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ABSTRACT 

A computer code has been developed which calculates the variation 

of some of the physical quantities of the gas of a disk galaxy while 

allowing the thickness of the disk to change. Using several different 

approximations for the interstellar medium, models have been computed 

which give substantial agreement with the observations of Jackson and 

Kellman (197^) which suggest that the half-thickness of the Milky Way 

is enhanced in the regions of the spiral arms. The models give 

additional predictions on the temperature, ionization fraction and 

cloud fraction which will be discussed. The code is also amenable to 

changes which allow for more sophisticated treatments of the input 

physics and in the galactic geometry. 
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CHAPTER li Introduction 

Even a cursory examination of photographs of extra-galactic 

"nebulae" reveals the existence of at least two classes of these 

nebulae—spiral (perhaps best typified by the frontispiece of Abell 

(I969)—the Whirlpool Galaxy) and non-spiral. An intensive investi¬ 

gation by Hubble revealed the existence of at least four types of 

galaxies—spiral, barred spiral, elliptical, and irregular. Further 

investigations by Hubble and others indicated variations on this 

scheme and, indeed, some galaxies are difficult to place well due to 

peculiar characteristics. 

The spiral galaxies are, in their own right, rather complex 

and varied. They appear to consist of bright nuclei surrounded by 

arms which are twisted into a spiral configuration. The discovery 

that these galaxies are in differential rotation produced the 

initially plausible assumption that since the center rotates faster 

than the outer disk, a material arm would wind up and produce the 

desired effect. Closer examination revealed that if the galaxies 

were as old as the stars they contain, they should be wound much 

tighter than they are. 

The failure of the material arm theory to adequately explain 

the spiral arms of disk galaxies led to the introduction of gravi¬ 

tational wave theories. These gravitational wave theories proposed 

the existence of a self-perpetuating wave which travelled through the 

galaxy. The originators of the idea, B. Lindblad and B. Langbartel, 

rested their proof on individual stellar orbits which were too 

detailed to be convincing. In 1964, however, C. C. Lin and F. H. Shu 

developed a statistical analog to Lindblad and Langbartel's theory. 
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They found that under certain circumstances, spiral waves could exist 

as resonant wave modes in the differentially rotating spiral disk. 

This original analysis was limited to an examination of an infinites¬ 

imally thick disk. Later papers by Lin, Shu, and others extended the 

theory to disks of finite thickness. 

A topic of some interest was the effect the stars had upon the 

gas. Since in most spiral galaxies the mass in stars is much larger 

than the mass of the interstellar gas, the gravitational field of the 

gas was neglected. Papers were published with analyses of the effect 

of the gravitational field of the stars on the gas. The results pro¬ 

vided a shock wave preceding the high gas density structure identified 

as the spiral arm. The existence of this shock wave provided a con¬ 

venient explanation of the existence of the hot young stars in the 

spiral arms. The shock wave "obviously" compressed the gas, starting 

the star formation process. Further improvements were made in the 

study of the gas flow—inclusion of the effects of the magnetic field, 

generalization to a disk of variable thickness and the adaptation of 

the "two-phase model" (cold, dense clouds interspersed in a hot, thin 

medium) of the interstellar medium with the same general results. 

A line of study which has not been pursued is the effect of the 

activity in the plane of the disk on the structure of the gas per¬ 

pendicular to the plane. Several consequences are immediately evident, 

t'hen the gas is compressed by the spiral wave it will expand out of 

the plane of the disk. The only constraint upon the expansion is the 

gravitational attraction of the field stars for the gas. The planar 

studies mentioned above predict star formation which heats the gas, 

increasing the pressure and aiding the expansion. 
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The major reason for interest in the thickness of the galactic disk 

is the re-interpretation of some 21-cm radio data by Jackson and Kellman 

(197^) • Their calculations showed that in the regions of our galaxy 

believed to be the locations of the spiral arms, the hydrogen gas 

thickness was significantly larger. Their results are reasonable, 

though no one has discussed this matter realistically. One paper by 

G, Yuan and L. Wallace (1973) examines the effects of the gravitational 

field on the gas and neglects entirely the effects of the shock wave 

and star formation. Their results are valid (the thickness decreases 

in the region of the spiral arm) but the physics is incomplete, Tosa 

(1973) approached the matter somewhat differently, assuming that the 

disk is always in hydrostatic equilibrium. His results are qualitatively 

correct, but neglect of the inertial properties of the gas is not valid. 

The purpose c£ this paper is to investigate the dynamics of the gas as 

it moves perpendicular to the spiral disk and to determine if the 

qualitative expectations detailed above can be quantified. 



CHAPTER 2: Description and Formulation 

In the i960's Lin and Shu (Lin and Shu 1964,1966; Lin I966, I967, 

I968; Shu 1970a, b) proposed a self-consistent theory of the density 

waves. By assuming a spiral gravitational perturbation in an infini¬ 

tesimally thick, non-warping disk, the mass perturbations could be cal¬ 

culated. From this mass perturbation, the gravitational field could be 

produced. Equationg the assumed and the calculated gravitational poten¬ 

tials gave a dispersion relation for the wave analogous to that produced 

in the Vlasov theory of hydromagnetic waves. Vandervoort(1970,1971) 

expanded the treatment to a disk with finite thickness, Saaf (1974) 

produced non-linear solutions which did not require the spiral arm to be 

tightly wound, and Mark (1971| 1974) produced solutions in the region of 

the so-called "Lindblad resonances", where the "epicycle frequency" 

equals that of the material. Roberts and Yuan (1970) and Shu et. al. 

(1972) showed the compatibility of shock solutions within the general 

framework of the quasi-static spiral density wave. Shu, Milione, and 

Roberts (1973) then showed the necessity of shock solutions given a 

gravitational perturbation of a certain percentage of the normal grav¬ 

itational field. Models have been developed of a few galaxies with 

well-known rotation parameters, particularly the Milky IIay (Lin, Yuan, 

and Shu 1969» Yuan 1969a, b; Roberts and Yuan 1970), M33, M51, and M81 

(Shu, Stachnik, and Yost 1971)• In their comparison of shock strength 

with the degree of development of spiral structure, Roberts, Roberts, 

and Shu((l975) also developed models of other galaxies. 

The effect of the galactic spiral arm on the thickness of the 

galactic disk has been largely ignored in the study of galactic spiral 

density waves. (Lin and Shu 1964, 1966; Shu 1970a, b; Vandervoort 1970, 
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1971; Yuan 1969a, b; Roberts and Yuan 1970; Saaf 197*0. In fact, except 

for a few papers, most of the basic work was done assuming a disk of 

infinitesimal thickness. Later papers, though, (Shu et. al. 1972; Shu, 

Milione, and Roberts 1973? Yuan and Wallace 1973» Tosa 1973) have used 

simple descriptions of the variations of the disk thickness to study the 

effects on the various parameters required by the density wave theory 

(e.g., the compression factor, F). These previous investigations dis¬ 

cussed motions only in the galactic plane; we will refer to such as 

planar models and examine only motions perpendicular to the plane. 

2.as Description 

As the density wave (with its accompanying shock front) travels 

through the galactic disk, the interstellar gas is affected by both the 

density wave and the stars produced by that density wave (see Roberts 

I969 and Shu et. al. 1972 for a full discussion of star formation 

following the passage of a spiral arm). As the gas enters the shock 

wave, it is compressed (fig. 5 of Roberts I969) which leads to a 

large increase in the total cooling since it is dependent on the number 

density squared. Without sufficient heating, the temperature will fall 

significantly, providing a first impetus to the formation of clouds. 

This is similar to the mechanism proposed by Bierman et. al. (I972). 

Clouds will then form, as Bierman et. al. show, on time scales governed 

by the cooling rate of the interstellar gas. The gas compression will 

lead to a corresponding increase in pressure. This increase, in pressure 

causes two other significant changes to occur. The first is the "phase 

transition" from clouds to stars. As the gas is compressed, some of the 

clouds will be transformed to a Jeans-unstable configuration, which leads 

to the formation of stars. In addition, the over-pressure caused by the 
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gas compression should induce an expansion of the gaseous disk upwards 

(out of the plane). An obvious point here is that hydrostatic equil¬ 

ibrium has at least been disturbed and presumably, for high enough 

shock strengths, it has been destroyed. 

After the shock front has passed, the young OB stars heat the gas 

and disperse the remains of the clouds from which the stars were orig¬ 

inally formed. This heating of the gas provides an additional pressure 

favoring expansion. Gradually the young stars begin to die, injecting 

considerable energy and gas into the interstellar medium, changing (at 

least on a small scale) the cooling of the gas, the ionization structure, 

and the cloud fraction (see Mufson 197^). Some speculations have 

proposed the supernova energy as one potential means of driving the spiral 

arm (Bierman 1973) or propelling the clouds to the observed random 

velocities (Spitzer I968). After the lateral compression and the 

heating by stars have caused expansion out of the plane, the gas will 

cool and eventually fall back towards the plane; it may begin to 

oscillate around the hydrostatic equilibrium position. This oscillation 

should gradually damp out as the gas radiates the energy of the 

oscillation. If the oscillation amplitude is large enough, there is a 

possibility of forming other shocks with accompanying star formation. 

This could result in the formation of interarm segments similar to the 

Carina-Cygnus arm in the Milky Way. 

2,bj Basic Formulation 

What this paper intends to do is examine the effect of the 

galactic shock wave on the thickness of the galactic disk and on other 

properties of the interstellar medium. To do this, a one-zone model of 

a unit area of the galactic disk is considered. That is, a unit area 
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of the disk can be considered to consist of two zones (one on each side 

of the disk), whose conditions are the same throughout the zones. The 

mass of each zone can be considered to be concentrated in a single mass 

plate halfway between the mid-plane of the disk and the outer edge of 

the zone. For considerations of the pressure and density, the material 

can be considered to be spread throughout the zone. 

Solving for the effect of the shock wave on the disk thickness (z) 

is equivalent to solving Newton's equation, 

mz = F, 2.1 

where F is the difference between the pressure force and the gravita¬ 

tional force, i.e., 

F = pA - mg; 2.2 

A is the unit area of the plane which contains the mass m and all the 

dependences on time and position have been suppressed. Equating 2.1 

and 2,2 and dividing by m, the mass of the zone, gives 

= _ P _ m g> 2.3 

where o- is the surface mass density of the disk. In the preliminary 

models it was convenient to note that in equilibrium all time derivatives 

are zero, and hence 

-2a = 
Soi 2.4 

where throughout this paper and, with only one exception, the zero 

subscript indicates an equilibrium value. Using this relation and 

defining 

2.3 reduces quite conveniently to 

2.5 

z P^TtJ g° “ gJ 2.6 
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f(t) is a fmotion chosen to duplicate the variation in surface density 

found in the planar models of disk galaxies (cf., Roberts I969). After 

the shock, the surface density increases due to the lateral compression 

by the shock wave propagating through the interstellar medium; f(t) can 

be represented by 

f(t) < 

1 

F 

+ ~-(F - 1) 
s 

1 

0 < t < rs 

rsit<%.rs + fpinF 2.7 

r0 < t < î" 

This is identical to the function used by Bierman et, al, (1972) to 

represent the pressure variation in the galactic spiral shock wave. In 

this paper it is used to describe the variation of the surface density 

of the interstellar gas. If the gas were in hydrostatic equilibrium, 

2,3 shows that (5 cc p so the two definitions for f(t) are equivalent. 

The various parameters in 2,7 assume the values given by Bierman et, al 

that is, ‘t'g = lCr and = b x 10' years. The parameter is the 

exception to the zero subscript rule previously specified, and the 

parameter specifies the length of time between sequential 

• » 

passages of the spiral pattern. The parameter F is used as a character¬ 

istic parameter of the shock wave. By using the planar models F can be 

related to other characteristic parameters of shock waves such as Ilach 

number ratios and pressure ratios across the shock. 

In order to allow for large amplitude, non-linear effects on the 
/ 

motion in the z direction, it is necessary to include an artificial 

viscosity term (see Richtmeyer and Horton, I967) equal to 

q = c f>êZ 2.8 

where c is an efficiency factor of order unity. This term acts like a 

pressure increase caused by the viscosity of the gas. This modifies 
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2.6 to 

»* 

z 
P + g 

- s 2.9 

and, where applicable, it introduces an additional term to the energy 

balance equation. As was mentioned previously, the motion of the gas 

and stars in the plane of the disk is neglected. 

For each of the models of the interstellar medium investigated, 

the gravitational acceleration has the same form. That is, 

g = g(z,t) = g(z) [i + 
2,10 

where X is the fractional strength of the spiral density wave pertur¬ 
bation and in general X is taken to be .05, is the difference between 

the angular velocity of the gas and the angular velocity of the spiral 

pattern, and f is the phase difference (chosen to be -45° to place the 
shock in approximately the position found in the planar calculations) 

between initiation of the spiral shock and the maximum of the gravita¬ 

tional acceleration. The function g(z) represents the gravitational 

acceleration in the z direction due to the unperturbed distribution of 

stars. For gas near the central plane of the galactic disk, g(z) is 

well represented by 

N2V 

s(z) z = az z 2.11 

where &z = 6.5 x 10 ^ yr ^(Field et, al., 1969; also Spitzer 1968), 

The procedure for computing the pressure function is the primary 

difference between the several different models discussed in this paper. 

A series of models were studied which approximate the system in various 

ways. The goal was to study simple models first to better understand 

complex models in which several complex processes simultaneously 

occured. We can summarize the different models as follows: 
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Preliminary, Approximate Models— 

Case’Is For an initial exploration we adopt an explicit prescription 

for the pressure p(t) = pQ(l + £e” ). For small 6 , this 

provides a reasonable duplication of f(t). In this case we 

necessarily ignore the details of heating, ionization, cooling, 

etc. The gas is assumed to be polytropic for the purposes of 

considering the effect of the z motion on the pressure. The 

lateral compression of C due to the shock is neglected. 

Case 2s In this model an explicit prescription for the temperature 

T(t) is adopted, TWs Is a parameterized mock-up of the effects 

of heating the gas by young stars. The compression of & by 

the shock wave is included and the pressure is computed by a 

perfect gas equation of state. 

Case 3s This model assures that the gas is a mixture of the two 

thermally stable phases of the interstellar gas. Compression 

of <T by the shock wave is incorporated, the temperature and 

ionization fraction are assumed to be in equilibrium, and a 

simple prescription is adopted for cloud formation and evapo¬ 

ration, One complication which was not incorporated was the 

rise in the ionization rate due to the increased density of 

young stars in the region of the spiral shock wave. 

Full Model— 

This model is a time-dependent description of the gas. The 

temperature, ionization fraction, and cloud fraction are all 

described in terms of their competing processes. Star 

formation is incorporated by including its effect on the ioni¬ 

zation rate, but the associated nucleosynthetic and gas 
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consumption effects axe neglected. 

A model of the galaxy is said to have been obtained when we have 

a set of quantities which vary in time with a period equal to the 

interval between sequential spiral shock waves. Therefore, the problem 

is an eigenvalue problem in which we seek initial values for a set of 

quantities x. (z, z, f ("cloud fraction"), x("ionization fraction") and 
i o 

T) such that 

AC2^) = x.^. 2.12 

Ais an operator comprised of the integration of the set of differ¬ 

ential equations which describe the rate of change of the quantities 

xi; the integration is from t = 0 to t = V . To find the eigensolution 

x^, we make a guess of the initial values x^ and determine the results 

of the operator. In other words 

A(^i)=y1 2.13 

If the x^ = y^, 2,12 is satisfied. If not, a set of functions 

= y. - x. 2.14 
x 1 i 

can be defined for i = i,n. The result desired is that all are 

zero. If we are close to the solution we can write 

and solve for the §x., the corrections to the eigenvariables. The 

derivatives are computed numerically rather than analytically; that is, 

given a set of x^, each is incremented separately and the set is 

operated on by the A operator. From the result^ the derivatives can 

be computed. For n = 2, the corrections to eigenvariables are most 

easily calculated when the solution to 2.15 is written explicitly; for 

larger n a Gaussian elimination technique is best utilized. 



CHAPTER 3‘. Preliminary Models 

The physics of the galactic disk is sufficiently uncertain that 

the process used was to gradually increase the complexity of the physics 

with the hope that there would he sufficient connection between the 

series of models that the final interpretation of the results would be 

correspondingly easier. To this end, cases 1-3 are considered here 

briefly. 

3«as Case 1 

The treatment of the gas in case 1 is sufficiently simple that the 

solution is completely analytic and the only computer work necessary 

was that needed to evaluate the rather complex expressions that 

resulted. 

The gas is assumed to be polytropic, # 

In this case we set (S' = <5Q; that is, the lateral compression due to the 

shock is ignored. For small deviations from equilibrium 

Including the effect of the shock wave gives 

p = PQC1 - ^')(1 + e e_Vt) 3.5 

Using 2.6 with f(t) = 1 and using 3*5 as the definition of p, we 

have 

z = [(1 +€e'Vt)(l - ^-) - 1 - £cos(wpt + 9 )]gQ 3.6 
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Since z = zQ + i| , ï = V[ and 

% = [(1 +€e~Vt)(l - tyr) - 1 - X. cos(^pt + ^)]g0 3.7 

Linearizing this equation we have 

+ |jk ^ = 6e”Vt - XCOG(COpt + g0 3.3 

Equation 3.8 approximately describes the conditions for small chocks in 

a non-dissipative medium. . It should be applicable in cases where the 

perturbations from equilibrium are small. Equation 3.8 could be 

complicated somewhat by including a damping term. For small perturba¬ 

tions this term was a mathematical complication whose benefits were 

outweighed by its disadvantages. 

Equation 3*8 is easily solved by standard techniques giving 

7 - + Bsin 

where 

3.9 

O V ^ 
6J = . 
s z0 

and A and B can be determined from the eigenvalue condition, 

7 (t = o) =/|(t = r) 

3.10 

3.11a 

and 

/£( t = 0) =£(t =£*). 3.11b 

Using equations 3.9 and 3.11» after some tedious algebra 3*9 can be 

expressed as a function of X* ^ » z0> 6^» and Cdpi 

€f °o 

[~p 1 sin fr 

cos Wg.'b 
- ljcos 6Jzt + 

A 

H 
^2 +CO 2< 

£g0
e 
-■P t 

^ 2 

f sin , Vl . ,s 
 + jr- sin 
jl - cos*>2* ^ZJ 

z 

60£cos(£>pt ) 
___2 - ^j'2 

3.12 



Figure 1 
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Figure 1 is a plot of equation 3,12 for various parameters. If 

(la) is taken to be the "standard" case, then changing the parameters 

about these values should give some idea of the dependence on certain 

quantities. The only "real" information contained in the plots (la-le) 

is the variation of the thickness as a function of time. In each 

figure (a-e), curves Of, , andVare for different values of 

^max 
—-p~- = 1+6» those ratios being respectively 1, 1.05, 1.10. It 

should be noticed that all of the curves are a simple sine function 

modulating a faster oscillation upon which is superimposed the effect 

of a decaying exponential. The slow sine wave is a result of the vary¬ 

ing gravitational field of the galaxy which is due predominantly to 

stars, the exponential represents the effects of the spiral shock wave 

as calculated by the planar theories, and the faster oscillation is a 

result of the gas reacting to the exciting shock wave. In this case 

the oscillation is adiabatic. From Fig. la we see that increasing the 

strength of the shock increases the amplitude of the adiabatic oscil¬ 

lation as well as increasing somewhat the length of time that the gas 

is affected by the conditions of the shock. This shows that stronger 

shocks require longer for the gas to return to normal. This is 

especially noticeable in (lc) where the time scale for exponential 

decay have been lengthened by a factor of 10 and in (id) where the 

decay time has been reduced to 3*16 x 10^ years. 

The period of the fast oscillation is essentially a measure of how 

quickly the gas responds to the gravitational acceleration in the a 

direction. An isothermal (Y= 1; Fig. lb) gas responds more slowly 
(longer period of oscillation) than an adiabatic one ('/= 5/3; Fig. la). 
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One consequence Is that the isothermal case goes to higher amplitudes 

(note especially the change of scale on the z-axis of Fig. lb). 

Altering the cycle time of the model, i.e., the time between shocks, 

T, provides a different comparison. Note that in le there are plotted 

two cycles rather than one. The excitation of the adiabatic oscillations 

is greater primarily because the shock is effective during a much larger 

fraction of the period T. The fast oscillation frequency has not 

changed, and so there are half as many oscillations between shocks. 

3.bs Case 2 

The second model for the behavior of the interstellar medium under 

the influence of the spiral shock wave includes (1) the increase in 

surface density due to the lateral compression of the spiral wave and 

(2) an increase in gas "temperature" due to the heating by the young 

stars formed in the spiral arm. By the term "temperature" we include 

thermal motions and random turbulent motions. It is clear that young 

stars are formed in the spiral arms; photographs of external galaxies 

display the spiral arms very clearly. Whether an increase of temper¬ 

ature actually results is, however, a consideration we postpone until 

later. 

From equation 2,3 we have 

or, including the artificial viscosity term as in 2.9, 

3.1^ 
How 

m 
nkTA 
m 

3.15 
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where is the mass of a hydrogen atom and nm^Az is the unit mass m 

which is a constant. In equilibrium, we have 

T> A 
• ■» >> o = o 
m 

kT 

V- 
3.16 

I o 

and we can write 

J2A. 
m = C, o T z 

o 

llow the only function which has to be specified is 

4- - f(t) 
and we have 

3.17 

3.10 

2 = gof(t)^(l + |) - g 1 + )(cos(copt + \f/) • 3.19 

The expression chosen for p is nkT' where (^5L) is taken to be the 

'll 

sound speed of the gas. For the following example Tf = IQ' °K, 

approximately the temperature of the intercloud medium. 

Figure 2 gives the height of the mass plate in parsecs from the 

plane of the galaxy for a gravitational acceleration proportional to 

z. Curve a is the case where F = 1 (no shock) and curves b and c 

correspond to values of 2 and 4 for the shock parameter, F. liith no 

shock, there is virtually no change, only a slight decrease in the 

thickness as the arm with its increased mass and gravitational acceler¬ 

ation propagates through the medium followed by a slight increase as 

the arm leaves the region. The variation for F = 2 and F = 4 is again 

marked by the fast free oscillation which is modulated by the longer 

period gravitational effect of the arms. Unlike the Case 1 solutions, 

however, we are dealing with finite size shock strengths and we notice 

the introduction of a new effect, .the phase shift introduced by the 

shock wave. Curves b and c both demonstrate the change from a nearly 

zero velocity to a large upward velocity and the phase shift which 
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recuits. It further reveals the lack of any mechanism which randomizes 

the oscillatory energy and damps the oscillation. For the solutions 

obtained in Fig. 2, q was neglected. 

Figure 3 and 4 give plots similar to Fig. 2 with two changes. The 

first is in the inclusion of the artificial viscosity q and the second 

was in the use of a different form for the gravitational acceleration. 

These curves used (Vandervoort 1970) 

g(z) = 2-7TC 0^tanh(-7g—) 3.20 
o 

which, using ZQ = 150 pc and CQ. as given by Allen (197^)» provides a 

poor fit to the gravitational acceleration determined from A stars 

(see Spitzer I968). The use of this form of the gravitational 

acceleration caused the gas to be sufficiently loosely bound so that 

the integration routine could.not handle the infall velocity. 

Including the dissipation allowed the calculation of the z variation 

for larger shock values F. The dissipation also caused the eigen- 

solutions to exhibit a more prominent increase in the thickness of the 

disk in the region immediately following the shock. Fig. 3 shows 

gra.pi.is with F = 2 for both the dissipative and non-dissipative case. 

Since the initial z for the dissipative case is lower than the initial 

z for the non-dissipative case and since the increase in temperature 

is identical for the two cases, the pressure imbalance is greater in 

those models in which dissipation is included. This greater accel¬ 

eration pushes the plate faster, thus the time required to slow it 

down is greater, and the plate rises higher. 

The inclusion of the dissipation introduces an additional phase 

delay due to the inertial effects of the gas. The delay is caused by 

the additional upward pressure as the gas falls back toward the plane. 
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This effect, though small, propagates through the length of the inter¬ 

arm region. 

Figure 4 is again a plot of z versus t for three values of the 

shock parameter (F = 2, 4, 6). The variations between the curves axe 

easily explained in terms of the difference in the shock parameter 

which causes the difference in the heights of the mass plate and the 

inertia of the mass plate, which causes the increase in phase shift 

of the oscillation maxima. 

The case 2 results duplicate qualitatively the results of JK7'l- 

(Jackson and Kellman, 197^) in that the thickness of the disk in the 

region following the shock is substantially enhanced. Including a 

dissipation term provides a mechanism for damping the oscillations 

excited by the shock wave and allows more values of F to be sampled. 

One side result of this model is provided by the extreme variation of 

s for values of F greater than 3* Some observations (Kepner 1970; 

Tosa and Sofue 197^) indicate clouds at a height of 1-2 kpc above 

some spiral arms. A cloud in the spiral arm could be conceivably be 

accelerated sufficiently to provide heights of this order. 

The shortcomings of this model include an incomplete dissipation 

mechanism. The dissipation shows up only as an additional pressure, 

not as an additional energy source affecting the temperature. In most 

other qualitative respects the model seems to be adequate. That is, 

it provides the requisite puffing-up of the disk following the spiral 

arms and it duplicates the increased surface density found by the 

planar models. Unfortunately its treatment of the gas end stars is 

still very elementary, neglecting entirely such things as the ion¬ 

ization state of the gas, heating due to stars and mass transformation 

between interstellar clouds and the intercloud material. This phase 
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transformation in particular will be treated in later models. 

3.cs Case 3 

By balancing the heating and cooling of a parcel of gas as well 

as the ionisation and recombination, a relationship can be derived for 

the pressure and the density (Fig. 5)» This relationship can be 

thought of as simuler to the Van der Baals relationship with the gas 

behaving as though tiro thermally stable phases co-existed (Penston 

and Evans, 1970). Thermal stability was determined (Field, 1965; 

Goldsmith, I969) to exist whenever -^|~“~j>0. In Fig. 5 this 

condition holds for those portions of the curve where n<n T and r peak 

p<p ,r and log n>0 and pSp .. . Given the relationship in Fig. 5 
in&x ^ ' mill 

the pressure can be determined from the density. 

Assuming the number of hydrogen nuclei is conserved, we have 

nsA = n z A. 
000 

3.21 

where A is the area of the mass plate which varies as in section 3«b, 

A 
A = m 

so that 

n ” vr^W- 

3.22 

3.23 

This is the total hydrogen nuclei density which assumes that the clouds 

are smeared together with the inter-cloud material. An equivalent way 

of writing this is 

«tot " Nc + ïïi’ 
3.24 

that is, the total number of particles equals the number of particles in 

clouds (K ) plus the number in the material between the clouds (ll. ), 

But if V = Az is the total volume occupied by and Vc is the volume 

occupied by the clouds, 
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and 

3.26 

so that equation 3 • 2-4- becomes 

or 

n = n f + n. (i - f ) 
c c 1' c' 3.27 

where f is the fraction of the volume occupied by clouds. So if we 

are given n (from equation 3*23) and f , then, by using the fact that n. 
C X 

and n are not independent of each other; we can determine the pressure 

p from the log p-log n relationship. Operationally what happens is 

that n is first computed from 3*23. A pressure is chosen from which 

n^ and nQ are calculated. If equation 3.27 is satisfied, the correct 

pressure has been found and the other operations can proceed. If 3.27 

is not satisfied, another pressure is chosen and the process repeated, 

fr- I 

If agreement is still not obtained we define a function ^ such that 

and a Hewton-Raphson technique is chosen to find the zero of ^ to 

within .1% of n. 

The cloud fraction is treated in two ways. The first allows f to 
c 

change only at the points of pressure maximum and minimum and fc can 

only increase at p „ and only decrease at p . , The second treatment 

allows this variation as well as allowing the clouds to "evaporate" 

with a given time scale. The time scale for evaporation is chosen to 

correspond to approximately that of Készarôs (1972) who examined the 

time development of clouds as the heavy elements (responsible for most 

of the cloud cooling) depleted themselves onto grains. As the cooling 

rate falls, the cloud heats up and eventually destroys itself. The 

H=n-nf -n.(l-f) 
' C C lv CJ 

3.28 
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cloud evaporation process effectively heats the gas due to the transfer 

of cold cloud material to hot intercloud material. 

The solutions are presented in Figures 6-0. On each figure is 

plotted the solution in uhich clouds can evaporate and the solution in 

which they cannot. In the top graph the thickness is plotted as a 

function of time and in the bottom graph the fraction of the volume 

occupied by the clouds. The bottom graph is qualitatively similar to 

the variation of the pressure with the labels exchanged; that is, in the 

evaporative case the pressure is constant and in the non-evaporative 

case the pressure varies. 

Since the thermal and ionic time scales were significantly shorter 

than any of the dynamic time scales examined in the previous cases, 

(cases 1 and 2) the hope is. that the two-phase medium would be a 

sufficiently detailed consideration of the interstellar gas. As can be 

seen, however, in any of the figures 6-8, this is not the case. The 

assumption that the gas could stay in thermal and ionic equilibrium 

while undergoing a strong shock is clearly an oversimplification. 

The solutions presented in Figures 6-8 are all qualitatively at 

variance with Jackson and Kellman (197^, hereafter JK7^). In fact, there 

is a noticeable decrease in the thickness of the disk after the shock 

at t =0. This decrease can be attributed to the fact that the inter¬ 

cloud material behaves like with a gas with an adiabatic exponent of 

approximately 2/3. In hydrostatic equilibrium 

psc CJg 3.29 

Consequently, after the shock <J*(and thus ^o) increases immediately by 

a factor of F, but the pressure can only increase by F^^, Equation 

3.29 is then out of balance and the gas collapses somewhat, which 
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Increasesp(and thus P) and decreases g. This effect overshoots and a 

restoring force pushes the gas back Up. The evaporative case is more 

drastic due to the constancy of the pressure. The pressure does not 

increase so that the gas is pulled by the gravity even stronger than 

before. 

At least two complications could have improved the model signifi¬ 

cantly: (1) allowing the ionization rate, to increase behind the 

shock (due to, say, young stars) and (2) including a magnetic field 

pressure. Each complication would have the effect of being an addi¬ 

tional pressure source. The magnetic field pressure varies as the 

square of the density (in a simple model). Adding a magnetic field 

would provide a useful addition to the pressure term. The effect of 

varying £ would be to allow the p-n curve to vary, hence to allow the 

pressure to vary more drastically, thus providing a larger compensating 

pressure. 

The problems of this model, though, were too great to warrant any 

further development. It contains all of the inadequacies of the time- 

independent two-phase model of the interstellar medium plus the 

dynamics of the z-motion do not agree with JK74. 

3.d: Review 

Even though the various simplified models of the interstellar 

medium presented here have only a slight resemblance to the observa¬ 

tional evidence, they provided a necessary introduction to the dynamics 

of the gas. Included were the effects of changing the adiabatic 

exponent, the effects of viscous damping, the effects of varying the 

shock parameter F, and the effects of allowing the cloud fraction to 

vary. As will be seen in the next chapter each of these has a quite 
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definite analog in the full model for the time-dependent two-phase 

interstellar gas. 



CHAPTER 4 : The Fully Time-Dependent Two Phase Interstellar Gas 

The preceeding chapter is at least indicative of the need for a 

further, more complicated analysis of the problem. The most compli¬ 

cated and presumably the most realistic model—the time-independent 

two-phase gas—gives the "worst" results. The conclusion that can be 

drawn is that the motion of the gas in the z direction presents a devia¬ 

tion from thermal and ionization equilibrium. This is equivalent to 

saying that the time scales for the thermal gas response are not 

short enough compared to the time scales for the dynamical motion out 

of the plane; that is, they are not short enough for the gas to adjust 

to thermal and ionization equilibrium before the next dynamic pertur¬ 

bation of the gas occurs. 

The processes occuring in the galactic disk—star formation, super¬ 

novae, cloud formation and evaporation, ionization and recombination, 

heating and cooling, nucleosynthesis, grain formation, cosmic ray 

acceleration plais others—provide a complicated situation and one not 

easy to describe. In this section we propose to consider the case 

where ionization and recombination as well as heating and cooling may 

not be in equilibrium. This is combined with our previous description 

which allows, in addition to the z motion, cloud formation and 

destruction. Star formation following the shock is given an ad hoc 

prescription by giving the ionization and heating rates a sharp increase 

followed by a steady decline. Otherwise star formation is neglected. 

4.a: The Equations 

As before, the variation of the disk thickness is governed by 

equation 2.9, 

2 = -po?(%')So ‘ 4.1 
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The function f(t) is also defined as 2.5» q is the artificial viscosity- 

mentioned before, gQ is the gravitational acceleration at equilibrium 

and g(z,t) is the gravitational acceleration at the point 

(z,t). This function has the form given in 2.10 and 2.11 with the 

exception that X Is now a function of F, the compression factor. The 

size of X » which is a measure of the mass perturbation in the'spiral 

arms, has been shown to determine the size of F, the compression factor 

needed for a planar eigenvalue solution (Shu, Milione, and Roberts, 1972) 

No attempt was made to duplicate the shape of the real function, but a 

linear relationship was imposed. In other words, 

X ■ (-|prV>XT 
For our purposes Xq is chosen to be .05 and F,p is taken to be 4. This 

approximately duplicates the compression factor found by M. Tosa (1973) 

whose work is chosen due to the similarity of his model with the present 

one. (He included a significant variation of the disk thickness in 

addition to magnetic fields.) 

For the Case 3 approximation (section 3.c) the assumption was made 

that ionization ( I ) and recombination ( R ) were in equilibrium. 

That is 

I(UR» x, T, t) = R(n^, x, T, t). 4.3 

A more general situation gives 

„e - (n. produced) - (». destroyed) + 

where ng is the electron number density. The number of electrons pro¬ 

duced (by ionization) is essentially proportional to the amount of 

hydrogen and helium in the gas. For high temperatures their contri¬ 

butions dominate the contribution due to metals (Z>3). If hydrogen 
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and helium are assumed to have the same ionization fraction, then 

ne = "HU + "Hell + n* « V(1 + y) 4,4 

and 

dn 

dt* “ &1 + ‘ “^VW1 + y) +$v <^nQ dV 

dt 
4.5 

where ^is the total ionization rate per hydrogen atom, y is the helium 

abundance with'respect to hydrogen, Oi(T) is the recombination rate 

coefficient, and n* is the contribution due to metals. This gives 

I Hft1* <1+*> + 
at

dx 

|+nHdt'i 

d.x 
Cancelling the effects of changing the density and isolating • ^ 

I §1 + y)^* - x) - ax2nH
2(l t y)2 I 

j+X(l+y)^ f 4.6 

we have 

= £(1 - x) - Ocx2nH(l + y) 4.7 

This says that the ionization fraction increases if the ionization rate 

^ increases, and decreases if the recombination rate increases. These 

processes are competing throughout the galaxy. The ionization rate 

depends on some as yet unspecified agent, though cosmic rays, UV stars, 

X-ray sources, and supernovae have all been proposed. The ionization 

agent, though, regardless of its source (or sources) can be regarded 

as connected in some way with the young stars produced in the spiral 

arms. An equally sage consideration must be the spatial variation 

of Pictures of the interstellar medium show a definite shielding 

by dust clouds and other objects (c.f. Abell, pg. 520). This undoubt- 

ably has a large effect on the small-scale structure of the gas and 

perhaps some effect on the large-scale structure. In this model it 

will be ignored. The ionization rate is assumed to vary only with time. 

For that we assume 
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4.8 
£<*> - £,*(*> 

where ^ is chosen such that the average of £ over time is 

-1 ~2P> -1 
1.2 x 10 ^ sec (3.8 x 10 ^ yr ). This corresponds to the value 

used by Shu et. al, (1972) as providing the best comparison with the 

measured electron number densities. As in the previous model, this 

time behavior can be thought of as due to an increase in the star 

formation rate. 

The heating of the interstellar medium depends to a large degree 

on the ionization sources (that is, there are few ionization sources 

which are not equally important as heat sources; see Dalgarno and McCray 

1972 for a full discussion); consequently, the heating rate is approx¬ 

imately proportional to ^. The cooling, however, is dependent on the 

temperature, the density, the ionization fraction and the composition of 

the gas. 

The time variation of the temperature can be calculated from 

dQ _dU 

dt dt + (P + l) 
dV 

dt » 
4.9 

the familiar equation of energy conservation from thermodynamics. The 

left hand term ("|") is just the net energy gain which we denote 

by 

oC * r - njjA 4.10 

where P is the heating rate and is the cooling rate. We use the 

heating rate from Spitzer and Scott (I969)» 

= n^ [l.lEh + «2(1 - x)s2 + 4.9 x 10~*°xJ 4.11 

and a cooling rate compiled from many sources (esp. Dalgarno and McCray 

1972; Gerola, Iglesias, and Gamba, 1973» Hjellming, I9665 Penston, 1970). 

In equation 4,11,E^ is the energy deposited in the gas per ionization as 

a result of the ionization of hydrogen; is the contribution to the 



43 

heating caused by the absorption of a \fi04 (caused by He recombination) 

photon by a hydrogen atom. U is the internal energy density, 

U = | nkT. 4.12 

¥e can put equation 4.9 in terms of some conserved quantity. For 

our purposes the hydrogen nuclei number is the most reasonable quantity. 

If n^LLis the total number of nuclei per unit volume in the gas and n^x 

is the total electron number density in the gas, then 

n = njjC (JL + x) 4.13 

and the internal energy per hydrogen nuclei is 

U = | (/X+ x)KT 4.14 

and 

Now 

Æ_ = 2kT 
dt 2 Ki 

dx 

dt 
+ i (fL+ xHü 

1 _ Vtot _ Az 

"H “tot “tot 

4.15 

4.16 

so that 

= _1_ Mot = + A^=J^idA+idg.) U7 
dt dt dt dt' n^j A dt z dt ' ' 

If B (the magnetic field strength) = Kn^s/QTTfJ^ and v^.^^ is the 

turbulent velocity of the gas, since the total pressure equals the sum 

of the gas pressure, the magnetic pressure and the turbulent pressure, 

p = nH( /X+ x)kT + K\
Z
 + Vturb2’ 448 

and the artificial viscosity is 

2 2 
q = cpz = c-pnjjâ . 

Combining the equations gives 

% 2 
+ |( fl + x)k g + (£~a)( 

H 

1 dA 

A dt 

1 dzx 
dt'. 

4.19 

4.20 



dT 
Solving for ^ gives 

ÈL    JjL _ 2 kT & _ ( n+ x)l€H |i M + i ââ|l 
dt 3k(jtl+ x) W 2 Ki dt '>/X 'Kr[A dt z dtjj 

4.21 

This equation gives the variation of temperature as a function of time, 

ionisation fraction, temperature, and the change of volume. 

To calculate the cloud structure of the interstellar gas, a very- 

simple -minded model was used. Clouds form if the conditions are right 

and they are always in the process of destroying themselves. The 

equation describing this is 

< -p f 

4.22 
df _ _ /1 — f \ 

W = a( ^ c) - ^ Tf rd 

where f is now defined to be the fraction of nuclei in clouds. This 
c 

is unlike the previous model where f was the fraction of volume 

occupied by clouds. 

The factor a used to define the "right" conditions for cloud 

formation is 

a = 
n 

n 
peak 

n <0'5lW 

•5 °-5npeaJ:i n<1-5npea]c 

^peaki n 

4.23 

where 
n^e3j. is the density of the local maxima in the log p-log n 

curve (cf. Fig. 5)* This assumes that any gas with density n > np6a^ 

is in the thermally unstable phase and will condense into clouds on a 

time scale of T^,. This model further assumes that the gas contains 

inhomogeneities with a spread of densities, and that when the average 

density n £ 0.5 npeaj^* some of the higher density parts begin to form 

clouds. 

An alternative description assumes that the cloud formation 
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mechanism does not turn on until essentially all of the gas reaches 

p and the cloud formation mechanism is not fully efficient until the 

gas is somewhat denser than npeajj* This is perhaps a better 

prescription as it takes into account the increasing efficiency of the 

phase transition for larger n. In this case a is specified by 

a = - .5 

n < n T peak 

n . < n < 2n , peak — peak 4.24 

2n T < n peak - 

The parameters and are formation and destruction time 

scales and are adjusted to give f ».75 in equilibrium. This value was c 
arbitrarily chosen from the data of Hughes, Thompson, and Colvin (1970) 

which conflicted with the data of riadhakrishnan et. al. (1971) who 

found f ssO.50. The situation described by 4.22 is just that the c 
fraction of material not in clouds (1 - f ) will fora clouds at a rate c 
Tp and the fraction of gas in clouds (fc) will be destroyed on a time 

scale T^. He use a model of a uniform sla.b of gas which is described 

n 
n o z < z 

— O 
4.25 

0 z < z I o 

By comparing with various measures of the observed properties of the 

interstellar gas we chose Zq~190 pic and po<5t7.8 x leP °K-cm~^ to 

describe the equilibrium configuration. The value for (JQ is 6.5 x 10 

hydrogen nuclei per cm . This is about 11 % over the measured neutral 

hydrogen value. Note—these chosen values are not equal to the observed 

values in the vicinity of the sun. The observed values do not lead to 

consistent hydrostatic models, an indication that the gas in the solar 

vicinity should be considered in a hydrodynamic fashion rather than 
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hydrostatic. 

4.b: Description of Solutions 

De define a solution as a collection of values for the five eigen- 

variables (z, ê, T, x, and f ) which satisfy equation 2.12, where A is 

composed of the four equations 4.1, 4.7, 4.21, and 4.22. Ue search. .. 

for solutions to the above description with 

F = 1.5s Td = oo ; Td = 10
8 yrs. 

F = 5.0s Td ~ °o ; ^ = 108 yrs; = lO'yrs. 

The last four (excepting F 1.5; Td = °°) are illustrated in Figures 

12, 9* 10, and 11 (respectively). Some other integrations were run 

with the values of the eigenvariables ("eigenvalues") of certain cases. 

8 
For instance, some jobs (not shown) were run with F = 5» = 10° with 

the gas pressure raised and. the magnetic pressure significantly reduced. 

8 
Another was run with F = 8 and = 10° years (Fig. 13). 

8 
The final figure shows the case F = 5 and = 10° years using the 

second function for a (4.24) to test the effect of a different cloud 

formation mechanism on the gas structure and dynamic variation of the 

disk. 

4,Cî Discussion 

As before, the plot of z vs. t (Fig. 9a. - 14a) is characterized by 

a quick oscillation superimposed upon a smaller one. This character¬ 

ization carries over to the other quantities f , T, and x. Consider 

first Figure 9a., the case with F = 5, T"d = 10^ (effectively infinity). 

Uith no cloud formation or destruction, the situation is somewhat simp¬ 

lified. The initial increase in density (caused by the lateral com¬ 

pression of the shock) has two primary effects. The first is a substan¬ 

tial overpressure which drives z upwards. If the magnetic field is 
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frozen into the gas—which seems to be a prevailing view(cf., Spitzer 

I968)—then compressing the gas causes the magnetic field to increase. 

If the gas is compressed equally from all directions then the magnetic 

field is proportional to the density and the magnetic field pressure is 

proportional to the square of the density. The primary contribution to 

the overpressure then comes from the magnetic field rather than the turb¬ 

ulence or the gas, which axe proportional to lower powers of the density. 

The second effect is to push the gas out of equilibrium (thermal and - 

ionic). The thermal equilibrium is upset because the cooling is depen¬ 

dent upon the density squared while the heating is dependent on the 

density to the first power. Thus the temperature drops substantially. 

The ionization fraction is in much the same situation. The recombination 

rate is also proportional to the density squared. This coupled with the 

decline in temperature and the corresponding increase in the recombin¬ 

ation rate forces the ionization fraction down. The increase in ioniz¬ 

ation rate does not prevent the decrease in temperature. The initial 

decrease in temperature and ionization fraction is followed by a 

substantial increase in both quantities. This is produced by the 

decrease in density as the layer expands its thickness. This allows the 

heating to overshadow the cooling and the ionization to dominate the 

recombination. The half-thickness is appreciably increased and provides 

at least a qualitative justification of Jackson smd Kellman's results. 

As the gas falls back into the plane, it again increases the 

density. The density increase is not aided (as much) by the lateral 

compression and the subsequent overpressure is not nearly as sub¬ 

stantial. This causes subsequent variations in z to be much less 

severe. The smaller variation, in density produces smaller variations 
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viscosity produced as it fell back toward the plane. The damping due 

to this term is very slight and virtually negligible, (in fact at one 

time that term was incorrectly expressed and several models were found. 

Replacement with the correct expression made no real difference.) 

However, increasing the rate at which clouds destroyed to 10~ yr” , 

caused a considerable increase in the rate of damping. This is 

especially noticeable in comparing figures 9 and. 10. Hot only do 

the oscillations become negligible, but the spiral in the log p-log n 

plane becomes much tighter. An examination of the phase relationships 

in any of the figures 9-14 shows that z, x, and T are always in phase. 

This is a result of the shortness of the time scales for adjustment of 

x and T as compared to the dynamic time scale (at least in the solar 

neighborhood. If everything else were constant, a large increase in the 

total surface density of the galaxy could bring the time scales into 

near equivalence). However, the time scale for cloud formation and 

destruction has been shown by various authors (Bierman et. al. 1972; 

Goldsmith, 1970; Készarés, 1972) to be approximately 3 x 10^ years. He 

bracket this value by half an order of magnitude. This time scale is on 

the order of the time scale for oscillations in the z direction. 

For = 10^ years (Fig. 10 and 12), the f curve lags the others. 

This creates a situation in which clouds are still forming after the 

conditions for the formation are ideal. This extraction of material 

from the intercloud phase produces a decrease in the overpressure which 

would otherwise bounce the disk back up. An equivalent description is 

that the energy which would ordinarily go back into the bulk kinetic 

energy is radiated a.way by the gas which forms clouds by cooling (from 

T ~ 8 x 103 °K to T^i0Q°K ) and by recombination. At the maximum 
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in the temperature and ionization. The agent responsible for the 

subsequent damping in this case is just that due to the artificial 

viscosity. 

The second parts of Figures 9-14 are graphs of the variation 

of the pressure and density. The connecting lines give the chrono¬ 

logical sequence and the heavy black lines are the thermal ionic 

equilibrium curves. The initial compression by the shock gives rise 

to an increase in density and pressure and cause an extreme jump from 

the peak of the equilibrium curve to point 2. The subsequent expansion 

with its associated heating forces the curve up and to the right and, 

as the gas falls back toward the plane, the gas proceeds toward point 

13. Then, as the gas oscillates about the equilibrium point (in z) 

the gas "spirals" in toward the equilibrium. 

All of the figures (9 - 14) possess the above features—a rapid 

oscillation of the gas which produces corresponding oscillations of the 

ionization fraction and température. The differences between the 

figures are caused by the variation in various parameters which deter¬ 

mine the amount of damping (as in Fig. 10 and 11), or the initial height 

and subsequent amplitudes (Fig, 12 and 13) or the equilibrium points 

(as in Fig. 14). 

A major factor in the amount of damping occuring in the various 

models is the time scale for the gas to react to the stimuli presented 

by the galactic environment. The only time scales which were adjusted 

were the time scales for cloud formation and destruction. Models were 

found for F = 5 with (the destruction time scale) assuming three 

values} 10 ^ years (effectively infinity), 10^ years, and 10^ years. 

The damping with a T\^ of infinity is due to the artificial gas 
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extent In z, energy is put "back into the inter cloud medium by e vapor?- 

ation of clouds. This consistent removal of energy at the point of 

maximum compression damps the wave much faster than the artificial 

viscosity. The phase lag is also visible in Fig. 14 (weaker shock) and 

Fig. 15 (stronger shock) with the same results. 
7 

If the destruction time is reduced to 10 years, the cloud form¬ 

ation and destruction occurs quickly enough (see Fig. 11) so that the 

energy is removed in phase with the z oscillation. This results in a 

smaller damping rate and larger amplitude for the oscillations. 

Varying F instead of results in a change of the oscillation 

amplitudes. For this purpose we can think of the disk thickness as 

analogous to a vibrating string. The shock can be thought of as an 

initial perturbation which induces the waves. And, as in that case, 

the larger the initial perturbation, the larger the resulting oscill¬ 

ation. Figure 13 (F = 8) is not an exact eigensolution; its final 

values do not exactly equal its initial values. However, although 

some small adjustments would be made in finding an exact solution, the 

right qualitative behavior is demonstrated. All the oscillations are 

more extreme than for smaller F's, and the oscillation in the log p-log n 

plane varies widely, dipping far below the peak and continuing to make 

large amplitude oscillations. 

The conditions for cloud formation are essentially unknown. In 

the context of the two-phase, time-dependent model, some perturbation 

(e.g., the spiral density wave, a supemovae) pushes the gas in the 

interstellar medium out of thermal and ionisation equilibrium, from 

which it condenses into clouds and possibly stars. He used the second 

formulation of the function a which describes this case of F = 5» 
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8 
= 10° years. Again this is not an eigensolution, hut it does 

demonstrate the characteristics of this model. The oscillation again 

damps rapidly, though the equilibrium points are shifted. This 

shifting is due to a new equilibrium cloud fraction and a correspon¬ 

dingly higher density. This causes the increase in cooling and 

recombination which results in a lower T and x. 



CHAPTER 5s Galactic Structure 

The structure of the galaxy can be discussed on virtually every 

level from the "grand design" to the microscopic. Uhat this model does 

is give predictions and explanations on scales just below the grand 

design and somewhat above the microscopic. 

As has been stated several time, JK7^ made a re-analysis of some 

2i-cm data and measured the half-thickness of the galactic disk at 

several points. They discovered that in the regions specified by Lin, 

Yuan, and Shu (I969) as being the positions of the spiral arms, the 

thickness was enhanced. This model provides an explanation for that 

enhancement. The models presented here are qualitative rather than 

quantitative since the exact positions of the spiral shock waves in the 

galaxy are unknown and the number of data points is small. The model 

can easily be made to agree with the factor of two enhancement found by 

JK74 at 07= 4.7 kpc, but since the actual strength of the shock wave 

is not known and since the cloud destruction parameter is unknown, any 

detailed discussion at this time seems to be unwarranted, 

The model also predicts a corrugated shape to the surface of the 

gaseous disk with some degree of flattening immediately before the gas 

enters another arm. Up until now the spread in the neutral hydrogen 

velocities of external galaxies have been attributed to the turbulence 

of the gas. This model does not contradict that, but it does suggest 

that in addition to the turbulence there may exist a systematic up-and- 

down (breathing) motion to the gas which has not been detected due to 

the high resolution which would be required to distinguish "breathing" 

from turbulence. For a face-on galaxy 680 kpc away, resolution of 

better than 5 arc min is demanded. An inclined or a more distant 
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galaxy only complicates the situation. Another complicating factor is 

that the gas will have a distribution of "breathing" velocities. This 

may lead to a characteristic velocity profile, but a simple model such 

as the one presented here cannot produce the needed predictions. 

In addition, the corrugation of the galactic disk may provide an 

explanation for the bits and pieces of bright spots observed in the 

photographs of external galaxies* The initial burst of star formation 

provided by the spiral density wave produces the "grand design". The 

present explanation for spiral arms is that one pattern rotates with a 

single pattern speed. What determines this pattern speed is at best 

vaguely understood. However, the possibility exists that a range of 

possible pattern speeds with their associated spiral arms is present. 

Another possibility is presented by this model. The initial shock wave 

compresses the gas to form clouds and stars. This is indicated in the 

b section of Fig. 9 - 14 by the jump and subsequent loop. Further 

increases in density (as the disc collapses ) push the gas down toward 

the thermally unstable section of the p-n equilibrium curve. An 

interesting and potentially useful calculation would assume a model for 

star formation based on the density (or cloud fraction) and calculate 

the variation of ^ as a function of time 

provide a more quantitative explanation for the various interarm seg~ . 

ments observed. 

As was observed earlier, if hydrostatic equilibrium is assumed for 

the solar neighborhood, there is little consistency in the required 

numbers for the equilibrium pressure, density, temperature, and ioni¬ 

zation. In particular, the value required for the pressure is extra¬ 

ordinarily high. By assuming a non-equilibrium situation, however, we 

This variation of C could 
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escaped that dilemma. The model seems to provide some justification for 

that, especially if it is assumed that the sun exists somewhere in the 

region immediately behind a spiral arm. Observations cired by Kerr and 

Uesterhout (1965) indicate that gas is falling in toward the disk from 

the galactic poles at 6 km/sec. These numbers imply a constraint on 

the value of F chosen for the solar neighborhood, as well as implying 

some constraint on the location of the sun behind the galactic shock 

wave. On the first condition the constraint is that somewhere in the 

model the gas must be falling in a 6 km/sec. The model with F = 1.5» 

for instance, will not work. The maximum velocities obtained there are 

approximately 1 km/sec. The model with F = 5» however, will work; the 

velocities reach almost 7 km/sec. The planar model of Shu et. al. gave 

F « 7 for the solar neighborhood. 

On a smaller scale, the model provides values of x, T, and n^ for 

various places in the galactic disk. These can be used to provide 

predictions of certain quantities through the plane of the disk, most 

notably < ng> , <T> , (l'1) ^T-1) ,<ne
2T'*5>, and ^V1*5) . 

These are quantities cited by Gerola, Kafatos, and McCray (197^-) and are 

compared with their time-dependent model, (in their model they assume 

a periodic exposure to supernovae at different distances which affects 

the gas. They then trace the time-development of the important gas 

properties.) ’Je averaged these same quantities over one period of the 
8 spiral shock wave for F = 5$ 7^-10 years and obtained the results in 

Table 1. The parameters assumed for the clouds are listed and were 

taken from Spitser (I968). The agreement is excellent from <(n )> and 
0 

— —1 —1 p 
n^T , acceptable for <(T)> , <^T~ , and <(ng T and poor for 

ng
2T-'*“■'’)> . The agreement for and could be 
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substantially improved, if some account could be taken of the gas in 

transit from the intercloud medium into clouds. It is this high n , low 
6 

T gas which is cited by Gerola et. al. as the primary contributor to th 

these quantities. 

Table 1 also lists the averages through various paths in the disk. 

The spatial variations are very striking; the averages involving 

towards the spiral arm are at least a factor of 2 greater in every case 

than those in the direction away from it. One cautionary note needs to 

be made. The averages were taken along a "streamline", the nearly 

circular path that the gas takes between shocks. Observations around 

a circular path are very difficult to make, hence these predictions 

should be taken as merely indications of the amount of variation which 

can be expected. In addition, HII regions were not considered nor were 

the very dense pre-stellar clouds. On the other hand, the fact that 

the numbers are all (except for ^n ) within an order of 
V 

magnitude of the observations is encouraging. There is now a quanti¬ 

tative prediction that there should be variations of various quantities 

along different lines of sight. As a final note, the agreement could 

no doubt be improved somewhat if the cloud parameters were juggled. 

However, due to the spatial variation, this exercise' seems futile. 

In conclusion, the structure of the galaxy is affected significantly 

by the dynamic motion of the gas in the z direction. The calculations 

presented here provide the first indication of the time-dependency 

forced upon the interstellar gas by motion in the z direction. The 

results include predictions of a variation of certain line-of-sight 

observational quantities, constraints on the value of the shock 

parameter in the solar neighborhood as well as the approximate distance 
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the Gun is located from the shock front. The variation of the thicknes 

could also provide a qualitative feature which may be observable in 

external galaxies. If a velocity pattern is indeed observable, another 

method would be available for the determination of the shock strength 

and the shock location in external galaxies. 

Some further studies could also be worthwhile. For instance the 

cloud processes used in these models were purely descriptive with 

virtually no feedback upon the gas produced by young stars which just 

formed from the gas. As mentioned before, the dependency of the ioni¬ 

zation rate could be tied to a reasonable for star formation. Finally 

using a model of the mass distribution of the Milky TJay, a model of our 

galaxy could be constructed showing the corrugation effects and the 

variation, of such quantities as the shock parameter. This would be 

useful for calculating line of sight observations of the interstellar 

gas for comparison with actual observations. 
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