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FORMATION AND MAINTENANCE OF SPIRAL STRUCTURE IN GALAXIES 

C. C. Lin and G. Bertin* 
Massachusetts Institute of Technology 
Cambridge, MA. USA 
^Permanently at Scuola Normale Superiore, Pisa, Italia 

ABSTRACT. The formation and maintenance of spiral structure in galaxies 
is discussed in terms of spiral modes with a general perception con­
sistent with the hypothesis of quasi-stationary spiral structure. The 
latter is explained in some detail to give it the original proper per­
spective and to contrast it with recent studies of non-stationary 
spiral structures. We again emphasize the possible coexistence of fast-
evolving spiral features and slow—evolving spiral grand designs. 
Spiral modes are described in terms of three categories of propagating 
waves. The reason is given why isolated non-barred galaxies with 
spiral grand design are found to be mostly two-armed. Some suggestions 
are made for future research. 

I. INTRODUCTION 

Research work on the formation and maintenance of large-scale 
spiral structure has been pursued along several lines of approach. In 
this paper, we shall attempt to clarify the relationship among the 
various approaches by presenting a coherent description of one of them 
and comparing the conclusions for this approach with those obtained 
from other alternative approaches on a few crucial issues. 

The basic mathematical formalism adopted is the theory of linear 
spiral modes; these modes are in turn described in terms of steady wave 
trains. To connect our theoretical analysis with observations, we con­
tinue to adopt the hypothesis of quasi-stationary spiral structure 
(QSSS hypothesis), whose precise nature will be explained in some 
detail. 

To give a proper perspective to our discussions, we again quote 
from Oort (1962) for his statement of the problem: 

"In systems with strong differential rotation, such as is 
found in all nonbarred spirals, spiral features are quite 
natural. Every structural irregularity is likely to be 
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drawn out into a part of a spiral. But this is not the 
phenomenon we must consider. We must consider a spiral 
structure extending over the whole galaxy, from the 
nucleus to its outermost part, and consisting of two arms 
starting from diametrically opposite points. Although 
this structure is often hopelessly irregular and broken up, 
the general form of the large-scale phenomenon can be 
recognized in many nebulae." 

A few comments will now be made to clarify the above statements. 

Galaxies may or may not exhibit a grand design. But it is the 
grand design that challenges the theorists and the observers alike. 
The theorists should be able to explain why it is possible for grand 
designs to exist, in spite of the winding dilemma. The observers 
should find out how the various features in the grand design are re­
lated to each other. The theorists should again explain why. Indeed, 
such efforts to try to explain the grand-design structure lead us to 
find out more about the astrophysical processes that prevail in the 
interstellar medium and in the process of star formation. The key step 
that made such investigations possible is the adoption of the hypothesis 
of quasi-stationary spiral structure (QSSS) as a working hypothesis in 
a semi-empirical context, (See Lin, 1971, pp. 89, 91.) 

Some unnecessary controversy has arisen around this hypothesis in 
recent years. There are at least the following two reasons for this 
controversy: (1) The hypothesis has sometimes been misunderstood and 
given a role beyond that of a working hypothesis. This confusion can 
be easily cleared away by referring to the original literature, as is 
done in this paper. (2) There have been studies of dynamical mechan­
isms which suggest the possibility of spiral patterns in rather rapid 
evolution, not quasi-stationary structures. At the meeting in Besancon 
last year, only one aspect of the latter issue was addressed. In this 
paper, we shall attempt to deal with the issues more fully. Before we 
go on with further details, we should perhaps make a few remarks on the 
general perception. 

From laboratory experiments on hydrodynamic stability and tur­
bulence and from the study of weather patterns, — both of which can be 
observed to evolve in time, — we know that some flow patterns are 
quasi-stationary while others are transient. There are advantages in 
focussing our attention on regular quasi-stationary structures. In 
the study of galaxies, the adoption of the QSSS hypothesis has enabled 
us to pursue the study of a number of astrophysical phenomena and 
astrophysical processes (see Section V for a short list of examples). 
We therefore first focus our attention on the study of quasi-stationary 
phenomena, and leave the study of transient processes to separate 
investigations. Clearly, the studies of quasi-stationary and transient 
phenomena are complementary rather than competitive, unless it can be 
shown that quasi-stationary structures cannot possibly exist or that 
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they can exist only under exceptional circumstances. Observational 
evidence gives us assurance that this is not so (cf. paper by D.M. 
Elmegreen at this conference). At the same time, we shall devote a 
part of this paper (Section II.3) to the discussion of studies which 
apparently yield transient impressions and point out why they do not, 
in fact, conflict with the possible existence of quasi-stationary spiral 
features. 

Actually, this issue was already quite carefully examined by 
Bertil Lindblad (1963) twenty years ago, when he discussed the im­
plications of some pioneering computational studies by Per Olof Lindblad. 
Specifically, his paper was entitled "On the possibility of quasi-
stationary spiral structure in galaxies", and this possibility was 
recognized despite indications from the computational studies that the 
spiral structure may be more likely to be "quasi-periodic" (as described 
in Lindblad?s paper), or regenerative (as described in the paper by 
Goldreich and Lynden-Bell, 1965). 

Besides these general issues, two further points should be noted in 
the above quotation from Oort. (1) Attention is directed towards non-
barred spirals as being the more challenging. (2) Even these galaxies 
preferentially have two-armed structures. In Section IV, we shall show 
why this is the case even though we know that there are isolated 
galaxies with other types of symmetry (cf. lye et al., 1982 for a 
specific example). As it turned out, Landau damping of waves at inner 
Lindblad resonance holds the key; multiple-armed spiral structures are 
more likely to encounter inner Lindblad resonance as already noted in 
the early nineteen-sixties. Without inner Lindblad resonance, multiple-
armed spiral features may indeed overwhelm two-armed spirals (see 
Section IV.4). 

A: waves 

B: modes 

ssw: single short wave 

• I , Star formation,, etc. 

I I . Luminosity classification, etc. 

III.Morphology classification, etc. 

H: QSSS as a working hypothesis in a semi-empirical approach. 
Existence of a grand design, Hubble classification and winding 
dilemma are key Issues. 

Fig. 1., The hypothesis of quas i - s t a t iona ry s p i r a l s t r u c t u r e . 
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II. THE HYPOTHESIS OF QUASI-STATIONARY SPIRAL STRUCTURE 

1. The Semi-Empirical Approach. As a working hypothesis in a 
semi-empirical approach, its correctness is primarily to be judged by 
the inferences made from it. We require consistency both with 
observations and with internal dynamical mechanisms. As mentioned 
above, the QSSS hypothesis has led to a number of successful 
applications to observed phenomena, a partial list of which will be 
given in Section V. We call special attention to the application to 
the process of star formation and to the possibility of providing the 
basis for the luminosity and the morphology classifications of galaxies. 
On the other hand, we also derive support from dynamical studies, which 
will be given in some detail in this paper. 

The research efforts may, therefore, be represented in terms of a 
picture of "mountain climbing", cf. Toomre (1977) and Tremaine (1983). 
Both these authors appear to emphasize a deductive approach from first 
principles. From our experience with the much simpler system of 
homogeneous fluids, we know that it would be quite difficult to "deduce" 
the existence of regular patterns in the full non-linear theory. Rather, 
we may attempt to describe such patterns by first accepting their 
plausible existence on the basis of experiments (see examples of regular 
and irregular patterns given by Figures 128, 131, 137, 158, 177 in van 
Dyke's Album, 1982). We then attempt to reach a better understanding of 
the underlying mechanisms that distinguish irregular flow patterns from 
regular grand designs. These mechanisms are, however, not always easy to 
describe. 

The QSSS hypothesis receives support from the theory of linear 
spiral modes which has been quite successfully developed in recent 
years, since the coexistence of a small number of such modes, slowly 
growing from a certain basic state, provides a natural basis for the 
eventual existence of a quasi-stationary spiral structure. However, as 
is well known in the studies of hydrodynamic stability and turbulence, 
the calculation of linear modes "merely marks the beginning of the 
dynamical studies", and the same comment applies to the study of 
galactic spirals (Lin and Lau, 1979, p. 107). The existence of linear 
modes does not imply that the spiral structures are always necessarily 
permanent in shape. "The complicated spiral structure of galaxies 
indicates the coexistence of material arms and density waves — and, 
indeed, of the possible coexistence of several wave patterns. These 
features [in general] influence but do not destroy one another." 
(Lin, 1971, p. 91.) 

The basic time rate in all dynamical studies is of course the shear 
rate or the epicyclic frequency. However, linear modes in general 
evolve at a much slower rate. [^Indeed, if the time scale for a feed­
back cycle in a linear mode were comparable to that of its evolution, 
the "mode" would hardly be a useful concept from a physical point of 
view. I 
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Experience in hydrodynamical studies shows that the observed 
nonlinear states which are qualitatively similar to slowly evolving 
linear modes usually also evolve slowly. Thus, the study of linear 
modes gives a powerful method, perhaps the most convenient, to approach 
the problems of formation and maintenance of spiral structure on a 
global scale, since they do represent the intrinsic characteristics of 
the dynamical system. Thus, even the effect of external excitation may 
be described in terms of these modes. As an analogy, we may recall 
that essentially a slowly decaying quasi-stationary mode is excited 
through the ringing of a church bell. 

2. The Single Short Spiral Wave. Here we wish to call attention to 
one fact which has not always been put in proper perspective. The 
phenomena listed in Section V have mostly been described by the use of 
a single short spiral wave. Such a short wave requires a feedback pro­
cess (must be "replenished", see Toomre, 1969) for its long-term 
existence as a part of a modal formulation (Shu, 1968). The question 
is whether this feedback system can be observed. This will be dis­
cussed in the section on linear modes (Sections III and IV) where the 
feedback mechanism will be examined in some detail. 

3. Nonstationary Impressions. The plausible existence of quasi-
stationary spiral structures can be questioned if all studies suggest 
that the dynamical processes always imply rapid evolution of spiral 
structures. Thus, the following three issues deserve our special 
attention: 

a. Rapid dynamical evolution is often found in N-body 
simulations; 

b. strong amplification is associated with a "swinging" 
process; 

c. strong "instability" seems to be present even when the 
disk is stabilized against axisymmetrical disturbances 
(Q >. 1). 

The first issue will be the main topic of this subsection. The 
third issue will be taken up in Section III. The second issue, dis­
cussed at Besanqon(Lin, 1983b),will be briefly reviewed here. As an 
alternative to the time-dependent "swinging" approach (Toomre, 1981), 
Lin referred to Drury!s work (1980), which does not involve a rapid 
evolution. It is therefore compatible with growing modes, even 
though both approaches may still be labelled "swing amplification'1, 
in the sense that they both describe the transformation of a leading 
spiral into an amplified trailing spiral. Bertin (1983b)presented 
still another analysis of leading-trailing wave amplification in terms 
of steady wave trains satisfying the local dispersion relationship. 
Again no transient behavior is implied, i.e., time evolution is not 
required. Rapid time evolution does occur in certain contexts; for 
example, as a result of certain special initial conditions (cf.Toomre, 
1981). We shall take up this topic again in Sections III and IV in 
the context of modes. 
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Let us now turn to the first item. It is well known that there 
are apparent conflicts between results obtained through the use of 
numerical simulation and those obtained through analytical methods. 
There are perhaps three reasons for this. (1) The requirement on the 
number of particles is highly demanding when simulation of phase-mixing 
is needed. Often there are simply not enough particles in the phase-
space. The simulation of No ^ 106 - 10 particles by a single super-
particle severely distorts the distribution function in velocity space. 
(2) The small number and the large mass of each superparticle magni­
fies the possible fluctuations of surface density and gravitational 
field by a factor of the order of No1'2, which could be as large as 
103 - 10^, thus greatly accelerating the evolutionary processes. 
These difficulties are not easy to remove. (3) Sometimes artificial 
physical processes are introduced to control effects such as the rapid 
rise of velocity dispersion. This could lead us to even worse 
situations, where it is no longer clear what physical system is being 
simulated. (The computation may become like a computer game which can 
be intellectually stimulating and even suggestive, but whose results 
cannot be accepted at face value. Proper interpretation is needed.) 

All these ideas and discussions are not new. Computer experiments 
in plasma physics have been performed for at least two decades (see an 
excellent extensive review by Dawson, 1983). Millions of particles 
have been used, but experts are still demanding more in order to get a 
proper simulation of processes involving resonances, where phase mixing 
and Landau damping are important. 

4. Some Additional Remarks. In addition to these studies giving 
nonstationary impressions, there is also the subtle mathematical point 
of the existence of an infinite number of modes with a continuous 
spectrum. This issue was examined by Lin and Bertin (1981), and found 
not to be serious. 

In the spirit of the QSSS hypothesis, we therefore adopt the modal 
approach, because it is mathematically sound and it is convenient for 
the description of comparatively regular grand designs, including their 
evolution. The complete description of the evolutionary process must, 
of course, be based on the use of a nonlinear theory which is yet to be 
developed. The general nature of such developments can be partly 
visualized by examining existing theories for some simpler systems. 
For homogeneous fluids, the mathematical theory can be sketched in the 
following manner. Any dynamical variable i/;'(x,t) may be represented in 
the form 

*(x,t) = I AnCt)*n(x) 

in terms of a complete set of eigenfunctions <()n(2̂ ). [Integration is 
implied by Z when a continuous spectrum exists.] In the linear 
theory, each An(t) is exponential in time t. In the full non-linear 
theory, the set of variables (An(t)} satisfies nonlinear differential 
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equations which describe the process of evolution. Extensive 
investigations along this line have been carried out, especially in 
meteorological studies. Galaxies are, of course, complicated systems 
with many components. Non-linear effects in the gaseous component 
have been shown to be likely to play an important role. 

III. DYNAMICAL MECHANISMS: WAVES AND MODES 

For the study of dynamical mechanisms, we shall focus our 
attention on linear processes, with one important exception. This is 
the issue of angular momentum transfer associated with the spiral 
patterns. Bertin (1983a) has shown that the angular momentum transfer 
associated with normal spiral modes is not going to produce a 
significant impact on the basic state over a period of several billion 
years even when the amplitude of the disturbance is about one-quarter 
of the basic distribution. Thus, we need not be unduly concerned with 
any fast evolution from this mechanism. 

Linear modes can be described in terms of waves propagating in 
opposite directions, together with mechanisms of feedback from the 
central regions and over-reflection of these waves near the corotation 
circle. In earlier studies, we recognized two categories of waves: 
long waves and short waves. With leading and trailing configurations 
in each case, there are altogether four types of waves. Detailed 
studies based on the Lau-Bertin (1978) dispersion relationship now 
lead us to the recognition of a third category of waves: the open 
waves, again with possibly leading and trailing configurations. Open 
waves are more open than long waves, but propagate like short waves. 

OVER-REFLECTION 

Type I: 

Type II: 

(a) long trailing wave 
(b) short trail inn wave 
(c) short trailing wave 

(a) open leading wave 
(b) open trailing wave 
(c) open trailing wave 

Fig. 2. Two types of over-reflection 

In this new perspective, the two principal types of processes of 
over-reflection near corotation are shown in Fig. 2, which is amended 
from Fig. 1 of Lin's Besancon paper. The term over-reflection is 
used to describe a process in which the reflected wave contains more 
energy than the incoming wave. Over-reflection of Type I is the 
WASER (Mark, 1976) where only trailing waves are involved; that of 
Type II corresponds to the "swing amplification" (Toomre, 1981), in 

"^ (b) -> 
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the sense that leading waves are converted into amplified trailing 
waves. Open waves are especially important for ranges of dynamical 
parameters for which there is only one real solution. For those 
cases, the distinction between open waves and short waves becomes 
less apparent. 

The Lau-Bertin dispersion relationship is a cubic, with two 
parameters J and Q (see their paper for definitions of symbols). 
For the treatment of all three waves, it is therefore convenient to 
introduce the (J,Q) plane. The same format can be used for the study 
of the factor of over-reflection after the value of the shear para­
meter s is specified. In the case of constant linear velocity of 
circular motion, the shear parameter s equals unity. 

Let us now briefly outline some of the principal results which 
differ from previous conclusions. 

1. Waves in the (J,Q) Plane. First, the cubic dispersion 
relationship leads to the following overall outlook. The two real 
solutions representing the long/short waves can exist only if 

JQ2 <_ 4/3/9. 

The third real solution represents an open wave, which is often too 
long to fit into the disk geometry, and should be excluded. However, 
this is not always the case. We may have to deal with all three 
categories of waves under certain circumstances (usually for J not 
too small). On the other hand, for 

JQ2 > 4/3/9 

there is only one real solution, i.e., the open wave. The solutions 
which represent long/short waves have become complex conjugate pairs. 
It is in this range of parameters that the "swing" process is usually 
discussed. 

Thus, in general, neither the long/short wave cycle nor the swing 
cycle represents the complete picture. We shall present examples of 
calculated spiral patterns in which the feedback processes include all 
three categories of waves (cf. Fig. 6 in Section IV). 

2. Over-Reflection in Moderate Amounts. The second point is 
that one can identify a range of parameters in the (J,Q) plane such 
that the amplification factor (over-reflection) is moderate, whether 
the over-reflection is of Type I or of Type II (see Fig. 2). Moderate 
over-reflection is typified by an energy ratio of two (and an 
amplitude ratio a = /2). The curve for this condition has been 
calculated by two methods. The system of curves shown in Fig. 3 is 
obtained from the approach used by Bertin in his Besancon paper, for 
different values of the shear parameter s = - dlnft/dlnr. We also 
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checked Druryfs calculations of the amplification factor for the case 
s = 1 by using an equation equivalent to Eq. (35) in Goldreich and 
Tremaine (1978). (Robert Thurstans did the computer work. Drury used 
a different, though equivalent, procedure.) The results are shown in 
Fig. 4 as curves of constant over-reflection (logarithmic scale). The 
two figures may be compared for s = 1, In a = 0.35 [curve (b) in 
Fig. 4 versus curve marked s = 1 in Fig. 3]. The numerical values are 
not identical because in Bertinfs formulation the Weber equation is 
used, just as in Mark's original WASER formalism. The two approaches 
are indeed two different approximations, and there is no good reason 
to decide that one approximation;is better than the other. Fortunately, 
they support each other within the proper limits of these approxi­
mations. 

3. The (J,Q) Parameters for Moderate Over-Reflection. In the new 
perspective just discussed, one is led to emphasize the role of the 
parameter J (or J}, its value for m = 1) in the determination of the 
stability characteristics of the spiral modes. As shown before (cf. 
Lin and Lau, 1979, Bertin, 1980), tightly wound spirals with moderate 
rates of growth are associated with small or moderate values of the J-
parameter, and with a value of the Q-parameter close to unity. Such 
modes are maintained bv a specific feedback mechanism. 

Let us leave the feedback mechanism aside for the moment and focus 
our attention on the over-reflection factor at corotation. If one 
follows the curve of "moderate" over-reflection factor, a = /2, in 
Fig. 4, one finds that Q - 1 only if J <_ 0.5 (Axisymmetry implies 
J = 0). In contrast, for J = 1, very high over-reflection is reached 
at (J, Q) = (1,1); the factor becomes moderate (a = /2) only when Q 
is raised to about /3. Thus, the condition Q = 1 does not always 
have special significance in all galactic disks. It is essentially 
the condition to be expected in galaxies with relatively low disk mass 
(low J), typified by normal spirals of types Sa and Sb. 

There is another reason for expecting to observe higher values of 
Q associated with stars. This is the presence of a small amount of 
gas, which may cause a significant reduction of the effective Q-
parameter (see Lin and Shu, 1966). For the specific combination of 
stellar and gaseous disks considered, marginal stability requires that 

Q* * 1 + 2(og/a*) . 

Thus, for 30% gas-to-star mass ratio (which is not large when disk 
thickness is taken into account), we find that Q^ = 1.6. Combining 
this with the factor v3 discussed above, we see that Q^ = 2.7 would 
not be, in some cases, an unreasonable value. Of course, this calcula­
tion gives only an indication of the type of situation to be expected 
and the result should not yet be directly compared with observations 
(cf. Kormendy's paper at this meeting). 

With respect to observational studies, one should note that the 
usual definition of Q is quite easily influenced by the presence of a 
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Curves for In a = 0.35 
(for various values 

of shear s) 

0.01—t-f-TTTT 

Fig, 3, Curves for a given coefficient of over-reflection (a = v2) 
in the (J,Q) plane for various values of the shear parameter 
s. 

Fig. 4. Curves for various values of the coefficient of over-
reflection a in the (J,Q) plane for a given value of the 
shear parameter (s=l)• 
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small amount of stars with high velocity dispersion. This is the 
"long-tail" problem common to many statistical distributions. After 
all, the classical Cauchy distribution implies an infinite value for 
Q, if one applies the same definition as that for quasi-Maxwellian 
distributions. "Contamination" from other stellar components (e.g., 
halo stars) has to be removed. Basically, it may be wise to refine the 
definition of the stability parameter or even to introduce a new para­
meter that emphasizes the role of the responsive stars with low dis­
persion velocities. 

IV. DYNAMICAL MECHANISMS: SPIRAL MODES AND MORPHOLOGICAL 
CLASSIFICATION 

1. A Process of Self-Regulation. Many modal calculations have 
been done in the fluid model. The process of Landau damping at inner 
Lindblad resonance is therefore not incorporated in the calculations. 
An additional step must be taken to check the result for possible 
resonance effect. Such a step will make it apparent that the number of 
unstable spiral modes is expected to be reduced, because the feedback 
mechanism may be seriously impaired by the Landau damping process. 
(See subsection 4 below for further details.) 

If we combine these considerations with the above discussions of 
the parameters J and Q, we are led to the following scenario for the 
self-regulation of the instability of spiral modes. Suppose that the 
galactic system, to begin with, has J ~ 1 (for m = 3, say), and Q = 1. 
The excitation of spiral waves and modes, possibly violent, will tend 
to cause the stellar dispersion speed to increase until the disk is 
"heated up" to such high values of the Q parameter and such a form for 
its distribution that only a small number of spiral modes may eventual­
ly remain moderately unstable. This reduced instability also re­
stricts the increase in the Q-parameter, and the final spiral structure 
may be expected to be quasi-stationary when nonlinear processes, in­
volving both stars and gas, are included. [In this final state, the 
over-reflection factor may also be expected to be relatively moderate, 
but not necessarily very small.] It is also possible that the galaxy 
will evolve into a state where the dispersion speeds are so large that 
only a gentle oval distribution of stars results. Such a mass distri­
bution would drive the Population I objects into a bar-like distribu­
tion, as shown by Roberts, Huntley and van Albada (1979). 

The process of self-regulation just discussed is crucial in the 
context of the QSSS hypothesis, which can be invalidated by the 
presence of too many unstable spiral modes. We shall discuss it fur­
ther in connection with some examples below. Having developed a 
scenario for the realization of quasi-stationary spiral structures, we 
are ready to venture to relate our theoretical investigations to one 
of the major objectives: the search for a dynamical basis for 
morphological classification. For this purpose, we must first be able 
to produce modes of various morphological types in the context of the 
linear theory. Based on experience with hydrodynamical experiments, 
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especially those with rotating fluids, we may then infer that the 
grand designs in the final state are approximately simulated by the 
superposition of modes obtained from the linear theory. 

2. Modes of Various Morphological Types. In previous publications, 
(see Lin and Bertin, 1981; Haass, Bertin and Lin, 1982) we have shown 
how one may use linear modes to simulate the various morphological 
types of the galaxies by judiciously prescribing three distribution 
functions: (a) the rotation curve, (b) the mobile component of the 
disk mass (including the effect of disk thickness) and (c) the distri­
bution of dispersion speed of stars (or the acoustic velocity in the 
gaseous model). These different morphological types are often 
associated with different feedback mechanisms. For example, it is clear 
that the (r), (s) types relate to different degrees of propagation of 
waves through the center of the galaxies. The time is now ripe for re­
lating the morphological type to dynamical mechanisms and modal calcula­
tions. Some examples were published by Haass, Bertin and Lin; some 
additional examples will now be cited. 

Bertin (1983b)contrasted an open mode with a tightly wound spiral 
mode obtained from the original asymptotic theory. Specifically, their 
propagation diagrams were compared. The open mode shown by Bertin has 
an inner turning point for wave propagation. This implies a "reverse 
swing" of the wave and a rather long feedback cycle. It thus has only a 
moderate growth rate, smaller than that of the normal mode shown, even 
though the over-reflection factor is quite high, similar to that of the 
normal mode. Indeed, this open mode is not represented in Fig. 2 in 
Norman's Besanqon paper (1983). The avoidance of violently unstable 
modes can be achieved through an increase of the Q-parameter. 

For each of the two types of modes discussed by Bertin, we may 
assign a point in the (J, Q) plane according to the values of these 
parameters at the corotation circle. In Fig. 5, which shows a portion 
of Fig. 3, these points are located in the general areas marked I and 
II, corresponding respectively to the two types of over-reflection. 
We now note that there is a triangular region in the (J, Q) plane, 
marked III, corresponding to a gradual transition from one type of 
feedback to another. 

To demonstrate this transition, a sequence of modes has been cal­
culated for which the conditions at the corotation circle vary from 
Region I to Region II, traversing through Region III. The propagation 
diagrams show clearly that, in the cases shown in Fig. 6, it is the 
most open of the three waves that carries the primary signal across and 
around the corotation circle. The dashed lines show the real part of 
the complex conjugate pair of comparatively shorter waves. Their roles 
are, however, not insignificant. Thus, all three categories of waves 
are present, albeit some in modified forms. The over-reflection pro­
cess and the feedback process are thus quite complicated; both types 
are involved. But all of these modes show moderate growth rates. Thus, 
the presence of over-reflection of Type II does not necessarily imply 
violent instability. For details, we refer to future publications. 
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Fig. 5. Typical areas in the (J,Q) plane where over-reflections of 
Types I and II are important. These are respectively labelled I and II. 
In domain III, all six waves may be active. The nearly vertical curve 
is that for a = /2 for the open waves. Unstable modes with moderate 
growth rates have been calculated for all three domains. 

Fig. 6. Spiral patterns and propagation diagrams for two cases, A and 
C, where both types of over-reflection are active. Note that near co-
rotation the open waves, which are real solutions represented by the 
solid lines, are the most important. For conditions far away from the 
co-rotation circle, the short waves are the important ones represented 
by solid lines. In Case A (in 
I; in Case C, (in J, in Q ) = (-

J, in (T) = (-.511,+.191) near Region 
.371,+.365) in Region II. 
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3. Are Feedback Processes Observable? The short wave is assigned 
a predominant role in much of the application theory. What can be 
expected from the feedback process from an observational point of view? 
There is no general answer to such a question, but the following com­
ments may be helpful. 

In the case of normal spirals, the long trailing wave, which is 
responsible for the feedback process, produces a modulation on the 
short trailing wave. (See Bertin et al., 1977, p. 4728, and reference 
to Markfs earlier work.) For empirical purposes, it simply appears 
that there is a change of intensity of the spiral field with radial 
distance from the center. The simplicity of the situation results in 
part from the fact that in the amplified modes, the over-reflection 
process gives the short trailing spiral a considerable advantage. For a 
real galaxy, one can construct a scenario compatible with an over-
reflection process of the same type by including the damping of such 
short waves by the shock wave in the gaseous component. 

In the case of open modes such as that discussed by Bertin, the 
situation is somewhat different. The open waves lead to something like 
an oval distortion in the central regions,which exhibits itself through 
the gaseous response to a bar-like forcing. Again, the general im­
pression may be that of only one trailing spiral extending out of a bar. 

4. Why Two-Armed Modes? We now turn to the following important 
issue: why do we not see many three-armed grand designs in galaxies 
even though the example shown by Haass at the Besancon meeting exhibits 
higher growth for multiple-armed modes? The key to this puzzle lies 
with Landau damping at inner Lindblad resonance, which is not included 
in the fluid code used by Haass (cf. III.3, IV. 1 above). In the example 
shown by Haass, the rotation curve has a nearly constant angular 
velocity at the center (ft - QQ, somewhat like that of M33). Thus, the 
curve for ft - K / 2 has very low values at the center, but the curve 
for ft - K/3 has a peak value of ft()/3 at the center. Thus, if a 
three-armed mode has a relatively large corotation circle (and hence a 
low ftp), it would tend to suffer from inner Lindblad resonance. Note 
that the three-armed modes shown by Haass (1983b)have a rather small 
corotation circle, since he has deliberately chosen the Q-distribution 
to have a very small scale, smaller than the scale for the velocity 
distribution, (Vmax/fto)« In real galaxies, the Q-distribution may have 
a much larger scale. In such cases, one may regard the corotation 
circles as being pushed outwards as the scale for the Q-distribution 
expands. Lindblad resonance follows, and the mode is expected to be 
damped in the stellar model (even though this is not apparent in the 
gaseous model calculated). Two-armed modes, being relatively free 
from Lindblad resonance, thus become predominant. Notice, however, that 
low frequency two-armed modes would also suffer from inner Lindblad 
resonance, and consequently the number of unstable two-armed modes can 
become quite small. 

It is obvious that the above line of reasoning applies to four-
armed spirals with stronger justification. One-armed spirals do not 
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suffer from inner Lindblad resonance, but they usually have lower 
growth rates than two-armed spirals. Observationally, their 
presence together with two-armed spirals is often not as easily 
detectable. But the well-known asymmetrical motion of the dust lanes 
in M31 might indeed be due to the presence of a one-armed structure. 
However, it is not yet entirely clear why galaxies like NGC4254 (lye 
et al., 1982) apparently show only a spiral structure with odd 
harmonics. 

V. CONCLUDING REMARKS 

We have surveyed the study of dynamical mechanisms from a semi-
empirical perspective. The following is a short list of the successful 
applications of the theory. 

A Short List of Some Physical Phenomena Studied 

1. Possible dynamical basis for the Hubble classification 
2. Plausible dynamical basis for the luminosity classification 

(Roberts, Roberts and Shu 1975) 
3. Process of star formation 
4. Dust lanes: distribution 
5. Synchrotron emission (e.g., in 1451): distribution 
6. Distribution and motion of atomic hydrogen (e.g., in the Galaxy 

and in M81; including the modal theory of Visser and Haass) 

On the theoretical side, the following points appear to be worthy 
of our attention. 

1. We should recognize the possible coexistence of (a) spiral 
grand designs which evolve rather slowly, and (b) less 
regular spiral features which evolve more rapidly2 generally 
on the dynamical time scale of K X , Q, * or (sQ) *. The 
hypothesis of quasi-stationary spiral structure is thus re­
affirmed to provide a basis for the dynamical approach to the 
morphological classification of galaxies (cf. Fig. 1). 

2. The mathematical model adopted and the mathematical formalism 
used are crucial to the plausible demonstration of the above 
statements. While the use of wave packets tends to give 
impressions that favor the less regular spiral features, the 
equivalent method of using steady wave trains and modes 
emphasizes the possible existence of long lasting grand de­
signs. Numerical experiments can be misleading unless Landau 
damping is properly simulated. 

3. It is important to recognize different behaviors of the spiral 
waves and patterns for different physical models and for 
different ranges of the dynamical parameters. Dynamical 
processes tend to re-adjust the distribution of the three 
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basic parameters listed above (Section IV.2), especially the dispersion 
velocity of stellar motions. This process of self-regulation, aided 
by the presence of the gaseous component, may be crucial to the quasi-
stationary existence of grand designs of various types (cf. Sections 
IV.1 and IV.2). 

Looking into the future, we see that the study of the morphology 
of galaxies continues to require the collaboration of observers and 
theorists. In the dynamical approach to the morphological classifi­
cation of galaxies, we adopt a logical framework based on our under­
standing of the dynamical mechanisms and on the spiral appearance to be 
expected under various dynamical situations. We then compare these 
conclusions with the morphological classification based on observations. 
Preliminary work (e.g., by Haass, Bertin and Lin, 1982) shows that this 
approach is highly promising. 

Other promising lines of research include the analysis of observed 
spiral structures into Fourier components and logarithmic spirals, the 
study of bars and rings, especially in SBa galaxies, and the study of 
the dispersion of stellar velocities in external galaxies. Some of 
these studies are being carried out by various researchers. Because 
of limitation of space, comments on these topics have to be omitted 
from this paper. 

It is perhaps unfortunate that inadequate appreciation of the 
theoretical points discussed above has led to considerable confusion 
in the literature. It is hoped that the present paper helps to clear 
away much of the confusion and to focus our attention on the sub­
stantive issues of attempting to explain the observed phenomena such as 
the different morphology of the galaxies. 

VI. THE MILKY WAY 

At this conference, various aspects of the structure of the Milky 
Way have been discussed, including the successful modelling of the out­
going motion of the 3-kpc arm by Yuan as a flow driven by a rotating 
bar. The resultant picture is quite similar to that appearing in the 
inner parts of NGC536A. For this paper, we shall restrict ourselves 
to some short comments and a few references. 

We recall (see Lin and Yuan 1978, Lin 1983a) that there have been 
rather extensive theoretical examinations of the spiral structure in the 
solar neighborhood from both the observational and the theoretical 
points of view. Consistency with the two-armed pattern originally 
suggested by Lin and Shu (1967) has been found. But there is co­
existence of other spiral features together with the two-armed pattern, 
which is found to be compatible with spiral modes calculated by Haass 
(1983 a) . The Carina arm may be an extra feature associated with the 
condition |v| = 1/2 (Shu, Milione and Roberts, 1973). It is not 
surprising that multiple-armed features can exist in the outer parts 
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of the Galaxy in addition to a dominant two-armed structure in the more 
massive inner part. It is also not surprising that an additional one-
armed spiral structure can lead to asymmetries of the kind that appears 
to be observed in the fourth quadrant. However, the long stretches of 
spiral arms observed present an overall picture that shows a pre­
dominantly two-armed pattern (see Burton, 1976). Finally, it should 
be emphasized that the structure of individual spiral features such as 
the high-velocity stream outside of the Sagittarius arm and other 
streaming motions (see Burton and Shane, 19 70) played an important 
role in the development of the density-wave theory by giving 
observational support to the basic concept, — a support that remains 
valid today. 
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DISCUSSION 

F.H. Shu; In this conference many people have commented on the destabi­
lizing contribution of interstellar gas. I would like to remind people 
that interstellar gas can also have an opposite effect, namely to satu­
rate growing normal modes by dissipative effects. A. Kalnajs pointed 
out in 1972 that galactic shocks introduce a phase shift between the 
response of the interstellar gas and the background stellar density 
wave that drives the gas. This tends to damp the wave; and W.W. Roberts 
and I suggested that this might turn out to be a good thing, if an 
instability mechanism lies behind spiral structure. The various insta­
bility mechanisms subsequently worked out and described in Lin's talk 
all have the following features in common: an amplifier (at corotation) 
plus feedback (via long, leading, or open waves). Thus, consider 
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Figure Dl - a) Rapid growth of wave 
amplitude by amplification at coro-
tation, followed by dissipationless 
feedback, leading to instability. 

b) Quasi-stationary si­
tuation: zero growth of wave amplitude; 
amplification at corotation is followed 
fty dissipative feedback, caused by 
galactic shocks. 

(Figure Dla) the simplest generic example: propagation to corotation of 
a wave carrying -1 unit of angular momentum, transmission of +1, over-
reflection of -2 (to conserve angular momentum), feedback of -2 (if 
there are no losses), transmission of +2, over-reflection of -4, etc. 
Thus, the square of the wave amplitude would grow by a factor of 2 per 
cycle, and may be in danger of growing to catastrophically high values. 

Consider, however, how dissipation of the waves by galactic shocks 
changes this picture (Figure Dlb). Start again with a wave approaching 
corotation and carrying -1 unit of angular momentum. There is trans­
mission of +1, over-reflection of -2, followed now by shock dissipation 
to cut down the reflected wave as it propagates. By the time the wave 
is fed back, it might again have only -1 when it comes back to corota­
tion, starting the cycle over again in nearly the same configuration as 
before. The resulting pattern would be quasi-stationary with evolution 
only on a slow timescale. 

Why should such a quasi-stationary situation obtain? I think it is 
automatic. Because density waves are dispersive, they do not steepen 
into shocks until they reach a finite critical amplitude. Until the 
gaseous density wave reaches this amplitude, the overall wave (stars 
plus gas) would grow in time. Once the critical amplitude is exceeded 
significantly, strong shocks develop that halt the growth of the wave, 
giving a unique solution of finite amplitude. 

This consideration may be important in a complementary context. 
Suppose that in some galaxy there is not enough gas to hold the mode 
amplitudes to fairly small values. The mode(s) may then grow catastro­
phically and heat the stellar disk enough to suppress all instabili­
ties. Could something like this have happened to the "flocculent 
spirals"? 

W. Renz: In this connection, I wish to refer to my non-linear calculat­
ion of the amplitude to which waves will be limited by damping due to 
shocks (W. Renz 1982, in "Applications of modern dynamics •••", ed. 
Szebehely, Reidel, Dordrecht, p. 356). Assuming, with Kalnajs (1972, 
Astrophys. Letters 11, p. 41), a relaxation time of about 109 years and 
taking amplification at corotation into account, I found the amplitude 
of a quasi-stationary wave to be about 5%. 
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P. Pismis: You stated at the beginning of your talk, Dr. Lin, that 
there would be little problem in having a driving mechanism for spiral 
arms in a barred galaxy, as the existence of the bar would give rise to 
such a mechanism. However, a good many barred spirals have a small, 
well-defined and tight spiral within the nucleus in the middle of the 
bar. Good examples are NGC 1097 and 4314. How would the existence of 
such features agree with the scheme of the density-wave theory? 

Lin: I must not give the impression that everything is deductive. In 
the text of my paper I emphasize the semi-empirical approach of the 
density-wave theory. I would assume that the structures you describe 
may perhaps also be quasi-stationary. One has to look for the dynamical 
process that is responsible. 

G.D. van Albada: At least in some cases the nuclear spirals observed in 
barred galaxies may be an artifact produced by the projection of a 
curved dust lane on the luminous nuclear region. This conjecture is 
based on the comparison of recent numerical results with e.g. the pic­
tures shown in the Hubble Atlas. 

J.V. Feitzinger: A crucial point is the time scale of growth rates. 

Lin: Indeed, that is a very important point. We believe that the growth 
rates are moderate. Wielen's study of the increase of stellar velocity 
dispersions in the Milky Way points to the same conclusion. The time 
scale for these changes may indeed be too short in the numerical expe­
riments (for reasons given in Section II.3 of the text). 

D. Lynden-Bell: Sellwood has made thorough comparisons of the modes 
determined analytically by Toomre and by Kalnajs with his own detailed 
numerical calculations. He went as far as 105 bodies, without getting 
accurate growth rates, when starting with Poisson noise in phase space. 
However when he started with a special smooth procedure, he managed to 
get almost exact agreement. This may serve as a warning to those in 
the audience who make numerical simulations: it is hard work to get 
exact agreement with analytical results. 

Lin: Was Lindblad resonance involved in that case? 

D. Lynden-Bell: I must ask Sellwood about that. 

J.A. Sellwood (answer supplied after Symposium, on request by Editor): 
No inner Lindblad resonances were involved in these models. The appa­
rent growth rates were too high, because noise interfered with the 
measurements at early times. The amplitudes also soon became non­
linear. 

Lin: I would say that both approaches have their own limitations. The 
analytical theory certainly is now restricted to the linear case; it is 
a difficult step to go on to non-linear analysis. As to numerical 
simulations the plasma physicists, with their decades of experience, 
are very cautious about involving resonances. 
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