cos b LASIn2L+C cosal +D] ----- 43

where L is the distance of the star to the sun and A is the usual
OQort constant and ¢ and D are Oort-like constants.

Since in the stratified layer model r= Z,c086ec b,

Vn = Z, Cotaeb Cas™b[ ASin 28+ Ccos 2 L+D) - 44

In this analysis 168 profiles in the northern intermediate
latitudes (15° to 40°) co#ering 360ﬂ5110ngitude and 119 profiles
in the southern intermediate latitudes covering the longitude
range 0° to 230° were made use of, The mean velocity of each
profile was determined and a least squares solution was made to
determine the constants ZO,C and D assuming the value of 15.0

Kms™ L Kpc"1 for the Oort constant A. Separate solutions were
made for the northern profiles (168), the southern profiles (119)

and the combined profiles (287) with the following results:

No, of C D

Z
Profiles Kp& Kms'l. Kpc"'1
Northern Profiles (168 0.120 7.2 -2.4
Southern Profiles {119 0.095 10.8 8.9

All Profiles ' <287 ¢ 0.109 8.5 1.8
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These results can also be expressed by means of the following

expression (66c):

Vn = Zo Cosee b Cos®b [AiSin 2, (L +A) +T) ---- 4.5
where M:W and ten 2h :—% . This means that in the
case of a radial motion combined with a rotational motion: (1)
the radial velocity formula contains & term independent of the
longitude (2) the double sine variation of radial velocity has
a different phase; the longitude at which the first term vanishes
is not the longitude of the galactic centre (L:.O’> )
Expressing our previous results in this form with a phase shift

the three cases yield respectively:
I+ Novthein IQLIILM;

Vn = 0. 120 Cosee bCoS’.b[l6°75t.Y\2_. (1,1-!2?.‘7) - 2,'4]‘(#15-'

WA brobodd i
h%p‘r:tiw_(, . MM for h and D ft4ebomd+o-bigmsS

anSoutkw\, Lali dlos ¢ |
n=0:09%5 Cosec b Coa™p()8-5S¢ +I7°5) 4G S
o Al LolTlodes s [ nR,(f, 7.8)0-'-85]‘(’"
Discussion: Vi =0:/09 Cosach Cos*b[[7-35:n 2 A+/4:9) +1-8]kmS’

Analyses similar to the above have been carried out

: ‘ o o

by Henderson (29) for the longitude range 16 to 230 for latitude
o : o
|10 | - and by Grahl et al (‘25 ) for latitude < 39.

Their results are: >
. ' s}
Henderson (5967) : Vnz 0.076 cosec b cos b E.S sin 2(1+ h.9)-0.ﬂkm§'

2 o -
Grahl et al(l‘?é%); \In-;; 0.230 cosec b cos b ES sin 2(14 lB.B)-b.ﬂKMS

Equation 43 was developed for the case where the gas motion
in addition to the normally assumed circular velocity, has a radial
component. A formal interpretation on this basis would suggest

a radial component of motion towards the galactic centre of 34 KmS
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from Henderson's data, 113 KmS from the data of Grahl et al,
and 97Kms-1'from our data. - This inferﬁretétion would lead one
~to expect a velocity differénce of about 130 Kms‘-l between the
northern and southerhvrotation curves of' the Galaxy, whereas the
observed difference is certainly less than 20 KmS-l « In fact,
if we assume the average velocity difference is IOKmS-.1 the
calculated phase shift 4L in equation'hSik~(3°, whereas we have
determined a value for.jk. of 132: u?b.

We therefore conclude that the phase shift and departures
from circular motion observed are not a result of large scale
organized motion in the Galaxy, but a local effect. Since similar
analyses for O and B stars (60) show much smaller departures, we
look for an explanation in terms of forces which affect the gas
but not the stais. An obvious candidate 1s the local magnetic
field, and we would view the phase shift as a shearing effect

produced by the local magnetic field.
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SUMMARY OF RESULTS AND CONCLUSIONS‘

‘Neutral hydrogen line prdfiles obtained at intermediate galactic
latitudes have been used to 1)4deﬁermine the kinetic temperature
of nearby gas;ii) determine the solar motion with respect to thisA
gas; 1ii) derive the velocitj ellipsoid describing the random
motions of the gas; and 17) study departures of the gas velocities
from circular motion. |

i) The kinetic temperature of hydrogen obtained on the assump=-
tion of horizontal stratification in density is 120 X
i1) The elements of solar motion relative to neutral hydrogen

with their probable errors are @
So =211 £1:3KmS’, Le=49-2,+ 99, Bo-= + LT B,

=-0:83 0 TKmSs!
i1i) The axes of the velocity ellipsoid describing the dist-

ribution of random motions of the gas and their directions are:

L= 6.7 ms 0= 239.2 9,—+35 3
@ ’ (o]

Ep= b5 Bms (= 160.3 &= -1u 29
L °

Y.=7.8 Kms L= 269.0 2= -19.6

Mean dispersion (i:)

\l /) [(_:3."' (25"' '(23)2-

=65 Km§s'

-and: |

iv) The observed mean velocities of the gashat intermediate
galactic latitudes may be represented by the following

expression:

Vot = 0-12.0 Cosee b Cos?b [[6752n 2, (£ +1229) = 2] konS'
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On the basis of the above results the following conclusions

are drawn:

i) That in the vicinity of the sun there is no appreciable

iia)

1ib)

iii)

differential motion between the neutral hydrogen and the

stars;

‘That the vertex direction of the velocity ellipsoid is found

to be closely aligned with the local magnetic field, support-
ing the view that the random motion is influenced by the
field;

That the vertex directions of all classes of stars are found
o
to be towards longitudes greater than £= 180 ; that these

stars were formed from gas with maximum random motions
o , ' _
aligned withma=.2u0 and have gradually relaxed towards
o \
-a==180 , and that during the relaxation process the mag-

nitude of the random velocities has increased progressively

. and

That the phase shift and departures from circular motion
observed are not a result of large scale organized motion
in the Galaxy, but a local effect caused probably by the

local magnetic field.
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Table I. THE CLASSIFICATION OF STELLAR POPULATIQNS AT THE
VATICAN CONFERENCE 1957. |
(Ref: Blaauw, A., Stars and Stellar Systems,
University of Chicago Press, 'V, LLl, 1965)
(1) <iz)) Mean -diétance from plane‘
(2) <z Mean ve‘locit.:y component perpendicular to
the galactic plane,
(3) zh.e. Interstellar abundance of elements

heavier thah _Helium. ~
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Figure 1. STRUCTURE OF THE GALAXY

(Source: Atlas of the Universe, Thomas Nelson & Sons Ltd.
' ' ' 1961)
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Figure 2. MERIDIAN SECTION OF THE GALAXY THROUGH THE SUN
(Ref: Blaauw,A., Stars and Stellar Systems,
University of Chicago Press,v; LL4O, 1965)
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Figure 3. AN IDEALIZED PICTURE OF THE SPIRAL PATTERN OF THE GALAXY.
Shaded areas outline the arms formed by the O-Associations

Lpngitudes refer to the New Galactic Coordinate System
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N |
Figure L. STRATIFIED MODEL REPRESENTATION OF THE GALAXY IN

THE SOLAR NEIGHBOURHOOD.
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Figure 5. PLOT OF OPTICAL DEPTH (T) AGAINST COSEC b FOR
" NORTHERN GALACTIC HEMISPHERE,
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Figure 6., PLOT OF OPTICAL DEPTH (Y) AGAINST COSEC b FOR
SOUTHERN GALACTIC HEMISPHERE.
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Figure 7. TYPICAL 2l-cm. LINE PROFILES.
a) In the direction of the Galéctic'centre.
o o o]
+ 15 9, + 20

b) At b= 0,



B i
V] [t
SN ) ¥eT .
ﬁ- > < < A. AJOU
‘it ‘621 001 ‘St 05 'S¢ P-qt T ‘©- 4 ‘SL- ‘00y- 9
. PUPPPYy VIS DU L.lAthALLAlAltkleLhALAALAAAA1AALA | AO‘ b | <44 lldhpm_ A et hlLLl@H‘;‘{' : .hu
o ¢ AA AL A LA AL N Sha - M e LL | R bi I B o
4 4 <
444 AA 4
B ] 44
L 4
4 4
PLL
. . - ]
i 0 0 g



87 »’*t :. S 0.
» > ”
D'»P > ”
,P’ ’ o.
1 Sesares ~iraomasstl ...r"’P MW
o St i u m T | T |
= 10. 0

g 25. 0
o, P,
”’V». ’0"’ ’v me “o.bb
] e ot e, S
o el e T T T T T T
g7 30. 0
»”” w’ ”D.
»’ »
p,»t ’
o et et Wyo"”"} T | l oot
a7 . 35. 0
* »
»Dh’w» %D PN,
. ’M, PN % 'bb’
[} %»» $'b... A
P"_—""P"‘”“"! ] 1 T T e
an o yo. 0.
M»’, :’ ' .’b’,

-40, -:J. ‘l|0. \ 80. 120.
o VLSR(KM S )



5- 110. 15.
e
W
»
@ Sl e e e oot i asastiotet aatetitauits Mt |
g 115. 15.
.M »’M
& o g ettt s essntiatatinst intatettaascttel Marttas e n gy
Ch 120. 15.

[ [OVIIT WPV VR oy

—
an

=)

1

Q

—

g

=)

v o deiudn,
‘(3 o rr‘v'-rw'
-

a-

5]

o)
_1

WW'VV"W er

W'WVV'

125.15.

i l I "hl gt i

e atoebobe o
,,‘,rvrvr- v—vvv‘rrvv[

130, 15,

Jor -

_0_
!
{
3
{
-

| PPl Ppbpbliep

87 145, 15,
¥
weatos?? "
' . VN Dédbudoinde M gy e D pow . you D
@ ikt Wlatiti e | Iatesntdiontt Muttamatetiataety PR
g 150. 15.
”’
>
Bt ’ roe rvew e B Sead o Ao b Bhe A AL
b P i o gl W PO R—

|
120, 160, .2



85. -15.

1
"0l

0_

90. -18. -5

w”.

Y e
s et M o N o s 1
w‘ PPV i I Wv'vrv-lvv L -r tudd e rv—-lr Lol 4 o vv‘l P
95. -15. I

P
o 5 o ~AW ’bbm-‘- Moo DOee S0 . e, - t
[ I A i o (aaadiaiasiiaigg) <
.
100. -15. g

110. -15.

115. -15.

" n!ﬁﬂMﬁ: hm. A aDANRAAA AR el Den b aa s hod oy (AT Wy
Lanaag > - v
Iw ] v-lrv DPSVH -rwy-rwvv

120.-15. 8
@
125.-15. 8§

20. -80. -uo, -0. uo. §0. 120, 160,




“0s "0~ ‘s Q- Qs 'dS Q- Qs
_ 1 j

S |

‘gs Q-

[

-120. -80. -40,

-Do

4o.

80.

80. 20.

120,

115. 20.

i .
e m—— v S L P S

160,

2



&1 80. -20.

&

‘05 "0-
|

-g-

“0S

-~ wf”?%&m N

! " S 3 - >-SdASH .V P W I VOV VYT T VR T Sy oy .
P—_—MW" o [ e | aliias  anat e Las et Aataadd datadie daes T

[&)

Pm 95 . —20 .

St sy e——
S ‘ 100. -20.

110, -20.

“Qas
|

-0-

115. -20.

“Qs
|

-0

“as
|

120, -20.

-120. -50. -4o, -0. uo. 8. 120 160, 2



