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ABSTRACT

FLOW PATTERNS, "ROLLING MOTIONS,'" AND THICKNESS
OF THE NEUTRAL HYDROGEN IN THE GALAXY

by
LANCE WALLACE

Adviser: Professor Chi Yuan

PART I: The detailed 3-dimensional velocity and density
fields of the neutral hydrogen in the Galaxy are obtained
from a linear solution of the perturbed equations of
fluid dynamics., The results of applying an integrated
form of the boundary conditions on the mass flux in the
vertical direction yield a unique density contrast
between spiral arm and interarm regions whicl depends

on the strength of the spiral field at that ;oint.

Using current "best" values of galactic parameters, we
find the density contrast near the 10-kpc circle to be
in the ratio of 5:1., The density contrast varies with
distance from the plane, falling at first and then
rising until the limiting distance of the linear approx-
imation (about 300 pcs) is reached. The vertical flow
of the gas is extremely small, and is probably not
observable.

PART II: The results of Part I are utilized to provide

a numerical model of the gaseous component of the Galaxy,
from which brightness-temperature contour maps can be
produced by computer and compared to observations,

Such maps are used to test and confirm a conjecture

that the "rolling motions'" observed in the spiral arms 50
for the past decade, and thought to involve energies of 10
ergs per kpc length of the arm, are only apparent motions
resulting from a combination of the displacement of the
arms from the galactic plane with the differential
rotation of the Galaxy.
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ABSTRACT (continued)

PART III: The apparent increase in thickness of the
Galaxy with distance from the sun is established with
the aid of several previous studies and from new
measurements of the thickness from a variety of large-
scale 21-cm surveys of the Galaxy. The increase in
thickness is apparent in every survey; it appears to
be linear and to have a magnitude of 30-40 pcs/kpce.
Assuming this "distance effect'" is an illusion of
some sort, we can remove it from consideration and
arrive at improved estimates of the thickness of the
Galaxy. These new estimates are considerably smaller
than previous estimates. Possible causes of the
"distance effect" are enumerated, discussed, and

(in some cases) eliminated.
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INTRODUCTION

The first fully successful theory of galactic
spiral structure was advanced in 1964 by C., C. Lin
and Frank Shu. Known as the density wave theory,
it accounted for the galactic spiral arms as a
rigidly rotating spiral waye, through which the
hydrogen gas and stars pass in roughly circular
stream lines and at varying speeds (agreeing;ﬁith
the observed rotation curve of the Galaxy) depending
on their radial distance from the galactic céhter.
By postulating that the spiral pattern was a wave
composed at different times of different particles
of gas and stars rather than a material concentration
consisting of the same gas and stars over long periods
of time, Lin and Shu avoided the major pitfall of the
previous theories--the so-called "winding dilemma"
caused by the differential rotation of the Galaxy,
which would force any unreplenished material spiral
arms to be wound up into 25 or 50 turns over the
lifetime of the Galaxy.

To: make the prollem mathematically tractable, Lin
and Shu treated the Galaxy as a two-dimensional fluid,
justifying their approximation by the observation that

the radius of the Galaxy is roughly 50 times the thickness.
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Later, in his unpublished thesis, Shu considered

the effects of the thickness of the Galaxy in an
integrated form, finding that the finite thickness
could be accommodated in the original theory by the
introduction of a '"reduction factor"'which would take
into account both the redﬁced gravitational potential
when the gas and stars are allowed to spread out from
the plane, and the reduced "response'" (or density
redistribution) of both components to their own
gravitational field according to the Poisson and
Boltzmann equations.

With the introduction of a large-scale spiral
shock wave (Roberts 1969), the density-wave theory
brought an impressive list of observed phenomena into
the confines of a single theoretical structure (Lin,
Shu, and Yuan, 1969; Yuan, 1969; Roberts and Yuan, 1970)
and made several predictions regarding systematic
motion of the gas and synchrotron radiation along
the postulated shock wave that have since been fulfilled,
Thus the theory has been rapidly accepted by the
astrophysical community.

Nonetheless, certain questions cannot be answered
by the theory in its present state. Among these questions
are

(1) What are the streamlines of the hydrogen gas
and the magnitudes of its vertical motion? (The

answer to this question may throw light on the observed
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influx of gas at low velocities near the galéctic
poles; it would also allow 3-dimensional numerical
models of the Galaxy to be constructed and then used
to prepare theoretical profiles and contour line
diagrams of the brightness temperature of the gas

due to 21-cm line emission to be compared with
observations.)

(2) How does the magnitude and phase of the
horizontal motions of the gas change with distance
from the plane?

(3) What is the density variation of the gas with
distance from the galactic plane? (Answers to the last
two questions could determine limits to the distance
from the galactic plane at which stars could be born.)

(4) What is the theoretical thickness of the
Galaxy, and how does it depend on such elements as the
strength of the Galactic spiral gravitational field and
the magnitude of the dispersion velocity of the gas?
Also, how does this theoretical thickness compare with
observed values? (Answers to these questions could
determine limits to the strength of the Galactic
magnetic field and the cosmic-ray energy density,
assuming that these quantities contribute to "holding

up" the gas.)
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(5) How can such observations as the "rolling
motion'" of the spiral arms around their i;ngitudinal
axes be accounted for by known physical mechanisms?

A1l these questions have in common the requirement
that a detailed study be made of the full 3-dimensional
response of the gas to a 3-dimensional spiral gravi-
tational field. A stellar spiral field satisfying "~
the requirements of the Boltzmann and Poisson equations
was constructed by Vandervoort in 1970 and will be
used as the basis for such a detailed study in Part
I of the following thesis., In Part II, we will apply
the results of Part I to the study of a particular
problem, the "rolling motion" of the gas, and will find
an unexpected solution to that problem. Finally, in
Part III, another aspect of the vertical stpucture of
the Galaxy will be examined--its thickness, as determined
from 21-cm line observations--and we will give the
first quantitative discussion of a heliocentric
"distance effect" which has gone almost completely
unnoticed and which leads to considerable overestimates

of the Galactic thickness.
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LARGE-SCALE THREE-DIMENSIONAL BEHAVIOR OF THE DENSITY
AND FLOW PATTERNS OF THE NEUTRAL GALACTIC HYDROGEN

In this section, we shall solve the fluid equations

determining the large-scale density variations and the

full three-dimensional flow patterns of the neutral

hydrogen in the Galaxy. To do so, we make two basic

assumptions:

(1)

(2)

The velocities in the radial, azimuthal, and z-
directions may be treated as perturbations on a
basis state of pure cirvular rotation. Since the
circular velocity at the position of the sun is

250 km/sec while the peculiar velocities are ~ 10
km/sec, this seems to be a particularly good
assumption,

The flow of the gas is determined entirely by the
stellar potential, and the response of the gas (i.e.,
its changes in density distribution) to the stellar
potential will not change the total potential
significantly. In the vicinity of the sun, the

gas probably has less than 15% of the mass of the
stars, so this assumption also appears to be well-
founded., However, at greater distances from the
galactic center, the gaseous component may have a
relatively larger proportion of the mass; for

these areas, the assumption that the response of
the gas will not change the potential significantly

would have to be re-examined.



The equations of continuity, motion, and state for the

gas are
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Here qr , the stellar potential, is:taken from Vandervoort (1970)

2]
and consists of an axisymmetric portion Y i

v("): droo (@;0) + Qn. (,-6; A I (Q cosh g/bB

where 7:,, is the potential due to an infinitesimal disk of

surface density o’* , and the second term is due to a finite

disk of half-~thickness A;

and a spiral portion ?'m: IHA : (w £-m O+ {E(gj)
) = N, (=) sech §_ 2 4 Q

in which N, is the amplitude of the potential, k 2 1’4;'

is the local (radial) wavenumber of the spiral whose

phase is Q(‘W), and w is taken to be a real number

to insure the maintenance in time of the spiral wave.

(If the spiral pattern has m arms and rotates at an

angular velocity of...ﬂ.r , then W:m.n.r.)
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Now we impose a spiral perturbation of the same

form as the spiral poterétial on our unknowns u, and (@; 2 9).'
) M 1(wt-m8+P(w) / -
W = Wit Lo §e). /“J’c‘;;:;"ﬁ}/.g'(""f vua-f-@(ﬂ))

g J
(D)}
where ’lt and J'“)vary slowly compared to the phase term @(w).

For W we take a basis state of pure circular rotation:
ot
©) _ (
v = (0, g (2, o)

The zero-order equations then reduce to

- . - " d (v? o)
eo/d - —a,)(_o) J}Jw - :)—5?';"'
) 3 79
O = —afp /‘Z% TS, is

The solution for the axisymmetric gas density \/o

J(G);fa Sﬁchyz/A s
where ﬁ“_-‘-‘. 27 G 6, & — 9~<\i%>

a a
-Since <V2">, the stellar dispersion velocity, is of the

order of 20 km/sec, and a shall be taken here as of the
order of 10 km/sec, consisting of contributions from the
gasesus dispersion velocity, and contributions to the
pressure from the magnetic field and cosmic rays, the
value of 9'). in the local region is around 8; thus the
gas has a far smaller scale height than the stars,

which fall off as sech 2 Z_ .. Farther out, assuming

a2 remains roughly constant, the value of g‘ﬁ drops
rapidly, and we would expect an increase in the thickness
of the gas layer in the outer regions. Such an increase
is in fact observed, and we show in a later section that
the magnitude of the observed increase agrees extremely

2
well with the calculated behavior of 55 .



Closer in toward the center of the galaxy, a constant
value of a2 would lead to increased values of J?iand a
corresponding decrease in the thickness of the gas layer,
which is not observed. Therefore for the regions interior
to the sun we may either let a increase toward the center
or alternately choose \}4 = constant to match the observed
relatively constant value for the thickness of the gas layer,
The first alternative--increasing the value of a toward the
center-~is supported by the observations of Burton (19¢6%),
Shane (1970) and others, who find that the behavior of
the velocity dispersion d& of the gas may be described by
a linear function of the radius:

g, = 9.0-o0.4H W
Of course, 6; as defined is one component of our a.

The shape of the sech?%> curve is close to that of a
Gaussian, but is wider at the wings. Thus it matches the
observations a bit better than a Gaussian (see Schmidt 1957).
However, the widening at the wings observed by Schmidt is

a
even greater than that supplied by the sech ? Z  curve.
Ja



At this point, we may distinguish the following two cases~
(1) The spiral perturbation density of the gas is far
smaller than the axisymmetric density' J"( )<< J’
In this case, the actual density increase in the
arm regions is small, perhaps too small to allow
for efficient star formation. This case may
correspond to the SO galaxies, which are flattened
in the manner of spiral galaxies but show no
spiral structure.,

(2) The spiral component of the gas may be nearly

) (o)

comparable in size to the axisymmetric component: Je £ JD
N

Here the density contrast between the arm and

( fw‘f’ (l)) 0y D
interarm regions (i.e., the ratio .f g\ -J° )
is larger. We shall see later that this assumption
probably more nearly corresponds to the ¢ase of our
own galaxy.

Case I: Ja“)<<f)(°

In this case, there is a completely formal linear

1 1)
analysis, with both unknowns ( f()and ’1\1’( ) being

much smaller than the quantities \/o@)and ,1_1: > e We

now assume that the spiral pattern rotates like a rigid
body at the angular velocity_ﬂ.,,, and we write the first-
order equations in the rotating system of reference, In
this system, 2w fu, where f = w-—m_ﬂﬁw(ﬂr’—‘\)is
the frequency with which a gaseous element encounters the
same configuration of spiral arms., (For a spiral pattern
of m arms, this is m times the frequency with which it

encounters the same spiral arm,)
- ~5-
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In the system rotating with the spiral pattern, then,

|
we have the following equations for w0 and V-( 2,

ifuy —2.0wd =-, k >
ifud s wnw/= o

w
: ? W 0 ;9""’ (o) @7
e 1 p ST = 5
0 )

'. kf uw -+ &A% (fo) (')) O
2
Here R dﬂ(l Z)‘ AL is the epicyclic frequency of
n I
the stars., Note that several terms which are formally first-
order terms have been dropped because in actuality they are
insignificant compared to the other first-order terms,
The four equations break into two sets of two, and

Iy 3
we may solve the first two for u and W 8 immediately:

(} ) )
w
() k K720 o

=) —a
g K*-f

We now fix the magnitude of the spiral potential in
order to arrive at a quantitative estimate of the behavior
of the above perturbation velocities. The magnitude of the
spiral potential in the vicinity of the sun appears to be
about 5% of the mean gravitational potential (see Yuan "7“1)
and using that figure we find that IN‘,I~17O (km/sec )2,
For values of k = =1.5 (the negative sign depicts a temailing
arm), gﬁm(ﬂr-.n.)d(‘lf-ﬂ.s’): -23 km/sec/kpc, and K = 32 km/sec/kpc,
we find that the systematic radial velocity of the gas in the
plane has a value in the vicinity of the sun of about

-6



1)
Wy — =12 famfrec

This is quite close, but a little too high, to the values
of 6=-10 km/sec usually cited in the literature. A similar cal~-
culation for W g)shows a value of ~ 10 km/sec, The
phases of the two components of the velocity agree with
those previously found in the two-dimensional studies of
Lin, Shu, and Yuan (1967): the radial component is toward
the galactic center in the arms and away from the center in
the interarm regions, while the azimuthal component is
against the direction of rotation inside the arms and
with the rotation outside the arms. Thus the present set
of equations has succeeded in reproducing the behavior of
the planar components of the velocity already found by
two-dimensional studies and gives hope that the results for
the remaining two components will also be trustworthy.

The final two equations may now be written

. . ) ()
iyt s %taz—%‘fﬁ,?”

12 £ ) S oD
a ) (2 =z - -
32 1 u/"’)&i oz

-

where we have changed to the more convenient vapjables
3, (the mass flux or "current" in the z-direction) and
}‘,E %) (the ratio of the spiral density component
to the axisymmetric component).



We see at once from the above that for a plane-symmetric
density and potential distribution, jz must go to zero at

z = 0, That is, the gas cannot cross the galactic plane,

unlike the stars, which oscillate freely through it.
Secondly, again from qualitative consideration of the
equations, we can determine that the phases of the z-motion

are such that the gas swoops toward the plane as it approaches

a spiral arm and is released to rise away from the plane after

it passes through the arm. (Recall that we are considering

" u
the case f )4{/0(0) ; for Case II, in which f'ié JM, this

conclusion is modified., See below.)

Boundary Conditions. To solve the equations analytically, we

must first settle on the proper boundary conditions: for the
Galaxy. This question has been treated by several authors
without, perhaps, a completely satisfactory conclusion.

The best-known treatment is that of Goldreich and Lynden-Bell,

whose boundary conditions for an isothermal atmosphere are
w
Sog, — O as 2 —ries

W), U * —

Ly I’w = O

Their second condition appears to be a somewhat weakened
statement of conservation of mass: that is, any mass flowing
in at z = - 09 , say, must flow out again at z = + ©9,

to avoid matter sinks or sources, Their first condition,
while appearing reasonable at first glance, may in fact

be too stringent--it appears to throw out the interesting

~f.



kinds of behavior studied by Landau and Lifschitz and others
(internal gravity waves), in which a density perturbation
grows with increasing height in an exponential atmosphere.
Moreover, the boundary conditions as given by Goldreich and
Lynden-Bell will probably not allow symmetry around the plane
except in special instances; for requiring symmetry puts a
third boundary condition and overspecifies the system of
equations.

For these reasons, we prefer the following boundary con-

ditions:

s (=)= O

Yo f= A0 () + oo
= [~} -
&% JJU\)-——-PO s g

(Note that the condition of symmetry around the plane
immediately requires that jz be an odd function of z. Then
Goldreich and Lynden-Bell's boundary condition on jz reduces
to the one given above, since j, (+ &) = ~j (- ®),)

The basic difference between Goldreich and Lynden~Bell's
boundary conditions and ours is that we demand symmetry around

W
the plane but allow J'{@ to increase without bound, while they

(X)) )
demand that {2;@> go to zero while sacrificing symmetry around

the plane, Of co&fse, in our treatment, at some value of z
the value of /ﬂ-i%) exceeds 1, and the original assumption

of smallness is violated., However, to anticipate for the
moment our numerical results, the point at which /pa becomes
equal to 1 is usually in the region z ~~ 500 pcs. Since

most of the gas is concentrated to within the first 200 pecs
of the plane, it seems that any effects occurring around

500 pcs will be insignificant; this is our justification

o.



for treating Vandervoort's '"local" spiral potential, expected
to apply out to about z = 300 pcs, as being good out to infinity,
and applying boundary conditions at infinity to arrive at an
analytical solutiom,

It turns out to be neceséary for the later numerical
analysis of these equations to transform the second boundary

condition by integrating the equation of continuity over z:

tve ¢
; f‘ero uf“ﬁi‘é ’Fcyz ,.~;‘:‘i; I <9>:}‘ 0(55
vo e vo
I TR S PR

We can compare this result, obtained for a differentially-
rotating disk with a spiral perturbation, to the result obtained
by Lynden-Bell and Goldreich for a uniformly-rotating disk

2 . D)
\( 04 Uﬂx = —!:"““ L)Z:‘QJ <w _]d(25
_swf 4z L1‘(z_ w

(Here our potential is negative and theirs is positive, which

and a plane-wave perturbation:

accounts for the difference in sign.) Their W is essentially
our £ (both quantities measure the frequency with which a
gaseous element encounters the density wave), but their (L,
the constant angular velocity of the disk, has been replaced
by our F(/Z (half the epicyclic frequency), a quantity that
varies with radius from the center, We are lacking their
term involving !ﬁi s because we are now treating the
tbressureless’ case/‘u:((jé‘.' Later we will allow JU) to
become of the order of J’“” (Case II below) and then we
will find a result essentially similar to that of Goldreich
end Lynden-Bell., This is the crucial formulation of the

boundary condtion that will allow a complete numerical
- 10~ .



solution of the eguations.
An easy way of satisfying the boundary condition is to
have Ufu)be proportional todpw)?ruéverywhere. This is
perhaps what impelled Shu to state thatdfﬂi(;ét?ﬁg)
However, if we 1eﬁ/y%¥7$?r§ﬁd plug back ipto the equations
for j, and for/u , we find that only for a special sort of
potential, namely one that is linear in 2z, can we have _
Jé%( ngf‘gverywhere. As it turns out, the épiral potential (sech (MAZE )
near the plane varies quite slowly and uniformly in 2z, due to
the small value of ]k[lb , 50 that in fact it is not too

Y JN(]
0 ’( )a

bad an approximation to say thattfuégf t least close

to the plane. However, it is more accurate to say that
the spiral perturbation density decreases faster than.uf(o)qr‘u

(P)

near the plane and slower than Jw’)’ away from the plane.

Analytic Solution. The complete set of equations with

the boundary conditions discussed immediately above  can

be solved formally in an analytic fashion, but we have

not succeeded in presenting the results in a useful fashion,
Therefore the calculations have been banished to the

appendix,

-11=



Case I1: J"(U 5 f(‘)

We now consider the case in which a well-defined contrast
between the spiral arms and the interérm region is displayed

by the gas. The full set of equations is now the following:
- (> w 1 p® : 0
1fuy —2a0uy = -ika %,, - k7T
([ < “) -
lf hg’ +) /q_.n."‘ = O

(1) by >
. 3 13/0 _ LO)/__ Hh = 7
‘Ff wy) = -a =y sz —S =

i {_\Jo(l)_r 34 (o) u)) + j"'f @, (l) - O

where new terms involving Ju)have made thelr appearance in
the first and third equations of the set. Again we consider

the first two equations and solve for the planar coniponents

of the velocitys Wf a p0 o)
Wy = Rt F& T

-

w — KT (>

= —_—
2;f0
The expression for the radial component ug:){ may be compared
to that obtained in Case I, where it was proportiornal to the
spiral potential ’r(”alone. Since jl) and ’)"U)are of
opposite phases, the radial velocity is reduced by the

/

- pW
addition of the pressure term. For values of ,A = ) /
o
)



ranging from 0,5 to 0.9 (and using previous values for a
and 7”0) ), the magnitude of the radial systematic motion
varies from 9 km/sec to 6 km/sec. The excellent agreement
of these values with those observed in our Galaxy is an
indication that the Milky Way is likely to be described by the
present set of equations more closely than by the equations
of Case I (small density contrast),

The remaining two equations for jz and forlfa may be

written: 9/4/& _ fF . 0 D ?.(')
— T e ’r T a2

2 2 /
n
\ - (o) 4
2 d2 Az = —-)'F‘f’ [(/+)()/1A+X :‘;:_‘]
2 %
= 2
where x h Q/R“F .
Before turning to the numerical solution of these

equations, we consider the qualitative effect of retaining
the pressure term., First we note that there is now a
critical value oflg.past which the direction of flow of
the gas changes sign with respect to the position of the

spiral arms:

(1) e 8
—x O /1:., S R~ o™
/&crit | +% ——————“1 X ot y( "

where n’(fv'S%) is the fractional strength of the spiral
(CY)
Dqﬂ) D » .
field S compared to the axisymmetric component '153;
In case I, no matter what the value of /Mb, the direction
of jz was such that the gas flow was toward the plane as
it approached a spiral arm, In the present case, this is

still true for values Of’]“a<;“crit : but for values of
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Iad
f5>v%rit’ the direction of j, is reversed close to the plane
but remains as before for higher values of z; and finally for

values of M sufficiently greater than M, ..., (i.e., Mo

greater thangf‘crit by a few percent), the direction of

jz is reversed for all values of z, That is, the gas

flow is away from the plane as it approaches a spiral arm.
Which of these three possibilities is actually the case

must be decided by application of the boundary condition,

which fixes the value of /U,. We note that the third
possibility mentioned above, gas flow away from the plane

as it approaches a spiral arm, would be physically unacceptable
if the flow in the vertical direction were a major component

of the gas motion, since then the volume density of the gas
would be decreasing as it enters a spiral arm. However,

to anticipate once again the results obtained in numerical
analysis, it turns out that the velocities in the z-direction
as determined by the application of the integrated form of

the boundary condition, are so small that they have essentially
no effect on the volume density of the gas. Therefore,

a flow pattern of the type exemplified by the third possibility
above, in which a slight expansion in the vertical direction

is coupled with a compression in the radial direction, is

certainly not ruled out by physical arguments.

VA



In summary, the effect of considering the pressure term
(that is, allowing uﬁu)to approach the magnitude of‘/}g
has been to reduce the magnitude of the systematic motion
in the plane and to provide extra possibilities for the
vertical portion of the flow pattern.

Numerical Solution. The numerical solution of our two

coupled first-order inhomogeneous ordinary differential
equations for jz and/u can be carried out by starting

at 2z = 0 by requiring jZ(O) = 0, and determining the correct
value of ,4° by applying the condition that jz(eco) go to O
at 2z = + o0 ; or, in integrated form,

f plde = =2 & fmu(°’7°"’dz

/TX ot _ 30

In practice, this means that we requlre 91 ,
j ) ____
U J\g T x aafoNo o Cec\»\

where }oo is some reasonable number such as 2.
An iteration technique, starting with arbitrary values for }A,
and pinching down on the correct value by comparing the
left and right-hand-sides of the integrated boundary condition,
can determine /Mo to several decimal places in a few seconds
of computer time,

The result of several score computer-gemerated solutions
to the equations above, using a number of different values
of T and the associated '"best" values of the parameters at

that radius, is consistently

’lﬁtfff = [,0Y T 0.04

/Acmr



It appears, therefore, that we have a powerful method for
determining the proper density contrast between arm and interarm
regions in the plane as a function of TJ : namely, that
)A. A / OV/ACNT . Since the density contrast is a
subject of considerable uncertainty, with estimates ranging
all the way from essentially no contrast (Piddington) to
contrasts of 20:1 or larger (Weaver), this appears to be one
of the most potentially useful results of the present work.
This effect is discussed further below.

The above result also insures that the vertical
component of the velocity is virtually as small as possiblef
Order-of-magnitude arguments concerning the velocity component
in the z-~direction allow a velocity on the order of a few
km/sec, which would have definite observational results.
However, the present result appears to limit velocities in
the z-direction to a few tenths of a km/sec, at least in the
areas of high gas density near the plane, This is an unpleasant
result in the sense that it has no observational consequences,
and therefore cannot be corroborated in a direct manner. If
true, however, it lightens the load for model-galaxy builders,
since it implies that z-motions need not be considered even in
highllatitude studies.

Finally, the near-equality of/ho copr 2nd /u'crit
dictate that the flow-pattern of the gas is very close to

the transition region in which the gas near the plane

~16=



flows slightly away from the plane as it approaches a spiral
arm, while the gas farther from the plane may or may not
reverse this pattern: the value of’,gcorr is s0 glose to
the critical multiple of }‘crit that a choice of which
possibility is the correct one seems extremely. K difficult,
However, the choice between the two patterms of flow}

has been made far less important by the fact that the
velocity in the z~direction has been limited so drastically
by the application of the integrated form of the boundary
condition; the most important aspect of the flow pattern

in the vertical direction is not its direction or phase

with respect to the spiral arms but rather its extraordinary
smallness: the streamlines of the gas are almost perfectly
flat near the plane, and even 100 pcs up they vary up and
down by less then 10 pcs., (See Fig, 1 ).

Density Contrast. We have found that the proper choice for

the arm-interarm density contrast in the plane is always
just a few percent larger than the value of Mepite Trherefore,
by studying the dependence of Mepit OB the parameters that
determine its magnitude, we may hope to narrow down the
limits between which it can vary, and arrive at some
quantitative predictions which future observations may con-
firm or deny. "crit depends on the following parameters:

(1) k, the local wave numbers

(2) a, the effective sonic speed;

(3) K, the epicyclic frequency;
(410?, the pattern speed; and
(5)",the strength of the spiral commonent of the grav-

itational field,
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FIGURE 1

Vertical behavior of the gas streamlines for the éase in
which the spiral gas density Lj°(”is considered small

in comparison to the axisymmetric gas density (Case I).
The flow is extremely flat near the plane but oscillates
more strongly in the rarefied portions far from the plane.
The points marked O and 27 corresponds to successive
spiral arms encountered by the gas in its trip around the
galaxy. As it approaches an arm, it is pulled downward
by gravitational forcé; after passing through the arm, it

is releeased to rise away from the plane.

€1



i o e bt a4 e

(pcs)

200

150 -+

100 —— ——— ' R

50

w2 0 w2  w  3m2 . om O=ft



Using the '"best" values of these parameters, namely
k = 1.6 kpc"'1 (corresponding to a pitch angle of 7°)
a = 10 km/sec |
}(: 32 km/sec/kpc
n, = 5%
_[t(: 13,5 km/sec/kpc
we find.lucrit in the vicinity of the sun is about 0.67. This
corresponds to a density contrast af abont 5:1. Choosing what
seem to us to be outer limits to the values of the parameters
such that Merit will be reduced to a minimum, namely
k = 0.9 kpc-1 (pitch angle for the arms of 12°)
a = 12 km/sec
}(: 32 km/sec/kpc
W= 4%
Jlr= 14,5 km/sec/kpc
we find that ,Amin is about 0.33. That is, the minimum density

contrakt between arm and interarm regions in the vicinity of

the sun is 2:1. This result seems to us to be a strong

theoretical argument against the contention of Piddington (1973)
that the spiral arms of the Galaxy may show little relation
to concentrations of neutral hydrogen,

We have less luck in finding an upper limit to f‘crit
in the vicinity of the sun, Once again choosing outer limits
to the parameters such that this time /‘crit reaches a maximum

value, namely
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1.8 kpc'1 (pitch angle of 6°)
8 km/sec

A
]

32 km/sec/kpc
= 5%
= 12.5 km/sec/kpc

S X e
i

(]
we find that ,‘max = 0,94, which corresponds to a density

-0

contrast of 33:1. Since this is larger than the highest
previous estimates, we have not succeeded in placing a
strict upper limit on the density contrast,

However, it should be noted that these upper and lower
limits on f‘crit cannot be attained unless our best estimates
of the values of four distinct parameters are all off in
precisely the right direction., Probably it is reasonable
to place limits on the value of Merit between 0.5 and 0.8;

that is, the density contrast between arm and interarm regions

near the sun is not less than %:1 nor more than 9:1,.

The behavior of the density contrast as a function of
distance from the galactic center is displayed in Table .
The density contrast appears to increase with distance
from the center, in qualitative agreement with observations.

Thé rather high values for Mcrit for '@'Z, 10 kpc
present a problem: our "small" perturbation quantity uﬂf)
is of the order of 0.6-0.8 times the magnitude of the
zero-order axisymmetric density Aﬁ e)! (The subscripts
refer to the values in the plane--z = 0,) Might this
not invalidate the entire linear analysis? The answer

is no, for two reasons, First, tke linear approach has
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given values for the streaming motions in the plane in full
agreement with the original two-dimensional treatment of

Lin and Shu and the later extension to an integrated version

of the three-dimensional problem by Shu (1967). Second, the
value of /Mo evaluated in the plane is a local maximum; as

we move away from the plane, the value of /n, falls steadily,
reaching a minimum of from 0.05 to 0.37 at heights ranging

from 250-500 pcs. (See Tig. 2) Thus, throughout most of the
region of interest (0 <'Z;E; 200 pcs) the perturbation quantity

is indeed small.

Velocity in the z-direction. We have seen that a mejor

result of applying the integrated form of the second
boundary condition is that J, and therefore u, are
sharply reduced., IMNumerical studies in which the boundary
condition was not applied gave typical values for jz of
about 1-2 atoms/cm3 km/sec, with u, typically increasing

to values of 10 km/sec at 2z ~ 200 7pcs., With the strict
application of the boundary condition, however, both
quantities are reduced to about 10% of these values.

As mentioned above, this result means that the
streamlines of the gas are virtually parallel to the plane,
an important point for the construction of galactic models.
Secondly, the small values obtained for jz appear to remove
the possibility that the observed low-velocity influx of

mass at the poles could be due to the normal circulation

pattern of the gas.
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FIGURE 2

Using presently-accepted values for various galactic
parameters leads to this picture of increasing density
contrast between arm and interarm regions with increasing
distance from the center, (@ = 9, 10, and 11 kpc)

The behavior of the arm-interarm density contrast with
increasing distance from the plane is qualitatively

similar in all three cases.
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FIGURE 3

Results of the numerical solution for the behavior witl
increasing distance from the plane of the spiral component
of the density J)a). The variation with =z of the
axisymmetric component of the gas density > and

the spiral component of the stellar potential ?‘0)

are also shown. Shu's 1967 approximation to the behavior
of the perturbation quantity ‘f./::) would follow the

curve for the stellar potential 9‘“); the actual behavior
of ,J%ﬁi% in this linear approximetion is as shovn. This
curve begins to blow up at about 2z = 400 pcs, marking the

1limit of the region in which the linear approximation is

still valid.

C-3



oobv 00¢

(sod)z 009

N

ARBITRARY
w b

o
1

UNITS
o

Ol

‘OA'



FIGURE L

Vertical component of the gas flow for the case in which

the spiral gas density is allowed to approach the value

of the axisymmetric gas density (Case II). The horizontal
axis is the height above the plane in units of [3(300 pcs);
the vertical axis is the mass flux in the z-direction in

3

units of atoms/cm” * km/sec. All values are determined

at the outer edge of a spiral arm. The two curves for
/Mo<yu.crit are similar to the behavior of the gas flow in
Case I, with the gas moving away from the plane as it leaves
the gravitational attraction of the arm. Note that as‘/u°

approaches more closely the value of‘/h the allowed

crit?
values of the velocity fall by roughly a factor of 10,
However, the phese remains the same for /‘c::/“crit’ with
the gas going downward into the spiral arm and upward after
passing through it, For‘/u-o sufficiently greater than
/“‘crit however, the phase reverses and the gas is pushed
upward as it enters the spiral arm and falls back down after
leaving the arm region. This behavior occurs because the
pressure term, which opposes the gravitational term, has
surpassed it in strength. Which of these possible types of
behavior is actually the case must be determined by the

boundary conditions set on the mass flux and the spiral

density.
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FIGURE 5

Same as the previous figure, but with /Ma only slightly
greater than/u crit® Here the pressure term is sufficiently
strong to force a reversal of phase near the plane, but

further from the plane the phase of the flow is as before.
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FIGURE 6A

Calculated thicknesses of the gas in arm and interarm
regioas. Here the axisymmetric gas density behaves as
sechy z , the spiral gas density is determined numerically
from the fluid equations and boundary conditions discussed
in the text, and the density contrast is that determined
from a choice of the ''best' galactic parameters in the
vicinity of the sun. (i.e:, the density contrast is 5:1,
and /u'crit = 0,67). There appears to be a slight (25 pc)

increase in thickness in the interarm regions.
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FIGURE ~6B

Same as the previous figure, but we are now at a galactic
radius of 12 kpc., Using the '"best" galactic parameters
available at this radius results in a value for /u'crit
of 0.79, corresponding to an arm-interarm density contrast
of 9:1, Here the increase in thickness of the interarm

regions is spectacular--about 75 pcs.
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We are also interested in the behavior of quﬁnuitAe

away from the plane, Unlike their behavior in Case I,
in which they fell off with distance from the plane in
proportion to the decrease of the spiral potential, we
find them to be remarkably constant over a distance of
about 200 pes from the plane, decreasing in absolute magnitude
by only about 5%, This result invalidates a suggestion
of Harten's (1971) concerning the cause of the '"rolling
motion" in spiral arms which depended on a rapid decrease
in the magnitude of \Ag:away from the plane,

The behavior of M.g,) away from the plane also has
an effect on the formation of stars, according to Roberts!'
ideas coneerning large-scale spiral shock waves located
on the inner edges of the spiral arms., Since, in his
view, the efficiency of shock formation depends on the
strength of the shock, which in turn depends on the density and
velocity of the gas perpendicular to the shock, the
behavior of /L and\AéZmdth vertical distance from the
plane is essential to the study of the vertical extent of
the shock wave. A meams of putting limits on the distance
from the plane that a star can be born appears tobe within

reach,
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Velocity Dispersion of the Gas. The velocity dispersion of

the interstellar medium is a subject of intense interest, since
it gives information about the temperature and structure of
the interstellar gas. Several methods of determining the
velocity dispersion of the gas have been used, including
Gaussian analysis of the observatidns (Shane 1971, Burton 1970,
Takakubo 1967), This method suffers from the fact that the
components identified by eye from the brightness-temperature
profiles may bear no relation to actual physical components

of the interstellar gas. Another method involves measuring

the extent into the "forbidden" area of the latitude-velocity
diagrams of gas observed at the cardinal points; but this method
fails because of the existence of systematic motions of
unknown magnitude. Here we discuss a third method, which

does not give precise values of the velocity dispersion but
which may be useful in identifying any large-scale variations
of the velocity dispersion with distance from the galactic
center,

The basic idea is to measure the velocity width associated
with the tangent points of the gas, and then to translate this
width into a velocity dispersion using computer models of the
galaxy. The actual values of the velocity dispersion so found
will depend on the accuracy of the model} but the variation
of the values with distance from the galactic center should

be considerably less model-dependent,
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To carry out this program, we must first be able
to locate, on any given latitude-~velocity diagram, the
actual maximum velocity, corresponding to the tangent
point. A priori, it might appear that a density peak
located 10 or even 20 km/sec from the true maximum velocity
of the gas would tend to mask the actual point of ocurrence
of the maximum velocity. However, because of the fact that
we are integrating for large distances along nearly constant
velocity at this point, the effect of the velocity plateau
completely overwhelms nearby density peaks, That is, it
is our contention that the brightness-temperature peak
at highest velocity in the observed maps of the inner regions

is, in every case, due to the effect of the velocity

platean without regard to the density of the associated gas.

Of course, this statement can easily be checked, by comparing
the velocities of the observed brightness-temperature peaks
with those of the Schmidt model. If the difference between

the two values is both small and consistent for all longitudes
then the hypothesis above is correct. The results of our

own measurements from the observations of Henderson and

Kerr in the northern sky and Kerr in the southern are given

in . 0 . Figs. 77\)'73 . The Henderson observations
were presented with a more extended velocity axis than those

of Kerr agé should therefore show less scatter and be more

reliable; these measurements show a highly constant difference

23~



FIGURE 7A °

A comparison of the maximum velocities associated with a
brightness-temperature peak, and the velocities at the
half-maximum points on the steeply-falling part of the
curve, as read directly from observations of Henderson
(1966) and Kerr (1969), with Schmidt's 1965 model for the
motion of the gas in the Northern Sky. The good agreement
of the twa curves indicates that is generally safe to
consider the "innermost" (maximum-velocity) brightness
temperature peak on a b-v diagram as representing not a
spiral arm but rather a case of a large contribution to
the optical depth caused by a slow change in velocity of
the gas over a considerable distance., (This is the
"yelocity stretching' discussed by Burton (1970).) This
in turn indicates that it may be all right to take the
distance in velocity between the brightness temperature
veak and the half-maximum contours (vertical distance
between the two dashed lines) as being proportional to the
velocity dispersion of the gas. Note the gradual decrease
in the velocity dispersion with increasing longitude
(increasing distance from the center), agreeing with
theoretical considerations and with earlier observational

results.
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FIGURE 7B

Same as the previous figure for the case of the Southern
Sky (observations taken from Kerr (1969). Once again the
distance between the dashed lines appears to be a good
indicator of the velocity dispersion, but there is no
longer a clear increase in the velocity dispersion as we

approach the center.
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between the maximum-velocity temperature peak and the
Schmidt-model velocity of between 10 and 14 km/sec., The
results from Kerr's observations are less uniform, probably
because of his cramped format, but even here the difference
between the two velocities is usually about 5-10 km/sec,
except in the region 1 = 3100-3250.

Thus we can locate the point of maximum velocity on
a given latitude-velocity diagram to considerable accuracy
simply by adding a value of about 10 km/sec to the value
for the velocity of the highest-velocity brightness-temperature
peak. This means that we can measure the velocity spread from
the peak tempearature to the half-maximum point and be quite
confident that this spread is produced essentially by the
velocity dispersion of the gas, and not by other factors
such as a density concentration located, say, 10 km/sec
away from the actual velocity maximum, which would give
unreasonably high values to the velocity dispersion.

To test this idea further, a number of computer runs
were made with density contrasts varying between 2:1 and
9:1 and with values for the velocity dispersion ranging
between 3 and 16 km/sec, Results showed that the peak
brightness temperature was consistently within 8 km/sec of
the actual velocity maximum, with an average difference of
5 km/sec., The velocity spread from peak temperature to
half-maximum appeared to reflect the actual velocity
dispersion with great consistency. Of 18 measurements,
15 showed a ratio of the velocity spread AV to the
velocity dispersion G; of between 1,7 and 2,0, This
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ratio exhibited no dependence on the magnitude of the
velocity dispersion or on the longitude of the observations.
Thus the computer tests confirm the impression from-
the observations that the peak brightness temperature at
highest velocity on the inner-~region latitude-~velocity maps
is a good indicator of the actual maximum velocity of the
gas and suggest further that the velocity spread AV
between the peak velocity and the half-maximum velocity
should be divided by a number of the order of 1.8 or 1.9
to give the velocity dispersion of the gas at that point.
Measurements show. that the absolute value of the velocity
difference AY in the northern sky lies around 16 km/sec,
(10 measurements from Henderson gave an average of 15.6 km/sec;
15 values from Kerr gave 15.8 km/sec,) If the divisor of
1.8 or 1.9 indicated above is correct, this corresponds to
a velocity dispersion of between 8 and 9 km/sec, which is
somewhat higher than the values found by most previous
investigators. However, in view of the uncertainties
involved in setting up a computer model of the galaxy,
not too much faith can be rested in the absolute magnitude
derived for the velocity dispersion. We are more interested
in the variation of the velocity dispersion with distance
from the center of the galaxy. Here we find that the
more reliable values of Henderson show a fairly steady

decrease in magnitude of ZSV’from about 19 km/sec at low



longitudes (closer to the center) to 13 km/sec at high

ones; the Kerr values were scattered too widely to detect

such a  decrease. The Henderson results indicate a

decrease in the velocity dispersion 01, from about

10 km/sec at & = 5 kpc to about 7 km/sec at & = 9 kpc.

This result agrees qualitatively with the decrease of

velocity dispersion outward observed by Shane and Burton

and expected theoretically (the velocity dispersion must

be larger toward the center in order to maintain the thickness

of the gaseous disk against the increased gravitational

force of the stars), However, the values are somewhat

larger than the values suggested by Burton (9.0 - 0.4 &™),

and somewhat smaller than those suggested by Yuan ( 0, = 80/%).
As a further check, the values for the velocity dispersion

suggested by Burton and Yuan were used to construct theoretical

latitude~velocity maps by the computer, from which maps the

velocity spread AV was measured. Burton's function for

the velocity dispersion gave measured values of AV of about

13 km/sec at 1 = 30° ranging down to 10 km/sec at 65°. Compared

to the observed range (19-13) these values are about 30% too

low. On the other hand, Yuan's value for the velocity dispersion

gave a range for the velocity spread AV of 30 to 16 km/sec--

about 50% too high.
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Measursments of the velocity spread AV made from Kerr's
southern sky observations differed from the northern sky
observations of both Henderson and Kerr in magnitude,
being about 20% larger. 32 measurements of AV in the
region 1 = 300-3340 yielded a value of about 19.5 km/sec,
with no apparent dependence on longitude, This would lead
to a velocity dispersion of about 11 km/sec, quite a bit
greater than the dispersion of 7-10 km/sec found in the
northern sky. The reason for the discrepancy is not clear.

To summarize, we have conjectured that the difference
in velocity between the peak brightness temperature and the
half-maximum temperature near the tangent-point region
as found directly from the latitude-velocity maps of
the inner part of the galactic disk, may provide a
simple and consistent measure of the velocity dispersion
of the gas at that point. We have tested the conjecture
on a numerical model for widely-varying density contrasts
and velocity dispersions, and found a highly consistent
ratio for the velocity spread AV to the velocity dispersion 6;
of 1.7 to 2,0, The values of the velocity dispersion in best
agreement to the observations range from 10 km/sec at low
longitudes to 7 km/sec at high longitudes in the northern
sky, and average to about 11 km/sec in the southern sky.



"ROLLING MOTIONS" IN SPIRAL ARMS

A number of investigators have noticed an apparent
asymmetry associated with the spiral arms: the upper parts
of the arm appear to have a different radial velocity than
the lower parts. Taken at face value, these observations
imply some sort of "rolling" of the arm about its own axis,
and the term "rolling motion'" to describe this phenomenon
has come into common use,

The first to point this out was Rougoor, in his study of
the “3-kpc" arm. (196L) Subsequently, prominent rolling motions
were discovered in every major spiral feature. Observations of
rolling motion were made by McGee and Milton (1964), Henderson
(1967), Burton (1966), Shane (1967), Harten (1971), and Fujimoto
(1972). Spiral arms in which the rolling motion was noted
include the Scutum and Sagittarius arms in the northern sky
(Shane); Norma and the southern Sagittarius arm in the southern
sky and Terseus in the northern sky (Harten); the "Outer Arm"
in the Northern sky (Fujimoto). I have made new measurements
of rolling motion for all these features and also for outer
arms beyond Perseus using the observations of Kerr (1969)
Hindman and Kerr (1970), Henderson (1966), Lindblad (1972),
Shane (1971), and Burton (1970). £~ complete set of tables of
all my measurements, and graphs comparing them to previous

work, is included in this section.
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The magnitudes of the observed motion are usually of the
order of one kn/sec/degree of latitude, although Burton, Fujimoto,
and Harten seem to find considerably larger and more consistent
- values than Shane or the present investigators. Using reasonable
estimates for the amount of gas involved, it is possible to
estimate the energy of the phenomenon, and both Shane and

Fujimoto have done so. Their results agree rather well:

O5Om51

Energy per kpc length of feature = 10 ergs

Previous Theories of Rolling Motion., Tujimoto and Miyamoto

theorized that the rolling motion of the gas is caused by a
helical magnetic field surrounding the spiral arms and forcing
some of the gas to follow helical paths around the circumference
of the arm. One main difficulty with this explanation was their
use of circular arms rather than spiral ones, leaving unraised
and unanswered the question of how the gas would complete a
more or less circular streamline if it were confined to the
spiral arm. A second difficulty is the proposed helical magnetic
field., Although Mathewson has brought forth some observational
evidence for such a field in the local regions (within 500 pcs)
the weight of the evidence seems to be on the side of a planar
or random field,

Harten applied two-dimensional density wave theory plus
some speculations on its extension to three dimensions to
arrive at a variety of mechanisms for producing radial and
azimuthal (shear) motions; however, the treatment of the

three-dimensional gas flow in the earlier parts of this
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thesis indicate that a number of Harten's speculations (such
as the idea that the radial motions would sharply decrease
away from the plane) were mistaken, thus invalidating all of
his mechanisms for producing true asymmetric motions,

Both of the above theories postulate that the rolling
motion is real, By contrast, the present treatment will show
that a simple geometric effect invariably produces the
appearance of rolling motion whenever an arm is displaced
from the plane. Both the magnitude and sign of the observed
rolling motion can be adequately reproduced by reasonable
choices of a few parameters. 4 complete description of the
geometric mechanism responsible for the appearance of rolling
motion will be given in the section following the discussion
of the observations.

To prove this idea, velocity-latitude diagrams have been
dravn up by a computer to illustrate the dependence of the
magnitude and sign of the rolling motion on the height of
the arm above the plane, the velocity dispersion of the gas,
the size of the systematic velocities predicted by density-
wave theory, and other variables, This allows a direct
comparison with observations. The details of the computer

model of the galaxy are discussed elsevhere in this thesis.
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Observations of Rolling Motion. I shall first discuss my own

measurements of "rolling motion," and then, in figures and
tables, compare them to previous results, The measurement
procedure is as follows: from available latitude-velocity
(b-V) contour maps, an attempt is made to estimate the "tilt"
of all the brightness-temperature peaks appearing on a
particular diagram, in much the same manner as described in
Harten (1971). TFor example, in Tig, |6 , it is clear that
the slope dV/db of the feature at V = + 20 km/sec is
large and negative. In the case of 2 regular feature such as
this one, measurements made from neighboring contour lines
will give roughly the same result. However, in more irregular
features, measurements of different contour lines will give
widely different results, and often no unambiguous value for
dV/db can be found., Moreover, there is a fair degree of
subjectivity involved. Different observers sometimes get
widely varying results, sometimes even disagreeing about the
sign of the pgradient., As an example of the difficulty,
consider the papers of Burton (1.970) and Shane (1971) on

‘the region containing the Sagittarius and Scutum arms.

Shane studied two sections of the Sagittarius arm which
flanked the sections studied by Burton. Although the

same observing equipment was used, and even the same

Gaussian analysis computer program, Burton's values for
dV/db were far more consistent from one longitude to the
next, and were almost 300% larger than Shane's; the average
value of dV/db found by Burton was -2.3 km/sec, compared

to Shane's average value of -0,2., It is most unlikely that
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these differences reflect a real change in this quantity aiong
the arm, since as noted above, Burton's region was bracketed
by Shane's.

The main source of this type of confusion is the irregularity
of the latitude-velocity diagrams, arising from the spotty or
discrete nature of the interstellar region. The result of
these irregularities is to meke the measurement of rolling motion
essentially a statistical phenomenon. For example, a single
value of dV/db should reflect an average of several measurements
made from different contour lines. The rather continuous and
slowly-chenging behzavior of dV/db found by Harten, Fujimoto,
and Burton is, in my opinion, a reflection of a choice on the
part of the observer leading to some systematic bias: for
example, Harten's choice of the 15%maximum-intensity contour
line ac the one to measure from, or My jimoto's choice of
latitudes 1° and -1° as the upper and lower limits from which
to measure 4dV/db. (The latter chrice ignores altogether the
problem of centering one's measurements on the center of the
arm; indeed, the center of one of the arms investigated by
Fujimoto lay entirely outside his region of inspection!)

A common situation that leads to greatly magnified and
erroneous values of dV/db is the case in which two intensity
maxima, possibly corresponding to individuval clouds, are dis-
vlaced slightly from each other in both latitude and velocity.
Then, even though neither one individually shows signs
of a rolling motion, the contour lines enveloping both
maxima may yield enormous values of dV/db.

This appears to be the case in one of the diagrams most

widely reproduced as an example of rolling motion: the
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FIGURE 8

An oft-reproduced section of the Perseus arm that appears
to show a tremendous rolling motion., (Observations from
Henderson 1966). Diagraﬁs at neighboring longitudes
indicate, however, that in fact two features are involved
in a close approach here. The dashed lines indicate the
"ridge lines'" of the two features, as printed out auto-
matically by the computer and augmented by the present
author. The features, considered separately, actually
have a rather small "rolling motion" of about

-1 km/sec/degree.
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longitude 121° diagram from Westerhout (1967). Diagrams at
neighboring longitudes indicate that here two major features
are experiencing a close approach. Each one individually has
a much smaller rolling motion than the two together, as can
be seen in the '"ridge lines" drawn in automatically on- the
lenderson observations (Fig. & ).

To sum up,“ii appears that attempting to measure the
rolling motion of the spiral arms from b-V maps is an
inherently difficult and uncertain enterprise. Different
observers will estimate the slopes of identical regions
in rather different fashion, On the other hand, as noted by
Harten and confirmed by the present investigation, there is
a high degree of reproducibility of results of measurements
made at different times by the same observer. And, finally,
as can be seen in the accompanying diagrams, there is a
fair degree of agreement among different observers for the
behavior of the rolling motion in the outer regions of the
Galaxy. Therefore we shall treat the observations of the
outer arms separately from those for the inner arms.

To make discussion of our results as clear as possible,
a diagram is provided (Fig. 9 ) showing the spiral pattern
adopted in the present work with the conventional names of
the spiral features displayed. The inner arms consist of
the Sagittarius and Norma-Scutum arms; the outer arms are
designated the Perseus arm, the Outer arm, the Carina
feature (following the nomenclature of Harten., It is the
extension of Bok's optical Carina feature into higher

longitudes.), and the Far Outer arm. Nonetheless, to
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FIGURE 9

Spiral arm pattern adopted for the study of rolling
motions. Scutum, Sagittarius, Perseus and the Outer
arms cross the sun-center line at distances of 5.5, 8.3,
12.5, and 14.5 kpc. The two-armed pattern becomes a
L-armed pattern at about 10.5 kpc, with the Carina and
Outer arms beginning there. The "local" or Orion arm

is treated as a material concentration only.
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allow for the possibility that some observers may have
different ideas about which regions should be given
which names, I have included in the tables the velocity
and latitude of the feature considered, which will allow
an unambiguous identification of it. I strongly recommend
that future measurements of rolling motion include this
information, since the lack of it in certain previous studies
has led to considerable uncertainty as to which feature
was being considered.
Observations: Outer Arms

The main observational material for these regions are
the surveys by Henderson (1966), Kerr (1969), and Hindman
and Kerr (1970), Westerhout's 1967 survey, done in
equatorial coordinates, is unsuitable for the present purposes,
which require measurements to be made at constant galactic
longitude. ¥err's survey is a2lso far less suited for dV/db
measurements than those of Henderson or Hindman and Kerr,
since the latitude extent is small (-2° to +2°, which does
not include the region of greatest déformation of the Galaxy
on the sonthern side), and the velocity scale is cramped, These
factors combine to give greater scatter and somewhet larger
values of ,dV/db' than the corresponding values for the
northern sky determined from Henderson's data. On the other
hand, Kerr made finer intervels of longitude in his observations,
which a2llows the continuity of the spiral features to be
better established. The details of the measurements are
listed in Tables I-IV; comparisons with Harten's measurements

are shovn in Fig, Q. Some genersl remarks on individuzal arms

follow,



FIGURE 10

Measured rolling motions for several outer arms,

Filled dots: present measurements; open circles:
measurements of Harten. DNote the predominance of

negative values. (The units of dv/db are km/sec/degree.)
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Outer Arm, This feature, which can be followed from 1l = 25°

to 1l = 125° very well, (and possibly extended to 150°) exhibits
very prominent and systematic rolling motions., It is the most
suitable feature for the examination of the mechanism proposed
in- this paper for two reasons: it is located throughout its
length in regions of considerable height above the plane and
also in regions where the deformation of the Galaxy has its
greatest slope; and secondly, in this longitude range, the bending
of the plane is very uniform and approximates very closely the
sin L law adopted in the numerical model of the Galaxy. Thus

we expect the observations to agree not only in magnitude and
sign with the values predicted, but also to change with longitude
at least qualitatively in the manner expected.

Northern Perseus Arm. Measurements of rolling motions here are

highly reliable, because of the large extent in latitude. Such
measurements show almost unbroken negative values of dV/db
hovering around -1 km/sec/degree from 1 = 1100-1550, where the
arm begins to merge gradually with the local branch, forming a
single feature in the latitude-velocity diagram at about 1 = 1650.
Nonetheless, a problem of interpretation arises around 1 = 120°
when a branch from the Outer arm appears to approach closely and
partly merge with the Perseus feature. The rolling motion of
each separately is considerably smaller than the maximum value
of about -3 km/sec/degree found by both Harten and the present
observers for the combined feature between 1 = 115° and 1250.
Moreover, the deformation of the Galaxy beyond 1 = 105° becomes

so complicated that it is no longer represented very well
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by the simple sin L law in the numerical model. For these reasons,”

the Perseus arm is not as sultable a testing ground fpp the
proposed mechanism as the Outer arm,
Southern Perseus arm, Sturctural features are extremely

complicated in this region, The nol@id line of the bending

of the Galactic plane appears in the direction 1 ~190°,
This region is the only case among all the outer arms where
the rolling motion gradients are often positive.
Carina, This feature could be followkd in the observations
of Kerr from 1 = 295 to 1 = 333°, As mentioned above, Kerr's
format results in larger scatter in the measurements, The
overall behavior is similar to that of the other outer arms:
a consistently negative dV/db of average magnitude =1.5 km/sec/deg.
To sum up, more than 100 measurements of rolling motion
carried out on four major spiral arm features in the outer
regions of the Galaxy show a systematic, rather uniformly
negative, value of dv/db that is remarkably uniform from
one arm to the next and in both hemispheres, and whose

magnitude hovers about a mean value of ~1 to -2 km/sec/deg.

—36-
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Observations: Inner Arms

In the inner reghons, the observations of rolling
motion are complicabed by sewreral factors:

(1) Distance ambiguity. Inside the 10-kpc circle,
any given brightness temperature has been built up by contri-
butions from two distinct areas., Unless the contribution of
one area is far less than that of the other, the measurement
of dV/db using the brightness-temperature contour lines will
have no meaning., Of course, the variation of intensity with
latitude and the #ffect of the pitch angle of a spiral arm
may help in resolving some of the ambiguity. But in most
cases, this ambiguity simply cannot be completely removed.

(2) Tangent point. Along the tangent point, because
of the very slow change of the velocity, an immense distance
along the line of sight contributes to the observed brightness
temperature. Again the value of d¥/db is almost meaninglgss,
since it does not refer to a single well-delimited region.
This effect has caused immense difficulty in interpreting the
measurements, All the previous measurements (Burton, Shane,
and Harten) have shown large values with rapid swings in the
sign and magnitude of dV/db near these points. In fact, it
is this very behavior that convinced Harten of the existence
of "shearing" motions in addition to what he called "tumbling"
motions along the spiral arms, But in our view, measurements
near the tangent point must carry little weight because of

the effect described.,
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In spite of these effects, we shall present our measurements
of rolling motion in the inner arms in Tables Y‘Z:H .
Comparison with previous work is made in Fig., Il . Comments
on individual arms follow,

Northern Sagittarius Arm. This feature was exhaustively

studied by Burton and Shane, However, as described above,

and as indicated in Fig. {| s their measurements of the rolling
motion seem to disagree violently, with Burton finding much
larger and more consistently negative values in his longitude
region (43-55°) than Shane in his (22-42°). Our own measurmments
have a larger scatter but seem to fall generally closer to those
of Shane,

Scutum. Here our measurements appear to agree with those of
Shane in indicating generally negative values for the near

arm and mixed values for the far arm,

3-kpc_arm., The enormous rolling motions @isplayed by this
feature make it unique among the inner arms. It is also uniqus
in the density-wave theory as the probable site of the inner
Lindblad resonance, a region in which energy transported by

the spiral waves is expected to plile up. For this reason,

the 3-kpc arm will be largely exempted from the following
discussion,

Southern Sagittarius and Norma arms. These features present

several problems in interpretation. Since we cannot unambig-
uously resolve these problems, we have not made graphs for
these features; they can, however, be followed in the

appropriate table,
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FIGURE 11

Measured rolling motions for two inner arms, TFilled dots:

Present measurements; open sguares: measurements of Shane;

open triangles: measurements of Burton. In comparison

with the previous figure, note the smaller magnitude and

less consistent signs of the rolling motions,
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To sum up, we must first emphasize that measurements
of rolling motion in the dnner arms are subgect to even
more uncertainties than those in the outer arms; but having
made that point, we can still arrive at the general conclusion
that the rolling motions in the inmer arms appear to be
decisively smaller in magnitude and more mixed in sign than

those in the outer arms.
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Geometric Explanation of the Rolling Motion. The observational

data just reviewed indicates thet the '"rolling motion'" observed
in the outer arms is larger in magnitude and far more uniform
in sign than that observed in the inner arms. This suggests
that the systematic "rolling motions" may have something to

do with the bending of the galactic plane, which so far stands
as the most distinctive characteristic for the the outer regions
of the Milky Way. In this section, we shall show qualitatively
that the distortion of the plane together with ordinary
circular differential rotation will lead to apparent rolling

motions of the observed magnitude and sign, without any

necessity to postulate a true motion of the arm about its

own axis. Since the inner arms are displaced in a somewhat
random manner above and below the mean galactic plane, the

same geometric mechanism may also cause an apparent rolling
mbibon to be observed in them; but the magnitude of the

gradient generated in this way will be expected to be relatively
small, and its sign will depend on whether ¥he arm is above

or below the plane as well as whether it is locaiéd on the

near or far side of the tangent point.

It is well known that the Galaxy bends up in the northern
sky and down in the southern sky. The amount of bending was
described by Gum, Kerr, and Westerhout (1960), Kerr and West-
erhout (1965), in more detail by Henderson (1967), and again
by Kerr in a review article (1969). This kind of distortion
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has also been found in external galaxies (Roberts 1970).
Toomre and Hunéer have suggested that a close encounter with
the Magefilanic Clouds several hundred million years ago may
have excited the galactic plane into oscillating in the
observed mode. What is the effect, as displayed in a velocity-
latitude diagram, of viewing a spiral arm located in a region
of considerable deformation?

Imagine an outer arm locdted where the distortion of th
galactic plane lifts it considerably above the central plame
of the Galaxy, Equidensity contours of the arm's cross-section
will look roughly like the diagram (Fig. 12 ), forming ellipses
of considerable eccentricity. (The major axis may be of the
order of one kilpparsec, while bhe minor axis will be 200 pcs
in length,) If the axis of the arm follows the general
slope of the plane, the ellipses will be slanted with respect
to the sun, as shown. Two lines of sight drawn to be tangent
to a particular density contour will touch it at different
distances from the sun, (Points 1: and'T;. in the diagram.)
Because of differential rotation, the velocities of these
points differe As the entire contour is mapped onto the
latitude-velochty diagram in this manner, the correpponding
equal-brithtness temperature contour will appear tilbed as
shown in the lower part of Fig.lz. The value of dV/db,
as read from this diagram, will be negative in sign. The
corresponding case for the southern sky, where bhe arm is

below the plane, is also shown, Again the value of dV/db

turns out to be negative. Thus the sign of the rolling
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FIGURE 12

(Top) Plan view showing an outer spiral arm in both the
Northern and Southern Skies. (Middle) Cross-section of
the Galaxy showing the bending of the plane and the
equidensity contours of the two spiral arms. Points

Tl and T2 mark the points of tangency to a given
density contour in the northern arm. Located at different
distances from the sun, and therefore from the galactic
center, the gas associated with these points will have
different apparent velocities with respect to the sun.
(Bottom) The two resulting b-v diagrams. Note that

dv/db is negative in both cases.
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motion in the outer arms is predicted to be consistently négative,
as observed,

It is equally important that the magnitude of the gradient
dV/db also agree with the observations. The magnitude of the
gradient is essentidlly determined by two quantities:

(1) the difference in velocity between the points at
which the line of sight is tangent to the density contour
under consideration (i.e. points '1: and.—r; in the diagram); and

(2) the angle between these two tangeht lines,

As an order-of-magnitude estimate, we consider the case of
the Outer Arm at a longitude of 450. The Outer Arm width

is taken to be 1.6 kpc and its thickness in the vertical
direction ad 400 pcs. For the bending of the galactic plane
in that direction, we use an approximation derived from
Henderson's 1967 observations., The two tangenta are separated
by a distance of about 300 pas in the line-of-sight directioy,
and the angle subtended by them is about 1.40. (See Fig. 13
for a scale representation.) Using the 1965 Schmidt rotation
curve results in a velocity difference between these two
points of 3.5 km/sec, which, in turn, yields a value of

dV/db equal to =2.4 km/sec/deg. In fact, this is close to
the typical value observed in almost all directions.

Essentially the same geometric mechanism as described
above seems sufficient to explain the rolling motion of the
inner arms as well, Fig.l'f shows how a slight displacement
of an arm from the galactic plane (10-30 pcs, as observed
by Henderson and others) is sufficient to cause significant

differences in the radial distances to the upper and lower
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FIGURE 13

A scale drawing using accurate representations of the
galactic distortion and the spiral arm location and
thickness to determine the distance between the points

of tangency. The distance between the upper and lower
tangent points turns out to be about 300 pcs, correspond-
Aing to a difference in measured radial velocity of about
2,5 km/sec., Since the angle subtended by the two points
is about 1.40, the value of the "rolling motion" (dv/db)
will be about -2.L km/sec/degree. Thus this quantitative
determination of the effect of the galactic distortion

on the magnitude of the apparent "rolling motion" con-
firms the qualitative estimate of the effect illustrated

in the previous diagram,
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FIGURE 14

Essentially the same geometric effect invoked to explain
the "rolling motions'" in the outer arms will explain the
"rolling motions" in the inner arms too, provided we
allow for the observed displacement of the inner arms

from the plane by small distances of 10-30 pes. Shown is
a scale drawing of an inner arm as it would look if dis-
placed by 30 pcs above the plane. Even this small dis-
placement results in a considerable separation of the
tangent points, as shown, Ior evample, at 1 = 300, the
tangent points to the half-density contours of the near
portion of the Sagittarius arm will be about 250 pcs
apart, leading to an apparent rolling motion of about
-0.5 km/sec/degree, Tor inner arms that are further away,
the distance between the tangent points is lessened;
however, the latitude subtended by the arm also decreases,

so that dv/db is not much affected.
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tangent points. For example, at 1 = 300, allowing
the Sagittarius and Scutum arms to be displaced 30 pcs from
the plane, we esiimate the absolute valueé of thé gradient
from this effect to be 0.5, 0.8, and 0.3 km/sec/deg for the
Sagittarius near and far arms and the Scutum near arm, respectively.
The main differmmnce to be expected in the case of the
inner arms is that, unless an inner arm is consistently above
or below the plane, the sign and magnitude of the gradient
associated with it cannot be expected to show the systematic
behavior of the outer arms., The sign of the gradient depend
basically on two things: whether the line of sight velocity
is incfeasing or decreasing with diéstance across an arm,
and whether the axis of symmetry of the croms-section of the
spiral arm passes above or below the sun, Once these are
épecified, the sign is determined. For example, if the
Northern Sagittarius near arm is displaced above the plane
uniformly, we would expect a consistently negative gradient.
However, if the arm is not consistently above or below the
plane, but rather passes sometimes through the plane, we

cannot expect uniform behavior of the gradients,
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Of course, the situation is not so simple as described
above, First, the brightness-temperature contours are not a
direct mapping of the density contours. Brightness temperatmee
Tb is a monotonic function of optical depth [ ,‘which depends
not only on the density but is also modified by a Gaussian
factor centered on the velocity of observation:

T N\/ng_'("“"’)%a'f
where v is the velocity of the gas, Vo is the velocity that
the telescope is "tuned to", and 0; is the velocity dispersion,
The effect of the Gaussian factor containing the velocity
dispersion is to restrict the region contiibuting to the
optical depth to a small portion of the path centered around
the velocity under Eonsideration. For a value of q;of about
8 km/sec, the region of greatest contribution to the optical
depth will be on the order of a kiloparsec in length for
most longitudes. This "smearing" effect of the velocity
dispersion makes it impossible to predict with confidence the
emact value of dV/db to be expected from a given situation.
Therefore, to prove the viability of the mechanism proposed
above, it is neceasary to perform the full calculation,
attempting to take into effect all the relevant vatiables
such as height of the arm above the plane, slope of the
arm with respect to the sun, density variation with vertical
distance from the plane, velocity dispersion of the gas, and
80 on, In the next section, we describe the numerical model
set up to allow these calculations and we compare them directly

with the observations.
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COMPUTER SIMULATION OF LARGE-SCALE GALACTIC
STRUCTURE AND DYNAMICS

Here the basic idea is to use our knowledge of the
three-~-dimensional structure of the Galaxy gained in the
first section of this paper to obtain theoretical latitude-
velocity diagrams which can then be compared with the
observations. In principle it is identical to the construction
of theoretical 21-cm line profiles or theoretical longitude-
velocity diagrams (Yuan 1970; Burton and Shane 1970; Burton
1971; Shane 1971), except that in the present case the
structure and motions of the gas perpendicular to the
plane must be included. For simplicity, we shall use the
turbulent-cloud model of the intersééllar gas (Roberts 1969)
and again assume constant spin temperature for nettral
hydeogen whroughout the Galaxy. From the relation

AT :‘R/Jd(s
and using the standard value for F<A)'
we find that the optical depth U is related to the gas
density and velocity as followsY

2
©  _{v-V e
C = f}ﬁ. (V )A"o(r

where 0; is the dispersion velocity, v is the velocity
at which the optical depth is being measured, r is the
distance along the line of sight, and‘j> is the density.
V is the velocity of the gas along the line of sight,
and is made uf of contributions from the mean galactic
rotation and also the systematic motions predicted by

density~-wave theory.
-L5-



Spiral Pattern,
' The spiral structure of the Milky Way is involved

in the present calculations through its implicit functional
relation to the gas density'UF and the mean velocity V,
Clearly, for the purpose of merely testing the mechanism
proposed for the '"rolling motion'" phenomenon, the choice

of a particular spiral pattern is not crucial. But the

correct location of a spiral arm will certainly make a

direct comparistn with observations much easier. Unfortunately,
no overall spiral pattern has yet emerged that everyone can
agree on., Radio and optical observations (Bok 1970) reveal

an extremely complex picture of the spiral structure. For
 the present calculations, therefore, we simply adopt the

spiral pattern due to Yuan and displayed in Fig. 9 . in

this pattern, spiral arms intersect the sun-center line at
distances of 5.5, 8.3, 12.5, and 14.5 kpc. The so~-called
"Orion arm'" is treated not as a true arm but as a spur or
local concentration, A four-armed pattern, involving the
introduction of two additional arms starting at about 10.5

kpc, is included, according to the results of observations

and theoretical work by Yuan. (The two additional arms, in this
view, are the Carina and Outer arms.,)

Density. The density of the gas in the plane is taken as about
0.5-1,0 atoms/cc, agreeing ¥ith the observations of Kerr.

It reaches a maximum somewhere between 9 and 11 kpc and

goes down rapidly to less than 0.1 atmm/cc at 16 kpc, which

is the radius chosen as the cutoff point for the Galaxy.

The density outside the plane is taken &0 vary as sech.’ 3—
where jii, as described previously, is the ratio of the
stellar velocity dispersion in the z-direction to the

|
effective turbulent velocity of the gas: } 9.(\! /a.
A
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Here /\ , the stellar thickness, lies somewhere between
300 and 388 pcs (both values were used in the calculations).
Density Contrast. This quantity is determined by the

choices of several other parameters as described previously.
The most important of these parameters is the strength of
the spiral field, which is taken as 5% of the mean field

in agreement with the work of Yuan. This value, together
with the values for the other parameters, leads to an
arm~-interarm density contrast of between 3%:1 and 5:1,

as measured in the plane; the variation with height is
determined by the equations involving Uf’a)and jh discussed
and solved previously.

Velocity Dispersion. Since the velocity dispersion of the

gas is not well~known, this was treated as a parameter and
varied widely throughout a number of runs. Constant values

of 5, 6, 7, 8, and 10 km/sec were employed, as were the
possibly more realistic values of 9.0 - 0.4 @ advocated

by Burton for the inner regions and a somewhat larger

value of 80/%J suggested by Yuan., If the thickness of the
disk is constant in the inner regions, a velocity dispersion
decreasing with distance, as given By the Bormulas of Yuan
and Burton, is probably preferable for these regions. However,
the considerably larger lthicknesses encountered beyond 10 kpc
make an extension of these formulae to the outer regions
questionable. A compromise solution of using the Yuan or
Burton formulas out to % = 10 kpc and then a constant

value thereafter, was sometimes employed.
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Systematic Motion. The amplitudes of the radial and azimuthal

motions predicted by density-wave theory are taken to be consis-
tent with the 5% spiral field strength. Both values are set
equal to 8 km/sec near the sun and slightly reduced towards

the outer regions, At times, runs were made with these values
set equal to zero (corresponding to pure circular rotation)

with results that will be discussed later, The value of

the z-motion of the gas, as determined by the first section

of this paper, is too small to affect the radial velocity

with respect to the sun determined from these low=latitude
studies.,

Bending of the Plane., Since this is one of the most important

quantities for the purpose of testing the proposed mechanism

for the "rolling motion" phenomenon, it is discussed in mofe
detail in the section entitled "Bending and Corrugation of

the Plane." Here it will be enough to state that for the

outer regions, the bending &f the plane was approximated by

a curve of the form £(&f) sin ( L - L), where L is galactocentric
longitude and Lo is a small angle on the order of 20°. A single
second~-order polynomial for f(%J) fits the observed values

well enough for 10{®w< 14 kpe, but for & ) 14, a higher

rate of increase was necessary., This is quite a good approximation
for 20°¢ 1 < 105°, but breaks down for the steep dip in the

plane that Henderson found for the region about 8 kpc from

the sun lying between 1 = 120° and 160°.
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In the inner regions, Henderson found evidence for
a spiral "corrugation", with alternate spiral arms lying
either wholly above or wholly below the plane, their
centers lying between 10 and 30 pcs away from the plane.
Although other observers have not supported this finding,
they do agree that the centers of the arms are often
displaced Brom the plane., Therefore we have made runs
with a perfectly flat plane inside the 10-kpc circle;
a "corrugated" plane according to Henderson, with
alternate spiral arms above and below the plane; and
a "radially corrugated" plane, such that individual arms
are sometimes above and sometimes below the plane,

depending only on their distance from the center,



RESULTS OF THE NUMERICAL ANALYSIS

More than 100 individual latitude-velocity diagrams
(s2ach of which takes roughly one minute of computer time
on the 360-95 to produce) were prepared, covering all
longitudes in both northern and southern skies and
including a range of values of essential parameters.
Comparisons with observations are presented in Figs. |§ + /6.
In Fig. r7, the calculated values of dV/db for the
Outer arm in the northern sky are plotébd against our
measurements from the observations., The general trend
agrees well, considering the unavoidable scatter in the
measurements,

General concludions may be summarized as follows:
(1) The apparent "rolling motions" due to the
proposed geometric mechanism always appear
at longitudes where the plane is considerably
distorted--i.e., for 20°¢'1< 140° and for
2ao°$ 1<330°, The magnitudes of the gradient
appear to be largest in the region where the
combined effects of the slope of the plane and
the slope of the Schmidt rotation curve are
largest., 4
(2) The sign of the gradient for the outer arms
in both northern and southern skies is negative.
(3) The magnitude for the outer arms varies between

-1 and ~3 km/sec/deg.



FIGURE 15

Model b-v diagram at 1 = 400 compared to observations by
Henderson at the same longitude. The dashed line at
negative velocity shows the apparent "rolling motion"
produced in the Outer Arm by the geometric mechanism
discussed in the text. The dashed lines at positive
velocities show the apparent "rolling motion" displayed
by different density contours of the Northern Sagittarius
Arm as a result of a slight displacement from the plane.
The value of dv/db in the Outer Arm is 2 or 3 times
that in the inner arm, in general agreement with the

observations.
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FIGURE 16

Model b-v diagram at 1 = 3240 compared to observations by
Kerr at the same longitude. The dashed line at v = +30
indicates the apparent '"rolling motion'" produced in the
Carina Arm by the mechanism discussed in the text. UNote
that an inner arm at about v = -80 which was centered

on the plane shows no rolling motion, as expected.
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FIGURE 17

Values of the "rolling motion'" obtained from numerical
experiments plotted against observed values for ﬁhé‘outer
arms, It is important to note that a single set of

global galactic parameters was used to obtain the three
curves, not a different set for each arm. These parameters
included a systematic motion of about 8 km/sec magnitude,
as predicted by the density-wave theory and observed by
various investigators., Using smaller values or no
systematic motion at all gave increased values of dv/db

and worse fits to the data,
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(4) When the inner arms are located exactly on the
galactic plane, no apparent '"rolling motion"
exists, However, if the arms are given displacements
of as little as 10 kpc, (typical displacements
observed by Henderson, Kerr, and others), the
appaeent "rolling motion" appears. Zf the
arms are displaced by a "sp:iral corrugation"
of the type suggested by Henderson, the '"rolling
motions" are small but consistently of one sign.
If the arms are displaced by a "radial corrugation"
the '"rolling motionsY are larger but variable in
sign.

(5) The magnitude of the gradient dV/db remains
roughly the same for the near and the far branches
of a spiral arm. This means that the values of
dV/dz would be drastically higher for the near
branches of the arms, as observed by Burton,
Shane, and Harten, Thus these observations
of high values of dV/dz in the near branches
of the inner arms, which were among the most
puzzling aspects of the "rolling motion"
vhenomenon, are explained in a natural way

by the present mechanism,



By varying one parameter while holding the others fixed
it was possible to determine those quantities that most
affect the magnitude and sign of the apparent "rolling
motion'" produced by the proposed mechanism., The two
essential parameters, that is, those that affected most
strongly the calculated bkhavior of dV/db, were the
systematic motion of the gas and the velocity dispersion
of the clouds., We shall examine the effects of these
parameters in detail.

Systematic Motion. The magnitude of the radial and azimuthal

systematic motions predicted by the density-wave theory

has a strong effect on the observed magnitude of the

rolling motion, in the sense that increases in the value

of the systematic velocity lead to decreases in the size

of the measured rolling motion, The effect can be explained
easily by the diagram provided (Fig. l&’). The line-of-sight
velocity corresponding to the Schmidt circular rotation
curve will be monotonically decreasing with distance, as
shown. But the systmmatic motion will modify this variation,
so that the velocity varies less rapidly near a spiral arm,
and more rapidly in the interarm regions, creating '"velocity
plateaus" in regions where the arm is located. The greater
the magnitude of the systematic velochty, the more nearly
horizontal becomes the plateau. Since the gradient d¥/db
depends on the diféerence in velocity between two points
locéted in the plateau region, this flattened portion of

the velocity curve will lead to a reduction in the magnitude
of the velocity gradient from what it would be in the case

of no systematic motion,
52~



FIGURE 18

Iffect of density-wave streaming velocities on the Schmidt
rotation curve. Near the positions of the spiral arms,
the velocity levels off, so that two points in the arm

at different distances from the sun will have nearly the
same velocity. Thus the apparent "rolling motion'" of the
arm is smaller with density-wave streaming velocities than

it would be with pure circular differential rotation.
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Since the systematic motion affects the measured-values
of the "rolling motions" so strongly, we may turn the problem
atound somewhat and use the observed values of dV/db to check
on the most likely values for the magnitude of the systematic
motion. For example, a series of about 10 runs using the 1965
Schmidt circular rotation curve alone (no systematic motion
whatewer) yielded an average value for the rolling motion
of about -5 to =7 km/sec/degree. Such enormous values are
hardlk observed anywhere in the Galaxy in any extended region.
Other runs, using ﬁalues of 4, 8, and 12 km/sec for the magnitudes
of the systematic motion, yielded values for the rolling motion
of about -4, -2, and O km/sec/deg, respectively, The value
of -2 km/sec/deg fits the observed values best, so that it
is possible to say that the observed rolling motion indicates
that a value of the systematic motion on the order of 6-10
km/sec agrees best with observations. As it happens, this
value is in almost perfect agreement with the observed values
of the systematic motion (see Roberts and Yuan 1970, Humphreys
1970).

Dispersion Velocity. The second parameter affecting the

magnitude of the "rolling motion" is the velocity dispersion

of the gas. Increasing the velocity dispersion of the gas
results in an increase in the magnitude of the "rolling motion."
For example, a series of calculations of dV/db for an outer

arm at 1 = 3300 using values fop the velocity dispersion of

Ly, 6, 8, and 10 km/sec (with the systematic motion fixed at

8 km/sec) gave values of dV/db equal to -0.3, -1,2, =-1.5, and

-2.3 km/sec/deg, respectively. I t 1is clear from these
~53-



figures that the effect of the dispersion velocity, while
considerable, is quite a bit less than the effect of the

systematic motion,
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BENDING AND CORRUGATION OF THE GALACTIC PLANE

One of the major paramters in constructing a model of the
Galaxy is the observed distortion of the outer parts of the
GalaxyY' the '"hatbrim" effect, with the Southern sky the
leading edge (brim turned downward), the Northern sky the
trailing part (upward), and the Sun situated over the right
ear, A large-scale survey by Oort, Kerr, and Westerhout
(1958) first established the sense and magnitude of the
bending, A finer-resolution study of the Northern Sky
by Henderson (1967) provided more precise figures for the
distortion in the outer regions, and also provided evidence
for the first time of large connected regions in the inner
parts of the Galaxy that deviate by slight amounts (10-30 pcs)
from the established Galactic plane. (See Fig. |9, which is
takar from Henderson's Fig, 7.) Since this latter result is
of the highest importanqe for the ppoposed mechanism for
the inner-arm rolling motions, we ticlude Henderson's diagram
as evidence for the reality of displacement of inner spiral
arms,

Bending of the Outer Regions., Henderson's results were given

in the form of diagrams of Z, (position of the centroid of
the galactic hydrogen) vs. R (distance from the sun) for a
given longitude. These data were converded into functions
of W (galactic radius) and L (galactocentric longitude,
measured clockwise from the the sun-center line). The data

for W Z 10 kpc was then fitted by a curve of the form

flw)sim (L-L,)

=55
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FIGURE 19

Henderson's map of the deformation of the plane in the

Northern Sky. Hatched areas are regions below the plane.

The "corrugation" of the inner disk is clearly evident,
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where ‘F(‘W)’" 50(w‘l°)2’50(w~)°) Pes. (&5 in hpc)
and Lo appears to lie somewhere between =20 and +20°,

To check the closeness of the £it, the curve was then
replotted into the form given by Henderson (zo vs R for fixbéd
longitude 1) and the results appear as Fig. 90. It is clear
that from 1 = 20° to 1 = 135°, the fit is very good. For higher
values of 1, the hydrogen appears to undergo an additional
oscillation starting at values of R~5-6 kpc (&~14 kpc) which
takes the centroid below the plane at R~8kpc for 135°< 1 4 1850,
and correspondingly above the plane at about R ~ 7 kpc for
191°¢ 1 € 220°, Since this effett is only important for
wzm kpc, and since our model galaxy cuts off not much beyond
that point, it was unnecessary for our purposes to seek any better
fit. However, any future model galaxies which seek to explain
phenomena occurring beyond @Wes1Lkpc must'take this complication
into account,

Henderson's graphs were not themselves raw data; they
depended on the Schmidt model rotation curve of 1965. If
this curve should be modified, the coefficients in the
function would have to be adjusted.

Corrugation of the Inner Barts of the Plane., HNenderson's

Fig. 7 (our Fig, |9 ) also indicates that the inner part of
the plane has a wavy or corrugated look, going thpough about
two oscillations of about 10-40 pcs magnitude and several
kpc wavelength, Henderson has attempted to correlate

these fluctuations in height with the inner spiral arms;

his finq:}ngs are reproduced in Fig, 1, (Henderson's Fig, 8.)

—56-



FIGURE 20

The match to Henderson's observations on the distortion

of the galactic plane by a simple function of the form
f(w) sin (0-6,)

where Ca is galactocentric longitude and CZo marks

the line of nodes. TFrom 1 = 30° to 105°, this function
is a good approximation. It breaks down near the

complicated region around 1 = 140°.
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FIGURE 21

Henderson's superposition of the spiral arms onto his
map of the deformation of the galaxy. TFrom this map,
he suggested that the inner region may be represented
as a "spiral corrugation,! with successive spiral arms

alternately above and below the plane.
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His inner arms 1 and 3, for example, appear to stay largely
below the plane while arm 4 is usually found above the plane.
Other investigators, however, appear to have conflicting ideas
about the placement of the centroids of the arms. (See Burton 1969)
Shane (1971) Even Henderson's own data do not present compelling
evidence for the existence of a spiral corrugation.,
Nonetheless, whatever the exact form of the fluctuation
it is incontembable that the neutral hydrogen in the inner
parts of the Galaxy fluctuates in height by some tens of pcs
from the central plane., For many purposes, this small
fluctuation may be unimportant; however, it turns out to
be the essential featuee in our proposed geometric mechanism
for producing the appearance of "rolling motion" in the
inner arms, Without such a fluctuation, there will be
no apparent rolling motion in the inner arms, as predicted
by our simplified explanation of the mechanism and confirmed
by numerical studies; with such a fluctuation, rolling motions
of approximately the magnitude actually observed appear at
once in our computer model of the Galaxy.
Therefore two possible "corrugations" have been introduced
into our model galaxy:
(1) a spiral corrugation such that altermate spiral
arms are consistently above and below the plane,
as explicitly mmggested by Henderson, and
(2) a circular corrugation such that the inner arms
pass through the galactic plane as they wind outward

from the center,



The main results of the two models follow:

(1) With the spiral corrugation, the inner arms are found
to have consistent and predicégble rolling motions; i.e., they
can be classed in a 3-fold scheme, depending on whether they
are Northern or Southern sky arms, Above or Below the plane,
and Near or Far regions with respect to the tangent point.

For example the near portion:.of N, Sagittarius would be classed
as Noéthern Near Above (NNA), and we could predict from the
model that it would have a negative rolling motion. Any

single switch of the classifying letters (say from NNA to NNB)
would change the sign, These predictions have been tested

by a number of numerical calculations and found to be

verified, with the single exception of far arms at certain
longitudes, which sometimes fail to produce consistent

signs for the gradient dV/db. Therefore, if Henderson's
suggestion can be proved to be the case, the present hypothesis
of a geometric mechanism for the inner arms can be given

an immediate test: check the sign of the observed rolling
motion against the sign predicted from the 3-fold classification
scheme outlined above,

(2) The circular corrugation produces rolling motions that
are vatiable in sign and somelWlat larger in magnitude than
those computed from the spiral corrugation. This is to be
expected, since the sense of the Rolling motion depends
basically on whether the axis of the cross-section of the
arm passes above or below the sun, and this is affected in
a complicated manmer by the form of the variation in the

shape of the inner regions of the galactic plane.,
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PROBLEMS MET IN VIEWING THE ROLLING MOTION AS REAL

Theories postulating an actual rolling motion meet with
two fundamental physical difficulties and several less
fundamental but still disturbing problems in explaining
the observations. The fundamental problems are the
origin of the rolling motions and their maintenance
through several galactic years. The two may be related to
some extent, but the probhem of the origin is définitely
more troublesoms., Since the energy involved is of the
supernovae magnitude, no ordinary physical phenomena
will suffice. Superexplosions of the type advocated by
Rickard to explain his observations of Perseus do not
seem to be based on any reasonable physical grounds.

It is also didficult to &magine that a large-scale dise

turbance such as the bending bf the galactic plane could
induce a small-scale motion along the spiral arms in the
Galaxy.

The second fundamental problem may be less troublesome,
Here what is necessary is to find asymmetrical forces
capable of driving the rolling motion., However, gravitation
does not supply such forces. The next most likely candidate
is the galactic magnetic field. (As Woltjer has remarked,
the magnetic field is always popular as an explanation of
observed phenomena, since we know so little about it,)

The rather meager knowledge of the magnetic field may

be summarized as follows: the field in the solar vicinity
is parallel to the galactic plane, lies roughly along the
direction of the local spiral arm (or the Orion Spur) at

" ~50-
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with some evidence that the lines of force may reverse their
direction by 180° across the galactic plane; and, finally,
with a strength of 2-3 microgauss., (See ¥an de Hulst 1967
for extensive references.) This observed topology of the
magnetic field is consistent with the suggestion by Roberts
and Yuan (1970) that the galactic magnetic field is

parallel to the velocity field in the frame rotating at

the pattern speed of the spiral density wave. The most remark-
able feature about this model is that it is completely free
from the difficulty of the winding up of the magnetic field
lines., Here we shall make the same assumption: i.e.,‘E’i/Jb
where both the magnetic field H and the velocity field‘E

are those in the rotating frame,

Without the magnetic field, the intersbéellar gas is
revolving about the galactic center under the influence of
three forces: the pressure gradient of the gas, the
gravitational force of the axisymmetric potential, and
the gravitational force due to the presente of the spiral

wave, The plane components of all three forces are always

even functions of z, wheras the vertical components are

all odd functions of Z. With these forcing functions,

the flow bf interstellar gas naturally settles into a
pattern which is symmetrical with respect to the plane of
the Galaxy. (See the first section of this paper.)
Adding a magnetic field introduces the Lorentz force to

wemwhm(VXH)xﬁ/ﬂT. But for H~puw ,

no mixed term is created in the Lorentz force that will

break the initial symmetry. —60-



A complete search of the first-order terms of the
Lorentz force fails to turn up any candidates for
asymmetric motions of the type needed. ZEven if the
higher terms of the Lorentz force might produce these
motions, they will probably not be important in viiw
of the small value of the field strength., Therefore,
we conclude that the galactic magnetic field is an
unlikely cause of the rolling motions observed in
spiral arms.

A less basic but still disturbing question confronting
theories postulating an actual rolling motion is the
explanation of the following interesting observatinn:
Virtually all observers agree that the value of dV/dz
is condiderably higher for the near portions of an inner
arm than fro the &ar portions. For example, Shane finds
that for the Scutum arm, dV/dz for the near portion oscillates
between +10 and -40 km/sec/kpc, while for the far portion,
it remains between the much narrower limits of +5 and ~2
km/sec/kpc. Similarly, Harten (1971) finds that the average
value for dV/dz for the near portions of Norma and Southern
Sagittarius are twice as high as for the far portions:
for Norma, his values are =12 and -6 km/sec for the near
and far portions; for S. Sagittarius, the values are -~15
and ~7 km/sec/kpc. Finally, Burton finds an avergge dV/dz
of about ~28 for the near portion of the Northern Sagittarius

arm, while for the far portion the copresponding value is

only -9 km/sec/kpc.,
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If the rolling motion is actually occurring in the
arms, then why should this motion increase in the portions of
the arms that are closer to us? Of course, if the rolling motion
is only the geometric effect proposed here, the problem does
not arise. The greater values of dV/dz are a consequence of
the fact that dV/db does not change very much with distance.
(This is because both AV and A b decrease with distance
from the sun. A V decreases because the tangent points move
closer together in the more distant arms; A b decreases
because the more distant arm subtends a smaller angle,)

We conclude that theories postulating true
rolling motions in the arms raise rather more questions
than &hgy answer; Time would perhaps be betéer spent on

proving or disproving the geometric mechanism presented here,
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STUDIES ON THE THICKNESS OF THE GASECUS LAYER: OUTER ARMS

I have located only three studies specifically concerned
with the thickness of the gaseous disk outside the 10-kpc
circle., Using the data published in each study, it is possible
to show that the thickness of the disk appears to increase

with distance from the sun, We shall determine the magnitude

of this effect, and try to determine its cause.

Lozinskaya and Kardashev (1963) used an 12 ¥ 8-meter
radio telescope with a beam width of 47! by 113' to study
the thickness of the outer regions of the Galaxy at 20°
intervals in longitude between 1 = 20° and 2400. They made
about 140 measurements of the latitude difference between
half-intensity points. Their major conclusion was that the
thickness of the outer region of the disc increased rapidly
with increasing galactic radius. In addition, they found a
suggestion that the increase wes associated with the deforma-
tion of the disk, being largest where the disk was most dis-
torted (galactocentric longitude Linv900, heliocentric longi-
tude 1 between 15° and 60°), Their data is plotted as a function
of distance from the sun in Fig, 22, It seems clear that there
are two interpretations of the data. There does indeed appear
to be a slight maximum in the R = 11-13-kpc range, vhich
corresponds approximately with the region of greatest deforma-
tion. However, the behavior on both sides of this maximum is
far from symmetric with regard to L, as we might expect if it
were associated with the deformation of the disk, which can be
vell represented by a sin L law. In every case, the points
symmetric about the region of greatest deformation have differing
values of measured thickness, with the higher values corresponding

to the more distant regions. Ve conclude that there is a strong
-63-



FIGURE 22

Thickness of the hydrogen layer as determined by
Lozinskaya and Kardashev (1963), averaged over successive
rings of 1 kpc width. The general increase in thickness
with distance is clearly evident here, although there is
a suggestion of a maximum occurring at about 12-15 kpc
from the sun, which corresponds roughly to the region of

greatest deformation of the Galaxy.
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indication of a distance effect in I&K's data, although they
did not call attention to it.

In the same year, Milton and McGee (M&M) studied the thick-
nesges of concentrations of neutral hydrogen between longitudes
212°-325° and 25°-75°, They too found that the thickness
increases markedly with increasing galactic radius. Because
of information due to J, V. HIindman, who said he had noticed
the great increase in thickness also but had disregarded it
because the distribution appeared heliocentric, M&{ plotted
their data on thickness versus the distance from the sun, find-
ing that 'mo heliocentric tendency is seen." Yet on TFig, aQA
their data is plotted exactly as they give it in their published
table and a clear distance effect is seen, in both the Forthern
Sky =znd Southern Sky portions of their study. I am unable to
explain their statement. A least-squares program using their
data shows a thickness increase with distance on the order of
40 pes/kpe.

Finally Henderson in his unpublished thesis (1967) used
the 300-foot telescope at Green Bank to study the thickness of
the hydrogen in the Galaxy at 5-degree intervals of longitude
betveen 1 = 16o and 2300. Henderson's theoretical resolution
of 11' was between 5 and 10 times better than L&K's, and several
times better than }M2M's. Since one angular degree (L&K's
approximate resolution) at 20 kpc corresponds to a linear
dimension of about 350 pcs, this is clearly a crucial noint.
foreover, rather than measure the latitude difference between
half-intensity points, Henderson used an "equal-area' method in
which he integrated the brightness temperature over latitude and
determined the rectangle of equal area whose height corresponded

to the peak brightness temperature and whose width he then
~6lim



called the thickness of the gas layer. (If the brightness
temperature is Gaussian, this method gives a thickness 4%
larger than the half-intensity method.) The advantage of this
method is that isolated clouds that happen to be situated just
where they can push up the half-intensity contour by a degree
or more will hardly affect the thickness as determined from
Henderson's integration technique. Ilenderson's results agree
qualitatively with those of the previous investigators; however,
he is the first.of the three to notice the distance effect,

He states ("In the scans from 1 = 700 to 2300 the thickness
increases monotonically such that at the edge (15 kpc) it is
approximately double that of the average inner region, If the
value at the solar neighborhood is taken to be 250 pc, it becomes
500 pc at the edge. Between 1 = 16° and 70° the value for the
thickness at the edge becomes much larger, from three to four
times the value at R,. This would be in general agreement with
Lozinskayva 2nd Kardashev (1963) but we do not believe the
effect to be as large as measured, only snother optical depth
effect.," Henderson goes on to explain that the Peak brightness
temperature at 16° is lower then that at 2300, which may

result in a larger measured width. IHe concludes, "In all
probability the thickness near the edge between 1l = 16° and

700 is also of the order of 500 pc.," However, he shows some
awareness of the unsatisfactory nature of this explanation (Yhy

should the temperature of the hydrogen be lower on the opposite

side of the Galaxy?) in his very next paragraph, in which he
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states "The above paragraph brings up some interesting
problems, for in effect it is saying that the opacity is a
function of distance from the sun, or the excitation tempera-
ture of the hydrogen is lower on the opposite sides of the
Galaxy or the distance-velocity scale is in error such that
the density determinations were wrong. All these require
putting the sun et 2 favored position., Perhaps there is a
measureable extinction of radioc frequency radiation in the
Galaxy. ©Such a proposal would be in agreement with the recent
work of Hoyle and VWickramasinghe (1967). The mechanism pro-
posed is the oscillation of dislocations within the interstellar
grains (101° ¢/s and lower.)"

Thus we have the following situation: Three separate
investigators agree that the thickness of the gas layer
increases with galactic radius beyond the position of the Sun.
The data of all three display a distance effect, although one
group (L&) interpret it as related to the distortion of the
Galaxy and the other group (M&M) denies that it is there. The
third investigator, noting the distance effect, confines his
remarks on the quantitative increase of the thickness to the
statement that the thickness approximately doubles between the
position of the Sun and the "edge'" of the Galaxy.

Two problems suggest themselves at this point: (1) Can
we somehow remove the distance effect from the data and find
the true thickness of the gas layer? (2) What is the cause of

the distance effect?
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A close examination of Henderson's data gives us hope
that the first question can be answered successfully. TFig. 23
shows the thicknesses of the outer regions replotted as func-
tions of radius at constant longitudes., There appears to he
enougﬁ internal consistency in the points to justify connecting
those at constant longitude with straight lines. Then a par-
ticular value of @F can be chosen, and its intersections with
the line corresponding to each longitude plotted in a graph of
thickness versus distance from the sun for a constant radius.
(See Fig., &Y ) (Alternatively, the actual observed points may
be used, by selecting, say, all points between 10,5 and 11.5
kpc from the center, and plotting them against distance rather
than the (unobserved) intersections of the T = constant line
with the line of constant longitude. Because of the regularity
of the data, it is doubtful that the two methods would give
significantly different results.) Finally, if the points dis-
vlay sufficiently small scatter, we may extrapolate them backward
to where R (distance from the sun) = 0, thus finding a "true"
value for the thickness corresponding to each value of the
radius OF,

The results were clearly quite regular, and a legst-squares
fit to the data for each selected value of T gave the following
results for the thickness T of the gas layer end for the increase

of the thickness with increasing distance from the sun g“)

W’(krc) T (pes) bT -ﬁ"')

P\rt
11 190 25
12 230 3L
13 280 39
14 330 L0
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FIGURE 23

Thickness of the gas layer as determined by the integration
technique of Henderson. Note the remarkably uniform decrease
of the thickness from low longitudes (large distances) to

high longitudes ( small distances).
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FIGURE 21

The previous diagram transformed to lines of constant
galactocentric radius. DBy extrapolating backwards to

R = 0, we remove the "distance effect'" consisting of a
roughly linear increase in the measured thickness of the
gas with increasing distance from the sun. DProvided that
the "distance effect" is an illusion of some sort, and is
linear, the intercepts with R = O correspond to the
"true" thickness of the Galaxy. DNote that the values of
the thickness at R = 0 (ranging from 190 pcs at

% = 11 kpc to 330 pcs at W = 14 kpc) are considerably
smaller than all previous estimates made from 2l-cm line

surveys.
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The data indicates that the true value of the thickness
ranges from about 200 pcs at wW-1 kpc to about 330 pcs at
0 = 14 kpc, with an indication that it then begins to fall
off somewhat, although the last interpretation is based on only
a few points., These values are considerably lower than the
values obtained by L&K, MM, and even Henderson himself, from
wvhose data they are obtained, because of the removal of the
distance effect, which added from 25-40 pcs per kpc to the
.measured thickness in all four least-squares determinations of

the best fits to the data of Fig. 2Y.
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Since these results depend on Henderson's observations,
which were restricted to the 160—2300 longitude range, we may
ask if a similar procedure may be adopted for observations in
the Southern Sky in order to remove the distance effect,
However, since L&K cover the same longitude range as Henderson,
only M&M's points are available, DBut since M&M have only 23
data points in the Southern Sky (compared with L&K's 137 and
Ienderson's 144) we do not have enough points for a statis-
tically reliable sample. Accordingly, I have made my own
measurements from the S, Sky observations available to me:
Hindman and Kerr (H&K) (1960), who ohserved at 5° intervals
between longitudes 190° and 290°, and Kerr (X) (1969), who
treats longitudes from 3000 to A0° at one-degree and five-
degree intervals. DBecause of Kerr's restricted latitude range
of +2° to -20, only the nearby arm (Carina) can be utilized;
the more distant regions lie below the -29 cutoff line because
of the distortion of the galactic plane., Irom the H&X and K
surveys, we have made 83 measurements of the gas thickness in
spiral arms in the Southern Sky to add to M&M's 23, We have
also made 124 measurements of half-intensity points from
Henderson's 1l1, Sky data to compare with his equal-area values
as a check on the accuracy of the method.

The results from our own series of measurements may be
summarized as follows: 1) There is no systematic difference
between the values for the thickness obtained from measuring
half-intensity points and those achieved by Henderson in his
equal-area integration method. However, as expected, a far

larger scatter exists in the half-intensity method, with the
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average deviation from Henderson's corresponding measurement
being = 25%.

2) No difference was observed in the thickness
of the arm and interarm regions, both according to Henderson's
equal-area measurements and my half-intensity measurements.
We should recall that we are probably measuring basically the
cold component of the hydrogen gas, so that the theoretically
expected greater thicknessss of the hot interarm region might
not be observable in 2l1-cm line studies. (llowever, Weaver has
reported finding that the scale height of the interarm regions
increases by a2 factor of two or more over that of the arm regions.)

3) The distance effect appears very prominently once
again in our ovm measurements, There is no indication whatever
of a connection with the deformation of the Galaxy; rather,
there is a monotonic and approximately linear increase in the
measured thiclkness with distance from the sun, whose magnitude
is roughly 3" pcs/kpc.

I:) Because of the large scatter in these measure-~
ments, it seems no longer justified to attempt to extrapolate
backward to R = O along different values of @, thus

determining the "true" value of the thickness at various radii.
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With the recent publication of the results of
the galactic survey undertaken at Hat Creek Observatory
(Weaver 1973), another independent check of the
"distance effect'" has become possible. Although
published in the inconvenient form of profiles
rather than contour maps, the data was utilized to
provide about 75 measurements of thickness which
agreed remarkably well with the data of Henderson.,

(See Fig., 25.) The increase in thickness according
to Weaver's data was 36 pcs/kpc, compared to the
Henderson values of 25, 34, 39, and 40 pcs/kpc.

In summary, I have shownh that four separate
invesiigations of the gas disk beyond the position of
the sun have indicated not only an increasing thickness
of the gas layer with increasing radius from the
galactic center; but also a distance effect such that
the thickness appears to increase with distance from
the sun, in both the Northern and Southern Skies. In
addition, I have shown that the distance effect can be
removed from the best series of observations to give an
improved estimate of the "true'" thickness, showing that
this true thickness is considerably smaller than all
previous estimates; and that the behavior of the distance
effect is approximately linear, with a slope of about
35 is pcs/kpe. It remains to investigate the cause

of the distance effect.

-71-



FIGURE 25

Increase in galactic thickness with distance from the sun
as measured from the Hat Creek survey (VWeaver and 1973).
The results of this recent survey, utilizing a telescope
of 28' beam width, agree very well with earlier surveys.
Once again the apparent increase in thickness is linear

with a magnitude of 36 pcs/kpc.
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FIGURE 26

The increase in thickness of neutral hydrogen with distance
from the sun, according to Henderson's integrated measure-
ments, If this diagram is compared with the similar dia-
grams prepared from the data of Lozinskaya and Kardashev
and that of Weaver, the large reduction in scatter made
possible by using Henderson's integration technique

rather than direct measurements of the half-intensity
points is evident: there is virtually no overlap in
measured thicknesses at points inside and outside the

12.5-kpc circle.
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FIGURE 27A

Direct measurements of the full half-intensity thickness
of the Galaxy as read directly from Henderson's 1966
observations. These measurements agreed with Henderson's
integrated values almost exacfly in their mean values,

but the much larger scatter makes it impractical to
attempt to find the "true'" galactic thickness by means of
extrapolation backward to R = 0 =along lines of constant
galactocentric radius. The average increase in thickness
with distance from the sun is about 30 pcs/kpc. This
leads to an increase of at least 200% by the time we reach

a distance of 20 kpc from the sun.
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FIGURE 27B

More direct measurements of galactic thickness, this time
from the Southern Sky observations of Kerr and Hindman %
Kerr. Once again the enormous increase in thickness with

distance from the sun is evident.
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FIGURE 28A

The huge increase in apparent thickness of the neutral
hydrogen in the Galaxy is apparent in this contour-line
diagram obtained from Henderson's integrated measurements
of the thickness., Note that on the far side of the Galaxy,
the thickness of the region between approximate galactic
radii 10 and 14 kpc varies between 600 and 1200 pcs;

but close to the sun the same region varies between about
200 and LOO pecs in thickness. Thus the increase in thick-
ness between the near side and far side of the Galaxy is

about threefold.
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FIGURE 28B

The same diagram as the previous one, using least-square

fits to Henderson's data.
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FIGURE 29A,B,C

‘The following three diagrams are sample least-square fits
to the data on the thickness of the galaxy gathered by the
studies of Lozinskaya and Kardashev (L&K), Milton and
McGee (M&M), and Henderson (H). The measurements from

the L&K and H studies were made on gas between 11.5 and
12.5 kpc from the center of the Galaxy; but because of the
small number of pointe in the M&M study, all their measure-
ments, made on gas between 11 and 17 kpe from the center,
are included. Iach study finds a linear increase in the
thickness of between 20 and LO pc/kpc. The thickness
extrapolated to R = 0 is much larger (about 3fQ pcs) in
the 1L&K and M&M studies than it is in the Henderson thesis
(about 240 pcs). This is a consequence of the fact that
Henderson's beam width was several times smaller than

that available to the other investigators.
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CAUSES OF THE DISTANCE EFFECT

A number of candidates for the most prohable cauvse of the
distance effect can be enumerated. Ve shall 1list them briefly
and then describe each in further detail.

1) Local high-velocity gas.

2) Excitation temperature lower on the opposite side of

the galaxy.

3) Distance-velocity scale in error.

I.) Measurable extinction of radio frequency radiation.

5) Connection with the deformation of the Galaxy.

6) Instrumental effects due to finite beam-widths or

side-lobe radiation.

7) Multinplicity of sources of different half-widths,

Suggestion number 1) was made by lindman, according to
Milton and lcGee (1963), numbers 2-4 are due to Henderson,
number 5 to Lozinskaya and Kardashev, 2nd numbers & and 7 to

the present investigators.

1) Local high-velocity gas.

Local high-velocity gas would add a wide-latitude component
to the distant gas observed at the same velocity and thus lead
to a higher derived value of the thickness. Yet the observed
linear increase of thickness over every longitude and a wide
range of distances from the Sun leads to the requirement that
there be carefully-graded amounts of local gas at almost every

velocity! Ve may thus reject this possiblity.
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2) Temperature lower on the far side of the Galaxy

It is apparent from all large-scale surveys of neutral
hydrogen in the Galaxy that the antenna tempefature decreases
with increasing distance. The famous Dutch map of the density
of hydrogen in the Galaxy (density is often determined directly
from brightness temperature) shows this effect clearly. The
temperature of the Perseus arm in Henderson's observations
drops from SSOK to AOOK as the distance changes from L kpc to
about 10 kpc. Such a decrease in peak temperature could lead
to increased apparent thicknesses if the peaks were affected
more than the wings of the profile, However, it is important
to note that such a decrease in temperature and increase in
measured thickness would also be expected from instrumental
effects of the types to be discussed in sections £) and 7)
below, loreover, it is difficult, if not impossible, to
imagine a mechanism that would provide such an asymmetric and
heliocentric temperature variation, Therefore we reject this

explanation for the observed distance effect,



FIGURE 30

Four of the five spiral features shown here exhibit a
decrease in brightness temperature with increasing
distance from the sun, If the features are of
approximately constant density for most of their
lengths, the decrease in measured brightness temperature
expected from beam-smoothing effects is not large

enough to explain the observed decrease.

C-30



o 90

70
60
50

40

30

ANTENNA TEMPERATURE (°K)

20

10

it o ae ia am e et S aest

VARIATION OF MEASURED BRIGHTNESS TEMP,
WITH DISTANCE FROM SUN

IR SIS Y S

[From

surveys by Henderson —(1966) Kerr-(1969),

. and Hindman and Kerr —(1969)]

[ ]
— L} ’ ® AA AA
O O O o o |
. ® O . ’
O © © OG® L0 » JAN A
5 @D A @ aos Mo
® A VA O &0
= ° % e Do O A AAM O O
0O O6 A @)
R ® O TN
| O O
B * PERSEUS ARM (N. SKY)
®© PERSEUS ARM (S, SKY)
(0 FAR OUTER ARM
B O OUTER ARM add 5 kpc to the distances
O CARINA ARM shown below for these two
' features. 4
! 8 { 3 { i | 1 1
2 4 6 -8 10 12 14 16 18

DISTANCE FROM SUN (kpc)



3) Distance-velocity scale in error

At first glance, this explanation seems quite attractive:
since the thicknesses are based on estimated distances away
from us, if the distances were too large, the thicknesses would
be too large a2lso. But the magnitude of the observed effect
is far too large to be accounted for by this mechanism. To
bring the value of 1500 pcs found for distant arms at low
longitudes down to a more reasonable 500 pcs, the distance
would have to be reduced from the presently-accepted value of
about 20-25 kpc dovn to 7-R% kpc. This corresponds to a sun-
center distance of about 3 kpc, which is ridiculous.

This qualitative argument was checked by a computer
program which recalculated the thiclknesses of the hydrogen on
the basis of a2 sun-center distance of 8,2 kfc instead of the
presentlyv-accepted 10 kpe, The effect on 2 trailing outer
spiral arm in the lNorthern Sky was to have its distance from
the sun decreacsed at low longitudes and increased at higher
ones, which is in the right general direction., DBut at still
higher longitudes (greater than 900) the effect was reversed.
And in no case was the thickness increased by more than a few
rercent of the required amounts. Therefore we rule out this

explanation,
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L) Measurable extinction of radio frequency radiation

This suggestion, due to Henderson, is intriguing in that
it is highly unexpected; it would represent a real challenge
to theorists to determine the basis for such extinction. It
provides an attractive way of ewplaining both the observed
decrease in peak temperatures and the increase in thickness
with increasing distance, since the extinction would act mainly
on the peak temperatures of the profile and not affect the
wings very mich, There is even a nice parallel with the
discovery of optical extinction by Trumpler, who found it by
observing systematic increases in the diameters of star clusters
with increasing distance.

However, a theoretical basis is lacking. The optical
extinction cnrves chow a2 steep decrease with increasing wave-
length, such that radiation of radio wavelengths would show
extinction capabilities many orders of magnitude below those
shovm by visible radiation., The mechanism suggested by ioyle
and Vickramasinghe--oscillations of dislocations in dust grains--~
appears to have been a one-sentence throwaway that has not
received any further attention, Therefore, this explanation
should be returned to only in time of greatest need; that is,

upon the failure of all other explanations.
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5) Connection with the deformation of the Galaxy

It appears that only in the data of Lozinskaya and
Kardashev, the originators of this proposal, can information be
found to support it. The measurements of Ilenderson, Milton and
icGee, and the present investigators a2ll show a definite
connection with distance from the sun, and no correlation with
the observed "flapping' mode of the Galaxy; these conclusions
were originally obtained by eye estimate and checked by least-
squares analysis of the variation of thickness with galacto-
centric longitude. Iven L&K's data, as mentioned previously,
show a considerable asymmetry with respect to the maximum
deformation, points at equidistant longitudes on both sides
having different values of thickness with the more distant
point invariably the larger thickness, Thus it appears that

this explanation can be rejected as unsupported by the data.
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6 & 7) The effects of finite beam widths, error
beams, and multiplicity of sources on
measured brightness temperatures

We consider here whether the observed increase in thickness
of the spiral arms with distance from the sun can be explained
in terms of errors introduced by 1) the finite beam width of
the telescope, (which produces a decrease of the peak temperature
and an increase of the temperature near the wings of the profile
and thus an increase in apparent half-width), 2) an "error beam"
such as may be produced by-irregularities in the surface of the
dish, (which will also lead to smoothing and widening of the
profile in most cases), 2nd 3) blending of Gaussian components
by the telescope, so that the half-width of the combined profile
may be conciderably different from the half-width of one of the

components,

I'inite Beam Width, Let the sky bhrightness temperature neer

(10, bo) vary as

Tb(‘“) = To 9 (2-2.) b (b-b,)
Then the temperature measured by the telescope will he
T Jfg 42D h(b-b) £ (£-4 b-b)d 1.
T-A ) k" ﬁ?(l'!u b"b.)d-n_

vhere f(1-1

13 b=b,) d= the entenna distribution rattern when

the telescope is pointed in the direction (11, bl). In meny

cases, f(1-1,, b-b;) is 2 Gaussian:

- (9-1,)‘+(L-L,)1]
f(l‘,,’h—k,) = 4 [ 30'1,{’

where € m iz related to the half-power beam width (IIPBY) as

el HPB
6};' N YV rYrk!
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follows: H P B W
T = adanA ,

Let us further suppose that the sky brightness temperature is

Gaussian: _ (L"Lol —([—.,00)1
T(])L): be p) “"@d-i’q. £ aaﬂ-

where 0'1 and O"l rerresent the variations in latitude and
longitude, respectively, of the source. (For example, for a
cpherical cloud, O’bz 01 ; but for a spiral arm, which varies
ruch more slowly in longitude than in latitude, O-B < %
Carrying out the indiceted integration, we arrive at the
expression for the measured brightness temperature TA of a

Gaussian source centered at (10, b ) N
_0} ba) "‘(j"'lo)_,
Tﬁ(ﬂ b) T; Q 3(('5+ ) 9.(51--#"'1..)

7 «‘]‘V
= Ta) 2 = _Tal Z
f, = '*?FJ , for[1e

L

where

Setting (1,b) = (10, bé), we see that the measured brightness
temperature at maximum is less than the true temperature by the
factor fb°f1. Tor example, in the case of 2 spiral arm which
is nearly uniform in longitude ( >> Te I) the measured
temperature will be low by a f‘actor of 2 vhen the arm is far
enough awvay so that its angular size equals the beam width of
the telescope., ‘e might pause here to point out that the
angular size of a typical spiral arm at a distance of 10 kpc

is roughly 1.50, which is already comparable with the HPBYW of
a 25-meter telescope--so the effect is certainly not insignifi-

cant, -78-



The thickness of the source as measured by the telescope

is WM = 2(bo - b%), where bi is given by:

.Qx‘o[" (L bw) =’é‘

>
9.(01 + T¢|)

Solving this equation, we find that tzF_mgagured thickness ‘%{
exceeds the true thickness W (= 2[21%.. ) by the factor iyt
ql

V\/ = w = Q—Jﬁﬂc,‘l 01,‘/[ + Tel

M cmtr————

f& O—b,

To see what these equations mean in terms of telescopes
operating today, we tabulate the ratio of the measured thickness
WM to the true thickness VW as a2 function of the ratio of the
telescope beam width 0%;‘ to the source width 71 . (Ve are
here ignoring the variation in longitude, which may be per-
missible when congidering spiral arms hut is less defensible if
the sonrce concidered were a single cloud,) Choosing a value
of the thicknesc of thes gac layer of 236 pes (corresponding to
0"5 0 nes) allows us to calculate the distances R at
which 2 telescope of given beamwidth will overestimate the true
thickness by a specified amount. In columns 3 and L of Table]ﬂﬂ[
we calculate R for the case of two telescopes, one with
beam width 12' (corresponding to the Creen Zank 300-foot
telescope) and the other with beam width 20 (rouchly the beanm
width of the telescores at Leiden, the Crimea, and Australia,)
The table mskes it clear that the beam-smoothing effect alone
could account for an error of over 300% in the measured thickness

of an arm 21 kpc awvay, in the case of a telescope of 2° heam

width, This effect, if not properly taken into account, could
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explain a large portion of the tremendous increase in thickness
(300-500%) found by Lozinskaya and Kardashev (1963) and Milton
and McGee (1963).

However, the 300-foot telescope is another matter. Given
our assumptions--that the arm can be represented as a single
Gaussian and that the true beam width is the theoretical one
of 10'-~then the maximum overestimate for the thickness of a
distant arm would be less than 5%.

Therefore, for the present idealized case, we come to the
conclusion that the observed increase in thickness of the

galactic disk with distance from the sun cannot be explained

as the result of beam-smoothing alone, although the error from

this effect may be sizable in the surveys done by the smaller

radio telescopes.
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Error beam. The previous discussion applies in the idealized
case of a telescope with a single perfect Gaussian beam., In
fact, however, the observations taken with the 300-foot telescope
in the period 1966-1970 were seriously affected by widespread
irregularities in its surface caused by workmen continually
traversing the dish, The actual antenna pattern has been
discussed by Harten (1060), who finds that it can he well
represented by an 1ll-minute main beam and two error beams of

2% and 6° widths., About half the total nower received by the

antenna is due to the error beam. ‘hat effect will this have

on the measurement of the thickness of a spiral arm,

Haerten states that the power level response of the antenna
to the 2° and 60 beams is 2L and 33 decibels, recspectively,
This is sufficient information to allow us to write dovm the

complete antenna battern -2 1
~(0*+w?)

'f(C}(p) :E:/) Z 2 ¢}a

vhere- C? and qD are ma sured zway from the direction in which

> .
the antenna is facing., The 6} § are prorortional to the IIPEU's
of the main beam and the two error beams; and the 4i.'s obey

the following relations: 2y 3 2
= :]o— ' :]O’ ’
SA; =1 A, As

Once argain the antenna temperature is given by the
convolution of the actual brightness temperature distribution

by the antenna pattern:

T [ TL60f(6Hdn
A = f‘m flo,¢)dn

21~



Since the error beams are circularly Gaussian, we can
without loss of generality make the transformation
(6,¢)e=> (U-4, b-y)
where (11, bl) are the coordinates giving the direction in
which the antenna is facing.
Finslly, we can let the actuval brightness temperature

distribution be represented by a2 sum of oroducts of Causgians:
E - ("e 'ﬂ"J - Cb' b‘,“t"
L .CJ l»J'
an

d oj rJg* esent the location of the source;

and d—'lj and o‘bj determine its angular extent,

vhere 1
0J

At least three major classes of sources can he recognized:

single clouds, of rading 5-32N 1

Y3
(')

cs; spiral arms, of thickness
20N-200 =cs and considerably greater evtension in longitude;
and 2n "envelope" component, which may =ccount for the
evtensions to high latitudes of the spiral arms noticed by
Schridt, MNepner, Cort, and Shane, and vhose thickness may be
taken as 600-700 pcs, following Shane and Talgarone and
Lequeux (1973). This last component is characterized by

high dispersion velocities and may be tentatively identified
with the hot intercloud medium, (See Takakuho, (1067))

In the case of the nearly spherical clouds, GI’~'QZ; but in
the other two caces 01((02 The relative contribution of
each of these components to the observed brightness temperature
is uncertain, Shane suggests a density in the plane of his
"envelope" of about 0,05 atoms/cmB, or about 5-1n% the density
of the main gaseous component, OCn the other hand, Falgarone

3

and Lequeux suggest 0,15 atoms/cm” for their thick comronent,
and only 0,29 for the main component; a ratio of 50% or almost

an order of magnitude larger than Shane's estimate., The clouds

~%o.



are at lowver temperatures and higher optical depths, and may
contribute half of the observed brightness temperature within

a2 spiral arm. Doth the arms and the envelope may be considered
centered oﬁ the plane, while the clouds are concentrated in a
region probably less than 200 pcs thick,

VWith this short discussion of the physical characteristics
of the sources of interest, we can try to determine what the
antenna temperature will be for a telescope of the character-
istics described above and a medium made ur of the three
classes of sources described, GSince the arms and envelope are
centered on the plane, and the clouds are concentrated toward
that same plane, we may consider the case in which a1l three
components are centered at (10, bo). In this case, the

antenna temperature will be o

bb) b=k (- (e-4) —(e-8)
T - ?A'..,;, Q —’-O? £ W&L e 26‘:.2 A aqjt

f :?TT ::E./a:‘cﬁ :

o 2 (4-4)" —(5,‘5,)1
Z ?Aia}’l}(""%&)‘.o”ﬁp’e 2o +%;%) £ 2w %)
A; T2

where gij and hij are the ratios of the telescope beam widthe

"

to the source widths in latitude 2nd longitude, respectively:

g, o= :El-
?0):'_0'—":_ ) h‘) ks

Since we are interested in the half-width in latitude at
constant longitude, the ewponential variation in 1 can be

ignored, Then T will he proportionzl to

Armax

=247, “?Y'*&.';ﬁ(’*"if)-%
P4



and the half-width in latitude b% will be the solution to

L syhoy g (b b)Y

2(ﬂ'f *y "5;‘)

= Z AP Ug R (0,0

-

L
y =

Effects of the error beam: single source, We first consider

how the thickness measurements of the telescope are affected
by the error beam in the case of a siggle source; e.g., &
spiral arm of about 300 pcs thickness, Fig. '3' displays

the variation with distance of the measured thickness of

such a source, as it would be found by telescopes of beamwidth
20 (corresponding to the instpument used by Milton and McGee);
80' (the averape beamwidth of the instrument used by Lozinskaya
and Kardashev); 11' (the theoretical beam width of the 300-
foot telescope); and finally, a model of the actual 300-foot
telescope as described by Harten, with an 11' main beam collecting
about half the total power and a 2° and 6° error beam,

It is interesting to note that the effect of the error beam
was not simply to increase the error in a roughly monotonic
way; rather, the error wazs increased rapidly for the smaller
distances, (R*<:10kpc) but then was actually reduced for

the larger distances (R < 25kpc). The amount of the error
(10-20%), while five or six times the error of a few percent
expected Brom the theoretical 11' beam, still falls far

short of the 100-200% error that seems to be demanded by the

observations,
-84



FIGURE 31

The error due to finite beamwidths in measuring the
thickness of a single Gaussian source. The curves marked
10' and 6° correspond to the errors (in measuring thick-
ness of a 300-pc source at the distances from the sun
displayed on the horizontal axis) made by perfect
telescopes of those beamwidths, The curve marked

29 + 6° + 10' corresponds to the actual pattern of the
300' telescope, according to the description of Harten
and co-workers, The effect of the error beam is to
vastly increase the error associated with distances of
less than 10 kpc, but then to level off. The error
throughout most of the region of interest (R <: 25 kypc)

lies between eight and twelve percent,
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FIGURE 31A

The curve represents the error due to beam-smoothing
effects for a radio telescope with the antenna character-
istics of the 300-~foot radio telescope at Green Bank
(i.e., a2 10-minute beam with a 2-degree and 6-degree
error beam as described by Harten) for a spiral arm
located at various distances from the sun, and having
its brightness temperature disg ibuted in the vertical
direction as a perfect Gaussian in the latitude h;

The crosses represent measurements of the thickness of
~a more realistic (non-Gaussian) spiral arm density
distribution, taken from a map Produced by a computer
program that imitated the reception characterist.es of
the 300~-foot telscope. Different crosses at the same
distance from the sun represent different choices of
the following parameters: no systematic motion versus

a systematic motion of 8 km/sec, and a flat vergus

a distorted galactic plane. Results indicate that

the thickness error due to beam-smoothing effects is
insensitive to the non-Gaussian distribution of bright-
ness temperature due to these parameters; therefore the
observed thickness overestimate of several hundfed percent

cannot be due to these factors.
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FIGURE 32

The curve shows the theoretical overestimates of the
galactic thickness caused by measuring the half-intensity
width in brightness temperature Tb rather than in
optical depth 1; , assuming that T behaves as a Gaussian
in the latitude b. Individual points mark the over-
estimates of the thickness made from actual measurements
of brightness-temperature contour maps prepared by a
computer in a numerical simulation of the galactic

distribution of hydrogen.
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We conclude that the observed distance effect cannot
be explained as simply due to the error beam of the 300~foot
telescope, at least as long as we represent the spiral arm
as a single Gaussian source,

Effects of Multiple Sources, However, as mentioned above, the

choice of a single Gausslian source to represent the spiral arm
is a poor approximation to reality. Every observer has
emphasized the rather discrete, cloudy, patchy nature of

the intersébllar medium, Henderson's observatlions of nearhy
splral arms show that a given spiral arm normally has several
peaks, as though clouds of about 1/10 the thickness of the
spiral arm were stacked vertically. What effect would such
small, phssibly qhite intense, sources ha superimposed on a
more smoothly-varying backg@round have on the measured thickness
of the arm?

Simplifying the situation somewhat, we can ask what
effect a single cloud of 20pc diaméter and located at the
center of a smoothly-varying component of 200pc thickness
would have on the measured thickness of the arm? (Here we
speak of the arm as the sum of the small intense cloud and
the other component, which may be a blend of other clouds

and the intercloud medium,)
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Since we are not sure of the relative proportions of the inten-
sity contributed by the cloud and by the axmgz other component,
we treat this as a parameter and study the effect of increasing
the relative contribution of cloud from ® to 1 in bteps of O.1.
The Besults are given in Fig. 33 . Once again it seems
clear that the error is insufficient to explain the observations.
But one more ingredient remains to be added to the pot:
the observed dm "envelope" of two or three times the thickness
of the arm. Adding this in the proportions suggested by
Falgarone and Lequeux (i.e., the width being 2~3 times that
of the arm, with a central density at the plane of about 3
that of the arm) and again treating the contribution of the
cloud to the brightness temperature as a parameter, we arrive

at the results summarized in Fig, 33 .

The three top curves correspond to a two-component
medium (no single clouds), with one component of thickness
200 pcs and the other of thickness 600 pcs, and the relative
strengths varying from %¥x%x 5:5 (equal densities in the
plane) to 7:3, (Thus straddling the value suggested by
Falgarone and Lequeux of 2:1.) Although some rather large
overestimates (nearly 100%) of the thickness of the thin
component can be achieved, the variation with distance is
not as it should be (dashed line).

The three bottom curves correspond to a three-component
medium, with the arm-envelope ratio constant at 2:1 and with
the proportion of the brightness temperature contributed by
the single cloud rangiéng from 0.1 to O.4, The behavior is

qualitatively similar, ~%



FIGURE 33

Effect of multiple sources and of a telescope with an
error beam on measuring thicknesses of the sources,

Top three lines: Thickness overestimate caused by a

source of 600 pcs thickness combined with a source of
about 300 pcs thickness, The ratio shows the strength
of the 300-pc source compared to that of the 600-pc
source, The ratio suggested by Falgarone and Lequeux
(about £.6:3.1:) would lie between the second and third
lines from the ton.

Bottom three lines: The effect of adding a small intense

source of about 20-30 pc radius, such as a cloud.
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We conclude that the present model of the interstellar
medium is incapable of reproducing the observed distance
effect, althouéﬂ the actual amounts of the overestimates
in thickness produced by multiple sources are larger by

far than the amounts produced by alternative proposals.



STUDIES ON THE THICKNESS OF THE GASEQUS LAYER: INNER DISK

A study of the thickness of the region interior to the
Sun could be useful in eliminating some of the explanations
advanced above for the existence of the distance effect ob-
served in the outer parts of the Galaxy. For example, if
we could show conclusively that no distance effect is observ-

able in the inner regions, this would be strong prima facie

evidence against many of those explanations that depend on
a true physical distance effect (extinction) or on the ar-
guments from instrumental limitations (finite beamwidths,
error beams, inadequate correction for multiplicity of
sources). On the other hand, if the distance effect is
also observable in the inner regions, then the arguments
connecting it with the deformation of the Galaxy or with
different physical conditions at different longitudes can
be discarded. In either case, the number of possibilities
is reduced.

However, the thickness of the hydrogen layer in the
inner regions is far more difficult to determine unambiguously
than that in the outer part, for two reasons. The first is
the distance ambiguity: the brightness temperature observed
at any given velocity has been built up by contributions
from two more or less wldely separated regions (the '"near"
and "far" regions) along the line of sight. Unless one region
has contributed a negligible amount of the total optical depth,
the "thickness" determined from measuring the half-intensity
width will be completely meaningless. Secondly, the optical
depth is much larger in the inner regions; brightness temper-

-PP.



atures of 100-125°K are common, as opposed to the 50-80°K
temperatures normally encountered in the outer regionms.
Thus the practice of using Tb instead of the optical depth T
to determine the thickness leads to considerable errors,
on thé order of 25-100%. Moreover, the errors cannot be
reliably corrected by using the relationship
’ TA:: T;-[}"'%_‘D)

since théfgémperaturqﬁof the hydrogen is not known suffielently
well to allow us to solve for [ !

Several ways out of these difficulties have been proposed:
In his now-classic series of papers outlingkhig the spiral
structure of the Galaxy for the first time, Schmidt proposed
avoiding the difficulty of separating the near and far compo-
nents of the gas by measuring the thickness only at tangent
points. That is, he measured the thicknesgbnly at points of
maximum velocity; if the velocity is perfectly circular, this
corresponds to the point of closest approach to the center of
the Galaxy along the particular longitude chosen, The distance
of this point is simply Wycos 1, where Wy is the distance
from the Sun to the galactic center. This distance dows not
depend on any assumed velocity model (except that the velocity
must be circular.) Using the then-accepted value of 8.2 kpc
for ZU;, Schmidt found quite constant values for the thickness
averaging 220 pcs. (The current value of 1lOkpc for‘aﬂg glives
a thickness of 276pcs.)

(We note parenthetically that Schmidt was not able to
avold the second of the two difficulties mentioned above: in

~%a.



fact, he has chosen the worst possible regions on this account,
because the tangent points are precisely the points at which
the highest optical depths and brightness temperatures are
obtained. This is beeause the telescope is integrating the
contributions of hydrogen at a particular velocity over a
very long path. Thus, determining the precise value of

the optical depth U becomes essential to determine the
proper correction to make in order to achieve the correct
thickness, Schmidt chose a value of 1250 for the average
(harmonic) temperature of the hydrogen. If this value is
underestimated, the optical depth will be oversstimated

and the true thickness will be larger than calculated; and
vice versa. Thus the absolute value of Schmidt's value

for the thickness cannot be completely trusted. However,

we are more concerned here with whether his values show

the distance effect observed in the outer regions,)

Fig. 3% shows Schmidt's actual observed points (adjusted
to the current value of 1lOkpc for 65@). We note that they
show no indication of a distance effect. However, it is
clear from this diagram that Schmidt's points are concentrated
in a very small distance range of between 7 and 9.5 kpc--if

there were a distance effect in the inner regions, these

observations would never reveal it, because the region

observed has too small an extent,
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FIGURE 34

The thickness of galactic hydroger interior to the sun.

Dashed line: Dbest fit to Henderson's 1967 measurements.

The slope is about 20 pes/kpc. Dash-dot line: Ybest fit

to my own measurements from Henderson's 1966 observations,

The slope is virtually zero, Dotted circles: Schmidt's

1957 measurements, corrected to present values for the
sun-galactic center distance of 10 kpc. Again the slope

is zero, although the limited variation of R would make

it difficult to see an increase of the modest size indicated

by Henderson's measurements.
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Another approach was chosen by Henderson (1967). He
attempted to separate the contributions of near gas and far
gas by the following (admittedly crude) stratagem: Since
the contribution of the far arm is confined to small latitude
ranges (b usually between = 1°K) he measured the thickness
of the near gas simply by ignoring the variation of brightness
temperature in that interval; i.e., treating it as a constant.
This results in an overestimate of the thickness of the near
Agas, since the true peak temperature is somewhat higher than
the temperature at the cutoff point. Also, since the optical
depth is not negligible in the inner part of the disk, the use
oB brightness temperature rather than optical depth to determine
the thickness results in a further overestimate of the thickness.
Thus, his result of 300 pcs for the average thicknesso of the
near gas reglons of the inner disk must be considered a large
overestimate, However, since we are concerned here mainly
with the change in thickness with distance, this systematic
error does not matter, Since Henderson integrated the profile
rather than simply taking half-intensity points, his method
should produce small scatter. In short, his results concerning
the relative variation of thickness with distance should be
the most reliable available. A least-squares fit to 60 points
in the near regions of the inner portions of the disk shows
the following behavior of thickness T with distance from

the sun R:
T(kpe) = 240 + 19R

where R is in kpc. This is a large variation, with the thickness
reaching a value of 400 pcs at R = 8kpc. Yet ik 1s somewhat
smaller (about ¥ to 2/3) than the increase of 30-35 pcs/kpc
observed in the outer regions., Thus it is strong, but not

~Q1-
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FIGURES 35A,B

The following two diagrams are sample least-square fits
to the integrated data obtained by Henderson concerning
the thickness of the inner disk (127<ilﬂ kpc) and

my own direct measurements made from the same studies,
The direct measurements show far greater scatter and are
probably not dependable for the reasons discussed in the
text. If Henderson's integrated measurements are
dependable, they indicate that the "distance effect'" is
discernible in the inner part of the Galaxy as well as
the outer part, although the magnitude of 20 pcs/kpc may
be somewhat smaller than the magnitude of about 30 pcs/kpc

determined for the outer disk,
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conclusive, evidence for the emistence of a distance effect
in the inner portions of the disk,

In an attempt to gain'further information on the
thickness of the inner portions of the Galaxy, I made
measurements of half-intensity latitude widths directly from
published observations of the Northern Sky by Henderson and
the Southern Sky by Kerr (1969). Since the original computer
tapss were not in my possession, I could not use the superior
method bf integrating the progile. Also, since the actual
peak temperatures, which included contributions from both
near and far regions, were used to determine the half-width,
the effect from this factor would be a systematic underestimate
of the thickness of the near regions. (However, measuring TL
instead of U produces an overestimate, so that the two
factors tend to cancel.) In any case, since the aim is
to determine the variation of thickness with distance from
the sun, we are again not too concerned with the mefigitudes
obtained, The results of a least-squares analysis of 26
measurements of near arm regions from the Henderson observations
and 13 measurements of the Southern Sky inner arm regions
from Kerr's measurements were as follows:

T = 227 (H)

T % 183 + 8R (K)

T =220 + R (both)
Essentially no distance effect appearsl

Twenty-three more points which could not be assigned
definitely to spiral arm regions from both sets of observations
gave the following behavior of thickness T with distance R:

T =216 + 7R



And, finally, 26 points Prom what appeared to be interarm
regions gave the following results:

T =99 + 23R (H)
T = 93 + 15R (x)
T = 100 + 19R (both)

However, the last series of values must be given very
little weight., The reason is that in interarm regions, a lagge
fraction of the peak optical depth is due to the distant material,
This leads to a sharply reduced value for the thickness. More
to the point for the present investigation, the change of the
thickness with distance is also affected., Since, for any given
line of sight, as the distance to a near region is increased
the distance to the far region decreases, the apparent half-
width in latitude of the far region increases., Since this in
turn increases the apparent half-width of the combined temperature
profile, we would expect our measured thicknesses to display
an appaeent increasewithdistance,

To sum up, we have considered previous invesiigations
of the thickness of the inner regions of the disk by Schmidt
(1957) and Henderson (1967) and also made some measurements
on published observations ourselves, Schmidt's investigation
showed no distance effect wut was confined to too small an
extent to be useful. Henderson's integrated measurements
on 60 points in the near regions showed a linear increase
of about 20 pcs/kpc, which, however, is rather smaller than
the values found by him, M&M, L&K, and the present invesiigators
in the outer regions of the Galaxy. And, finally, measurements

~03.



of about 62 points in regions that were not interarm regions
showed essentially no distance effect, We have not found

any detailed invesiigations of the inner regions of the
Galaxy and their thicknesses other than those mehhioned,

On the other hand, the literature abounds in statements to
the effect that the inner parts of the Galaxy are extremely
flat., It seems possible that the expectation that the Galaxy

is flat, derived both from edge-on photographs of external
galaxies and theoretical expectations, has inhibited actual
examination of the data for possible variations in thickness
with distance from the sun,

In concludion, it appears that the question of whether
a distance effect is displayed in the inner parps of the
Galaxy is still an open one, The distance ambiguity and
uncertainty as to the temperature of the hydrogen make it
extremely difficult to determine the magnitude of the thickness,
but the variation of the thickness with distance should be
relatively easy to determine, Since the "eror beam" of the
300-foot telescope has cast observations made with it in
the 1966-70 period under a cloud, perhaps the best procedure
would be a remapping of the region, followdd by the integration
method adopted by Henderson, to give a conclusive answer to

the question.
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APPENDIX ¢ FORMAL ANALYSIS OF THE 3-D GAS EQUATIONS

After solving the fluid equations for the first-order
systematic motions of the gas in the plane--ug and ug) ——
we are left with a system of two first-order inhomogeneous
ordinary differential equations in two unknowns--the spiral
density perturbation fm and the vertical gas velocity u,.
If we make the assumption that the negligible density of the
gas layer at the height (~-3%00 pcs) where the Vandervoort
stellar potential reaches the limits of its validity Justifies
our treating this pdint as siitable for the application of
boundary conditions normally applied at infinity, then we
have a well-posed mathematical problem and can develop a
full analytic solution,

For Case I, in which the perturbation gas density is
considered small compared to the axisymmetric density, we

have the following complete system of equations:
(0]

. Py (0 b?’
{.‘. ) 3 _[_: = )
= - :F Kl u)

with the boundary conditions

/,\(z) /A.( 2)

where j, = J’ u is the mass flux in the vertical direction, and

((}]

M=is = is the ratio of the spiral perturbations
density to the axisymmetric density.



(i
A is the Vandervoort spiral
gravitational potential,

Here ?‘(')E N, sech
f = -m (0

fk) /, seoh?Z/A
2
6 A
pre 2rent o 2l
o ag_

We may combine the equatjons to get a single second-order

equation for jz or for p :
Jz + B tomh ¥ 0 40y, = Fresh
‘- ﬁiﬁo’wk?/‘ﬂ +'],1/“ = G’-‘Gok(wu? + Hrech

MM_FF ot

lhlo +2
where the prime denotes %‘ ; % =12z/A
The boundary conditions in the first case are

}z(o):O} &"%(uo)::o
and in the second case are ‘1 o

- - (o (o) 0

/‘(‘t)‘/“( ?), ] j)/ao(-;- f f T dz

Here P‘

F:"'&/_B““AJ’.,.FA ('”X)

H

(t

—_—
{1
_4..
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We can transform the homogenous equation for the mass flux

Jy into the hypergeometric equation by making the substitution

u = cosh2 g : .
() " S ()= £ (Bo0] g "+ E«q y =0

This is the hypergeometric equation with
a+b+l =3 (P+2)

¢ =5 (F*+1)

al =
Since u varies only between 1 ;Ld o , we take the general
solution around u = 1:
- ! !
4~ A 2 T 827‘
- . . Y
y 2Flabd;irw) 9l (-w) % Flemhems %0 1)

But we are allowed only the odd solution for 39 since we

have demanded a plane-symmetric form for the density\joai

therefore, since f-u = -sinh2 ¥ , which is even, we must have
A = 0.

Then the odd solution for the homogeneous part of jz is

!z ik g F (g cob K5~ ¥)
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To study the behavbor arou&c’l z = 0, we may expand in series form:

. 2h
p,; =, Sinh ¥ 2 a,, (isnh¥)
o

a, = |
2 o
_l-ademd) o Pl
S 7 G )
a o (C-atle=bed o 3B+ A44
9 1) 5/ * ao 2
3 2
= (ARe)BTH@R)
th+2 ~ 2k
(Ah+3) 2R t2)

(This series is identical to that obtained from the original
equation by the Frobenius method of series solution.)

We note that the coefficients depend on two dimensionless
parameters: J?.i, which is a measure of how tightly the gas is
held to the plane by gravitational forces, and [q_;‘_(%z:\_)”
which compares a typical "z-velocity" f & (the product of the
circular frequency f of the gas with respect to the spiral
configuration with the scale height A of the stellar component)
to the "effective sonic speed" a. Both quantities increase
as we go inward toward the center of the Galaxy (assuming
both a and A are constants or slowly varying with radius)
so that, for small values of z, the homogeneous solution,
which goes as sinh ¥ (1 - a, sink® ¥ ) tends to be limited
more and more sharply as we move to the interior of the Galaxy.
The dependence on }115, of course, to be expected, since the
more tightly the gas is held to the plane, the less must

be the vertical flumx. The coefficients above also show that
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there is a much itronger dependence on ﬁ‘l than on YC . .
In fact, since } is normally about ten times as large as VL ’
it appears that the homogeneous solution is dependent only
weakly on the value of the circular angular velocity f.
The solution around z = 00 is
Jzohom, =S Ly TPyl
where o{ and P are known fun'ctions of a, b, and ¢, and where

9" = W F (e imete 1bre &)

y:o = w " Flb I—crb [-ath; Z)

) > r"—"—z-. y .:_ﬁ":\}-ﬁ:’,:’.l?
Since a= %1’ (%)‘—% and b = g (,:’-) _:/-

are both greater thamn 0, the homogeneous salution for jz
satisfies the boundary condition at infinity by going to

Wb = (ot )"

zero as

The general solution to the homogeneous equation for /(A
may be found in the same way. Letting u = co:sh2 I again,
we once again obtain.1~ the hyperggometric eguation for :

- )
WD+ [(-8 Yu = 2 T+ A g0
Taking the even solution apound u = 1 (2=0), we have
Mty = AF (o 55 1-0)

e B
where a’'= — _:' _’_/J,E-)’L_ vL_"' and b’ = -—_f: _ (/"-)"-‘i"
5 g G / Y

Once again the solution around infinity is
h:.,9 = 4,/“7*}’“:
where £  and g are fixed in terms of a’ and b, and where
M = (- w7 Fla) I-drd, 1=kl )
M = () F (b -4 1-a’rbls %)
But since both a’and b’ are ( 0, the homogeneous solution

blows up at infinity, ~00-



Case II. The above results were obtained for the case in which
the perturbation density is small compared to the axisymmetric
density. How do these results change when, as is probably the
case for our own Galaxy, the spiral density is comparable

in size to the axisymmetric density?

The systexil: of equations is now "
‘). )/V‘ ) 9 da"/

dz ¥ p%a =S =53
é’”‘)"cf" “'fwf de = —1fW ayt))

2 1

h a

where x = L is f:he term measurghg the effect of the
K7
added pressure produced by the spiral density.
Again combining the equations to get a single second-order
differential equation for J, or for M n
N T . L. _ [ (h,d '(-F
¢z "I"j; fa»\L\g)a'—f—(f‘f'X)bl F=e = [;f-tclw _{']'a.hl,f
2 thia ha+2
— R tunhp’ (1) g = Gsech TR H secl j-
- - ~No
where F, = p_ q( »L)( Z:‘)(HA
and G and H are as before,
It is evident that the previous results for the
homogeneous solutions may be applied to this case with
; 2
the single differemce that )C is to be replaced with (H’X)'l .
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Particular Solution., With the general solution to the homogeneous

equations for both jz and /A in hand, it is a striightforward
matter to derive the particular solution to the inhomogeneous
equation, For example, the particular solution for J, may

be written in integral representation'
;u

where ( u) 2 Flec-b c-e ?/21 I-w)

+B
and where fk w-1) 'zUL(I )@,) du

!

0 amg WD)
”5“<u-.)"’*u:"i'~£)(y)/f“'“( g,

But a glance at the above expression makes it abundantly
clear that the full analytic stlution is too unwieldy to
allow information about the functions of interest to be
extracted easily. Thus it appears that the analytic
approach to this problem must be supplemented by the

numerical approach adopted in the main text.

-101-~



TABLE I: OUTER ARM | .

) v b dv/db. ~ Obs  Notes

('d_e.g.) (km/sec) ( deg.) (km/sec-deaq)
16 -24 . -0.2 H
20 -30 +0.6 -0.3 K, H
25 =32 +0.4 -2.7 K
26 7 -36 +0.5 -0.5 H .
30 -32 +1.0 -2 K, H 2
31 =35 41.0 K
32 -36 $1.0. +4 K
33 =37 +0.9 -8 K
34 -26 0.4 -6 K
35 -27  40.2 K ]
36 -35 +0.9 -2 H 1
39 -38 +0.4 -6 K .
. 40.  -34 +0.5 - =6 K 1
45 -42 +1.1 -9 K, H
50 =50 $1.6 0 K
55 -46 +1.6 -1 H,K iy
60  -63 $1.4 -4 H,K 1,2
65  -58 +0.5 -1,2 ‘' H 1
.70 =68 +0.5 -0.8 H 1
75 -74 +1.8 +0.5 H 1
80  -67 1.2 -2 H ]
86  ~76  +2.2 -0.5 H 1,4
90 =77 $2.0 -1.5 H 1
95  -72 +1.7 ~2.5 H

1



OUTER ARM (CONT.,)

1 Y_ . R - dv/db Obs _Notes

100 62 41,9 -2.4 H
105 -65 +2.6 0 H
110 -67 +3.0 -3.5 H J
115 -64 +2.4 -2 H 1
121 -67 3.0 -2 H 1
125 -76 +2.4 -2 H 5
132 -67 +1.9 | i
136 .
140 -62 +1.5 -0.8 H 5
146 -56 - +2.6 +2,5 H 1
150 -54 +0.8 +1 H

H

155 -48 +1.2

bl

% H: Hendérson (1966), K: Kerr (1969), HK: Hindman and Kerr (1969),
B: Burton (1970, S: Shane (1971), S

*% number referriné to the following comments:' .

1. Two nr more components at different velocities or latitudes.

" 2. Splitring of ridge lines indicating pcssible close approach

of other features. _

3. Nearby low-density patches or absorption.

4. Inner contour lines give different va.lues of dv/db from the out.er
ones. '

5. Identification of spiral arm doubtful.
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1 .

" _OUTER ARM (SOUTHERN SKY)

€ A ece % s aee n e s esa e e s

lb:‘:'

Y b... .. d4V/db . . Obs . . Notes ..

200 22 -1.0 0 H, HK

205 32 -0.9 -0.3 H 4

210 42 -1.5 0 . H,HK I

215 49  -1.7 -0.2 HHK 1

220 58 =0.7 0 H,HK 1

225 63 -2 -0.2 . H 1

230 68  -1.4 0  OHEK

235 70 -1.5 BK

240 83 <--2,0 -2 HK

245 . 84 -3 -1 ‘HK

250 92 -3.3 0 HK

255 ' o

260 90 ° -1.4 HK

265 92 -1.9 42 " HK

20 ' ) ‘
215 105 -3.0 | HK . 5

280 97 -3.3 41 HK

285 92 -3.7 0 HK

290 93 -2.9 -1 HK 1

295 '

299

- T3



£ v b dv/db Obs  Notes

‘(deg.) (km/sec) (deg.) (km/sec-deg) " e
65 12 - +0.4 ~1.5 u

70 —24  +1.6 -2 H 5"
75 -22 0.7 -2 H

80 -35  +2.0 +0.3 H 4
86 -42 0.8 0 H

90 -45 "  -0,1 +2 H 5
95 . -46 -10.1 - -1.3 H

100 -53 0.0 H 2
105 51 - 0.8 0 H 1
110 48 +0.9 -1.2 . H

115 -45 2.7 -3 H

121 -50  +2.5 -1 H 2
125 -55° 42 -0.7 H - 1
131.5 -48  +1.4 +1.7 " H 4
136 ~47 41,9 -1 H U
140 -40  +1.4 -1.0 H 1
146 ~36  41.1 0.7 H

150 -32 -1 -1.1 H

155 -30 31 -1 H

160 -30 +1 H

#* See footnotes on Table I.
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- PERSEUS (SOUTHERN SKY)

) V b .. du/db ... Obs . . Notes
205 20 - -0.6 +0.1 H 1
210 24 -0.4 $0.5 H 1
215 271 -1.6 0 H, HK

220 31 -1,5 0 H, HK

225 40 - -1 +1 H ., 5
230 39 -1 -0.1 H

235 50

240 Y i

245 61 0.7 0 HK

250 70 -0.6 0 HK

255 68 0.4 -1.5 HK

260 61 -0.8 ) OHK

265 62 -2.3 +5 HK

270 67 -0.8 HK 4,1
275 72 -1.7 44 HK

280 73 1.1 HK

285 70 -1.8 HK

290 70 -1.2 -1 HK 1
295 83  -2.2 OEK

299 80 -3 . HK
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TABLE III: CARINA FEATURE

LV b av/db Obs.  Notes

(dEg.)(km7§ec)(&ég.)(km/sec-deg)

295 23 -0.3 -1 HK
299 25 0.0 HK
300 30 -0.1 -1 K
301 30 <-0.5 0 K
302 30 - -0.7 -2.7 K
303 31 -0.4 +1 kK
304 33 -0.5 .  40.2 K
305 33 , -0.6 | ’ K
306 41 '~0.5 K
307 34 <-0.7 K
308 32 -0.7 K-
309 33 -0.6 -1.6 K
310 33 -0.3 -1.2 K
311 35 . -0.7" -0.8 K
312 36 -0.5 -5 K
314 36 -0.4 -2 K
315 33 -0.5 -1 K
316 32 -0.4 -2 K
318 39 ° -0.7 -3 K
320 37 -0.5 0 - K
322 31 -0.3 -0.5 K
324 24 -0.5 -2 K
325 28 -0.3 -2 K -

e )

* See footnotes on Table I.
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CARINA (CONT.)

4 ‘¥l b dv/db Obs | . Notes.
326 | 31| -0.4 -0.5 K

326.5 | 28 | © -0.6 K 1

327 26 ; - -0.6 +0.5 K

327.5 | 37 | -0.7 | -~ -2.5 K 1

328 37| -0.6 | -4 K 1
329° | 34| -0.6 | | K

330 32| -0.8 -1.6 K -

331 33 | -0.3 0 K

332 31| -o.5 K

333 | 34| -0.7 | K I




“TABLE 1V: - FAR OUTER ARM
£ v b dv/db Obs Notes
(deg.) | (km/sec.) (deg.) (km/sec-deg) :
26 -36 | £0.5 -0.4 "
30 -45 +2.5 -1 H
36 -50 +1.4 -5 H
40 -60 +1.7 +1 CH,K
45 -66 +2.5 -1 H,K
55 -68 +2.5 -2,5 H
60 -77 +2.6 -1 H
65 -85 +2.7 0 H
80 -89 . ,| +2.3 -1 H
86 -90 42,0 -0.3 H -
90 -91 +2.5 2.5 H
95 -95 +2.5 -2.3 H
100 -93 +2.6 +0.5 H
105 ~95 +2.2 +0.3 H
110 -97 - 42.0 0 H
115 -98 +1.8 2 H By
121 -90 41,6 0 H 5
125 -87 +2 -1 H 5
132 -78 +1.3 -1 H
136 ~74 +2.6 -0.7 H
145 ~74 +1.0 -1 H
146 -70 +1 +0.6 H

*See footnotes on Téble I



TABLE V: NORTHERN SAGITTARIUS ARM

(near)
@g.) [kmVsec)  (dRq) ‘;(kg%gg.deg,) Obe. | Notes.
| | i

16 ;

20 22 +0.3 1 0.8 H, K% 4%
22,3 | 15 $0.2 | 40.3 S 1
23.3 20 i +0.2 ‘ 0 S 1
24.3 | 19 | +0.2 S 1
25 18 | -0.2 1 42.5 K S
25.% | 22 l 6.2 0 o3 'S 1
26 21 ' 0 0 H 4
26.3 | 21 4046 ~0.5 S 1
27.3 | 22 ., +1 0.6 s 1
| 28.3 | 22 +0.5 0 S 1
29.3 | 26 ; +40.2 -0.3 {8 1
30 24 | +0.5 0 L oHK )
30.3 | 20 * +0.4 s 1
31 26 ' +0.5 -3.7 | K 4
31.3 | 25 | 41.0 +0.6 1 8§

32 19 . +0.3 -0.2 K

32,3 | 24 40.3 0 i s 1
33 27 +0.4 -1.5 l K

33.3 | 22 +0.5 +0.7 | s

34 22 . +0.5 0 | .K

34.3 | 25 +0.4 S

35 23 0.1 -1.3 K

35,3 | 29 +0.2 -0.2 S

36 33 40.3 ~0.4 H

36.3 | 33 +0.1 -0.5 S

37.3 | 28 . 40.5 | = -0.8 | 8 1
38.3 | 29 +0.7 0 s L
| 39 26 0.4 | 0 DK

* See Footpotes in Table I T-9



NORTHERN SAGITTARIUS ARM kNEAR) (CONTINUED)

¢ vl b | ave Obs .. | Notes
39.3 | 28" ] +0.1° 0 s
a0 |36 1 4o 0 H,K
40,3 31 +o.3? -0.6 S 1
41.3. | 33. 0o -0.3 S
42.3: {32 | 40,1 | -0.2 S
43,5- {36 | -0.5 | -1 B 3
45 - |34 | +0.7 | -0.3 B,H,K- |1
46.5- |32 | +2 - | -1.3 B R
" las {460 | -0.a | +0.3 B

49.5 |48 | ~0.2° | +0.6 B 3
50 |52 | -0.2 0 K
51 |45 | +0.3 | -0.5 B, H
52.5 | 49 | B

!

;
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TABLE VI: NORTHERN SAGITTARIUS ARM (FAR)

v .

N v b _dv/db_ Obs. - Notes
(deg.) (km/sec) (deg.) (km/sec-deg.) ’
28.3 22 | o s* 5"
29.3 45 ~0.3 -1 s
30 a6 0 -0.7 H,K
30.3 42 0 0.3 S
3] 42 +0.2 0 K 5
31.3 44 +0.2 -1 s
32 50 +0.4 0 K
32,3 47 +0.5 0 S 4
33 53 +0.3 0 K
33,3 52 +0.1 -1.5 S
34 50 0 0 K
34.3 46 0 +0.5 s 4
35 52 0 0 K
35.3 51 0.1 -0:6 s -

36 52 -0.1. -0.5 H,K

36.3 4 -0.4 -0.8 5. 4
37.3 57 0.1 s

38.3 56 0.2 0 s

39 60 -0.2 -1.2 X

39,3 61 -0.2 -1 s

40 65 -0.4 -1.3 H,K

40.3 64 -0.3 -0.6 'S

41.3 62 | -0.4 0 S

42.3 60 0.3 0 s

43,5 60 0.4 0 B 3
45 60 0.3 0.4 B,H,K 1
46.5 59 9.3 0 B

48 57 -0.3 -1 B

49.5 55 40,1 -0.7 B .3
50 53 -0.2 0.1 K 1
51 53 0 0.6 B,H

*Sce footnotes on Table I T-11




TABLE VII: SCUTUM ARM (NEAR) -

2 ] Y b | &/ Obs | Notes
(deg) | (km/sec)|(deg) |(km/sec-deg) RS
20 . 56 0.3 | 46 HK
22.3 55 0.5 | : 0 S 5"
|23.3 55 0.5 | =0.7 S 1
24.3 | © 59 <0.4 | ‘41 S
25 50 +0.2 | -2 K
25.3 56 0.2 | -1 S
26 50 ~0.3 | -1.5 S
26.3°| 61 ~0.1 | 41 H
27.3 64 0 ~0.2 $ 5
2{3.3 67 + S
29.3 74 o -1 é
30 75 0.4 | +0.3 KH | 0 4
30.3 [ . 76 {o.s 0.3 S
i |79 0 0.5 K 1
31,3 79 : 0.2 S 3
32 79 $0.1 | 10 K
32.3 | 80 £0.1 | +0.2 $
33 84 £0.1 | K 2.
33.3 | . 81 0 4+0.4 $
34 89 0 +0.5 K
34,3 86 +0.2 | +0.2 S
35 84 +0.1 | 41 K
35,3 84 0 40.5 g
36 80 £0.4 | -2.3 H,K
36.3 80 £0.2 | i-0.3 S

* See footnotes on

Table I.
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" TABLE VIII: SCUTUM ARM (FAR)

L \A b av/db Obs " Notes
(deg) | (km/sec)| (deg)] (km/sec~-deg)| LT
20 .95 .7 [+0.1]° 0 H, K* 4*

22.3 | 94 +0.2| +0.6 s

23.3 | 97 #0.1] 0.1 s

24,3 | 96 -0.4| +0.5 s

25 98 +0.1]  +1.5 X

25.3 | 94 -0.5| ~-1.5 S

26 95 0 -5 H

26.3 | - 98 $O.1| =7 s

27.3 | . 92 +0.2 0 S

28.3 | 94 | -0.2] s0.2 s

29.3 | 94 +0.2 0 48 -
30 92 -0.2| -0.3 H.K {
30.3 97 -0.2 s

31 96 | -0.1 0 X

3.3 | 96 | o | .0, s N
32 100 | 0.0 0 K 1
32,3 100 +0.2| +0.6 S o
33 90 +0.1 +1.2 K

33,3 | 93 +0.2 0 s

34 - 90 +0.1| +2 K

34.3 89 +0.2| +0.2 s o

% See footnotes on Table I.
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_ TABLE IX: 3-KPC ARM

2 v b dv/db Obs Notes
(deg) |(km/sec)({deqg) |{(km/sec-deqg) | - T
336 -114 | -0.2 ~3.5 K

337 . ~118 | -0.1 0 ok : "
338 -115 | -0.1 0 K

339 -122 | -0.2 0 K

340 -120 | -0.1 +0.7 K

341 -125 | +0,1 4
342 -128 | -0.1 -5 ,

343 -122 | +0.2 0

344 ~116 | +0.2 0 K 1
345 -117 | -0.1 4
346 =117 0 4
347 118 | +0.1 4
348 -115 5
349 -113 | 4+0.3 -4. K

350 ~106 |+0.3 -5 K

351 -101 | +0,2 -6 K

352 - 9] ".0 -1 K

353 - 87-]-~0.2 -5 K

354 - 85 | -0.2 -5 K

355 - 77 |+0.2 -6 K

355,5 - 75 |+0.3 -3 K

356 - 68 {-0.1 -2 K

356.5 - 68 |+0.1 -3 K

357 - 72 {-0.1 -5 K

357.5 | - 61 |[-0.1 -3.5 K

358 - 58 0 -3 K

358.5 - 60 |-0.1 0. K

359 457 |-0.2 0 K

" % See footnotes on Table I.
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N

Z V| & | dv/db Obs
(deg(kgésgc— (deg) | (km/sec-deg) | = |- - o
306 ~37 | +0.2 -3 I'd .
307 -32 | ~4.4 K 1
308 -38 -5 K
309 -33 -2.5 X 1
310 |~ -40 | +0.5 -2 X 2
312 | 42 | +0.4 | 41 k |, 1
314 ~-44 | -0.2 -2 K 1,2
315 -48 | 0.0 0 K 1,2
316 -50 | +0.1 | -2.3 K 1,2
318 ~47 | +0.1 +1.7 K 1,2
322 ~34 | +0.5 +5 K 1
324 ~48 | 0 +2 K 1
325 45 | 0 +3 K
326 -34 X 5
326.5 - -34 K 5
327 ~34 K 5
327.8  -32 K 5
328 ~38 |»+0.3 0 I\

329 -23 [>+40.3 -1.3 K 5

330 -25 |>40,5 K 5

331 ~25 |>+0.5 -2 K 5
1333 | -19 -0.5 K

% See footnotes on Table I.
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' SOUTHERN SAGITTARIUS ARM (NEAR) (CONTINUED)

O
ot
2]

; 'Nbfes* P

335 - -18 | >+0.1 | =-0.5
336 -16 | >+0.5 | =~0.5
337 | -18 | >+0.2 | 0.4
338 C 16| y+0.2 | -0.4
339 | . -15] <-0.1] "0

340 | -18 . +0.2

W?‘NWNN[
—t
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TABLE XI: SOUTHERN SAGITTARIUS ARM (FAR)

AR A b av/db . _QI_D_§_- ' Notes
(deg.) (km/sec.) (deg.) |(km/sec-deg.)

314 - =20 0.0 +0.6 K 2%

315 -29 -0.2 +2 . K

316 ~22 -0.2 -1 K

318 -18 -0.3 +0.5 K

322 -6 -0.3 -0.2 K s

324 -4 +0.2 0 K 5

326 P 0 -0.5 K .5

327 -5 0.0 0 K 5

327.5 = -0.1 ' k| 5

328 1 0.0 o . K

329 =2 - +0.2 -1 K

331 -1 -0.3 0 K

333 0 -0.2 0. K

335 -2 -0.2 0 K

336 +2 -0.6 11 K

337 +4 -0.5 : K

338" +4° -0.2 | K 5

339 +8 | -0.4 K

340 +18 -0.4 : K 5

*See footnotes in Table I .
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(A}

TABLE XII: NORMA (NEAR)

L Y b dv/db : Obs Notes
(deg) [(km/sec) [deq) |(km/sec~deg) R -
322 - -75  |+0.2 0 K*:

324 -75 ~ [+0.2 -1 K -

325 -80 ' K -

326 -87 +0.4 K

326.5 | -88 |+0.4 -

327 -85 . {+0.4 K f

327.5 | -85 |+0.2 | +5 K 5
328 | -86 |+0.5 | 43 K 3
329 -86  {+0.4 | 43 K 3
330 88 |+0.3 X

331 -82  |+0.1 +4 K

333 82 |+0.2 0 K 5
334 -85  |+0.1 | K 5
335 -85 +0.2 +? K 5
336 -85 | 0 ¥ 5
337 =75 4+0.1 -5 K .5
338 -58 0 " 5

% See footnotes on Table I,
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TABLE XIII

OVERESTIMATES OF GALACTIC THICKNESS AS A FUNCTION
OF DISTANCE FOR TELESCOPES OF DIFFERING BEAM WIDTHS

HPBW Thickness Distance:
- Overestimate Large Tele-
2by (%) scope (HPBW

0 0
% 3
% 12
3/h 20
1 b1
2 123
3 316

12')

17

35

52

70

140

210

Distance:
Small Tele-
scoges (HPBW
= 29)

(kpc)

1.7
3.5
5.2
7.0
14.0

21.0

* In this column, the beam width of the telescope (HPBW)
~ is compared to the angular width of the source (2b,).
Distances in columns three and four are computed oﬁ

the basis of a spiral arm source width of 300 "pc.
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