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Chapter I (the Introduction) formulates the problem of the spiral structure. A survey of recent
observational data on the structure of spiral galaxies is given in Chap. II. Data are submitted on the
physical composition of the spiral arms, the distribution of the stellar and gaseous constituents of the
galaxies, and the physical state of the interstellar medium. Chapter III deals with the wave theory of
spiral structure. In the contemporary conception, the spiral arms are waves propagating in the galaxy
at frequencies determined by some exciting mechanism (a generator), with their wave number
determined by the dispersion properties of the galaxy. In this approach, the speed of rotation of the
spiral pattern, which equals the frequency divided by the number of arms, does not depend on the
distance to the center of the galaxy; this eliminates the problem of the twisting of the spiral arms by
differential rotation. The conclusions of the wave theory are discussed, and a dispersion equation is
given for the spiral structure of a galaxy. The problem of generation and maintenance of the sprial
pattern is discussed. Numerical galaxy-modeling experiments are examined in Chap. IV. These
experiments point to the formation of spiral structures of wave nature in disciform systems of
gravitating particles. Critical remarks concerning the numerical experiments are offered. The
Conclusion (Chap. V) discusses arguments for and against the wave theory. It is noted that this
theory explains many of the observed facts and that many of its predictions have also been
confirmed by observations.
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I. INTRODUCTION

The mystery of the spiral structure of the giant
galaxies has intrigued investigators for more than half a
century. It is a subject of lively debate, inspiring clever
hypotheses and sometimes even quite radical ideas
affecting the most fundamental of the elements on which
our physical picture of the universe is based. Back in
1928, the singular nature of the spiral-structure phenom-
enon moved Jeans to write that: "Each failure of an
attempt to explain the origin of the spiral branches
makes it more and more difficult to resist the suspicion
that forces totally unknown to us are in operation in the
spiral nebulae—forces that perhaps reflect new and un-
expected metric properties of space. We return again
and again to the notion that the centers of the nebulae
are of the nature of "singular points." From these
points, matter flows into our Universe from some other,
totally extraneous space. To the inhabitant of our
Universe, therefore, the singular points appear as
points in which matter is continuously generated"c ia-1

These lines anticipated, as it were, the drama of

ideas that has been unfolding in contemporary astro-
physics with the discovery of a number of surprising
phenomena and objects in the Universe.

It can be stated that the problem of the spiral struc-
ture was one of the first "dramatis personae" to appear
on stage. Heisenberg, Weizsacker and Chandrasekhar,
Fermi1^2·1, and numerous other authors have attempted
to solve it. But even in recent years, with our substan-
tially advanced understanding of the processes that take
place in stellar systems and with the discovery of possi-
ble mechanisms for the formation and existence of
spirals, mechanisms that involve the physical proper-
ties of such systems, the situation is still, on the whole,
unclear, and there is still room for unorthodox hypothe-
ses.

In 1964, Vorontsov-Veryaminov arrived at the con-
clusion that the entire observed variety of galactic
structural features cannot be explained on the basis of
gravitational, electromagnetic, and other known interac-
tions'-3-1. Arp1-4·1 cites a series of observational data that
he considers to favor the hypothesis in which the spirals
originated as a result of gigantic explosions in the
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galactic nuclei. Hoyle does not reject the possibility
that the spiral branches formed as a result of production
of matter in the galactic nuclei, with subsequent outflow
of this matter from the center. Nevertheless, the recent
rapid development of theoretical research on the phys-
ical properties of stellar systems of the type of the ob-
served spiral galaxies justifies optimism as to the pos-
sibility of explaining the spiral structure of the galaxies
within the framework of known physical laws. It is found
that the fundamental difficulties of theory are resolved
if the possibility of collective excitations in stellar sys-
tems is taken into account. We refer here primarily to
a property of rotating disk-shaped galaxies that consists
in the possible existence of spiral mass-density waves
in these galaxies.

According to the wave theory that is now being devel-
oped in many countries, the spiral branches of the gal-
axies are nothing else but density waves propagating
across of the galactic disk, and the process of propaga-
tion is one of rotation of the wave as a solid (in contrast
to the differential rotation of the matter in the galaxy).

Our object here is to review observational data in the
spiral structure of galaxies and the present state of the
theory of the spiral structure.

II. OBSERVATIONAL DATA ON THE STRUCTURE OF
THE SPIRAL GALAXIES

1. Morphology and physical properties of the spiral
galaxies. The "grand-design" brightness distribution
patterns of most observable spiral galaxies have many
features in common. This enables us to devise a kind of
morphological classification that groups the galaxies on
the basis of apparent (optical) criteria. The first classi-
fication of this kind was the well-known Hubble se-
quence1-5-1, which has retained its central significance to
this day (Fig. 1). This sequence divides all galaxies into
three major types—types E, S, and SB. The first includes
the spherical and elliptical galaxies, the second the so-
called normal spirals, and the third spirals with a cen-
tral bar. The second and third types are broken down into
into three subtypes: Sa, Sb, Sc, and SBa, SBb, and SBc,
which correspond to the transition from tight (closed)
spirals to open spirals.

This simple classification is highly convenient in
many respects. Its chief merit, in virtue of which it is
still useful today, is apparently that it usually reflects
not only the visible features of the galaxies, but also to a
certain extent their physical properties.

The classification proposed by de Vaucouleurs t8-1 is
widely used (Fig. 2). It is also based on visible (optical)
attributes, and, as compared with Hubble's classification,
takes more detailed account of differences in the spiral
designs of the galaxies. In speaking of the visible fea-
tures of global structure, which both Hubble and
de Vaucouleurs classified as different types of spirals
(and rings), it must be remembered that there are many
galaxies with a regular grand-design structure that have
little in common with the spiral galaxy. A considerable
number of galaxies of this type that do not fit into the
known morphological classifications are enumerated
inW.

2. Relation between the visible spiral design and the
physical properties of the galaxies. In very many cases,
it is possible to discern a dependence of the nature of
the spiral design, specifically the tightness of the spiral

branches (the basis of Hubble's classification) and their
thickness, on the global mass distribution in the galaxy.
Thus, Sa galaxies, which are characterized by tightly
wound spirals, usually show a strong concentration of
mass toward the center. Here the great bulk of the total
mass is situated in the central region and forms what
might be called a central body (bulge). The strong con-
centration of mass toward the centers of Sa galaxies is
associated with a dense spherical subsystem of old stars
(stars of late spectral classes), which have widely scat-
tered velocities and small systematic (rotational) mo-
tion. The transition to more open and wider spirals, i.e.,
from Sa to Sb and Sc, is accompanied by a decrease in
the significance of the bulge. Type Sc spirals have a
much smaller concentration of mass toward the center.
A flat subsystem of young stars (stars of early spectral
classes) becomes a significant factor in their dynamics.
Rotation is more important for this subsystem, while the
scatter of the star velocities is small.

Van den Berg117-1 recently drew attention to the follow-
ing fact. As a rule, supergiant galaxies have an exten-
sive, wide, and well-developed spiral structure. Normal
galaxies usually have only rudimentary structure. And,
finally, dwarf galaxies of the late type have no spiral
structure at all. Thus, note is taken of a relation be-
tween the mass of the galaxy and the development of
spiral structure.

3. Trailing and leading spirals. The question as to
the direction in which the spiral branches are wound is
a weighty one in the spiral-structure problem. Are the

•«««β 1 ·

FIG. 1. Hubble's "tuning-fork" diagram.
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spiral branches trailing, i.e., do they open counter to the
direction of rotation, or are they opening in the direction
of rotation, i.e., leading? There is as yet no definite
answer to this question. Nevertheless, the overwhelming
majority of investigators are inclined to favor trailing
branches. The state of this problem is discussed in de-
tail in the review[ 6 ] (p. 376).

Vorontsov-Vel'yaminov's discovery of the so-called
γ forms'-3-' is highly important for the problem at hand.
Coexisting spiral branches with opposite directions of
twist are really observed in several galaxies. On inter-
secting, these branches form a structure with a super-
ficial resemblance to the Greek letter γ. Since the
probability of coexistence in a galaxy of subsystems that
rotate in opposite directions is very small, Vorontsov-
VePyaminov concludes that the spirals in a galaxy can,
in principle, be either leading or trailing. We do indeed
observe coexistence in the γ forms. He arrived at the
same result in an analysis of the structure of close
pairs of spiral galaxies1^.

4. Physical composition of the spiral branches. The
spiral structure of external galaxies is observed in the
optical band (it has also been possible to detect spiral
structure in the radio band in Μ 31, Μ 51, and
NGC 42581-9-'. Thus we see primarily a brightness dis-
tribution, which, generally speaking, does not reflect
the over-all mass distribution. The spiral branches owe
their high luminosity to the fact that the brightest objects
in the galaxy are concentrated in them: giant stars of the
early OB spectral classes and clusters of clouds of ion-
ized hydrogen HII which have high luminosity in their
emission lines.

Certain galaxies show a distinct spiral structure out-
lined by stars of later spectral class that belong to the
old population of the galaxy's spherical and disk sub-
systems. This phenomenon was discovered by Zwicky^10-1

in the galaxy M51, which has broad spiral branches of
yellow stars. A similar picture was later observed in
certain other galaxies.

Analyzing the presently available data on the composi-
tion of the spiral branches, we may conclude the exis-
tence of four basic types of objects that indicate spiral
structure: a) HII regions; b) belts of dust (clouds of ab-
sorbing dust); c) blue supergiants (with a certain admix-
ture of red supergiants of the h-χ Persei type) and
d) "nonblue" stars (see, for example, t l l ] . It also ap-
pears that pulsars concentrate in the spiral branches1-12-1.
Morganr "-1 called for particular attention to the fact that
each of the four types of indicators determines the struc-
ture of the spiral branches in a different way. He ob-
served that the ΗΠ regions determine arm segments that
are narrow and noticeably irregular in shape. Arms de-
fined by dust spots are also narrow, but are quite regular
in the internal regions of the main body of the branch.
The pattern defined by the dust spots often coincides with
that obtained from the HII regions. Blue supergiants
form spiral-like segments whose shape is less clearly
defined than by objects a) and b). The "nonblue stars" in
internal regions of the galaxy have the smoothest and
most regular configurations. The local width of the
branch is also different for the different objects: it in-
creases from ΗΠ regions (narrowest branches) toward
the "nonblue stars" (the broadest branches). These indi-
cators often yield totally different pictures of the spiral
structure in internal and external regions of the galaxy.
Thus, there are two principal spiral branches of stars in

the internal region of Μ 38; in the outer region, the
structure is complex, with many arms, and is to a sub-
stantial degree independent of the other principal
a r m s [ l l ] .

The substantially different spatial arrangement of the
spirals of young (type a), b), and c)) and old (type d) ob-
jects would appear to be the most remarkable feature'-10·'.
The corresponding branches are found to be shifted con-
siderably with respect to one another in azimuth. This
circumstance should be an important factor in the theory
of the origin of the spiral branches, in attempts to ex-
plain the phenomenon of spiral structure.

Spatial noncoincidence of the indicators of spirals
with different ages has also recently been detected in
objects that do not differ so greatly in age. For example,
it is reported in1-13-1 that the younger Cepheids in the
spiral branches of Μ 31 concentrate toward the interior
of a spiral branch, and old ones toward the exterior.
Thus, we observe a distinct stellar-age gradient across
the arm. There have been references to the existence
of the opposite gradient in Μ 3 3 [ 1 4 ] . It is possible that a
similar pattern obtains in our Galaxyc

pos

But it also appears that the ages of the objects con-
centrated in the spirals (at least young ones) do not de-
pend on distance from the center, i.e., there is no age
gradient along the branch. This has been demonstrated
by Markaryan for stellar associations in Μ 51 and
Μ 101 C l 7 ] , as well in NGC 6946C18:1.

5. Distribution of neutral hydrogen Η I. The spiral
structure of our Galaxy. Neutral hydrogen Η I, which is
observed for the most part in the 21-cm radio line, is of
special importance as an indicator of spiral structure.
Our galaxy is transparent in this line, and the distribu-
tion of Η I regions can be observed throughout most of
its volume.

Westerhout^191 was the first to chart the neutral
hydrogen distribution of the Galaxy in any detail. Oort
et al. interpreted the resulting distribution as repre-
senting the spiral-structure pattern of the Galaxy with
tightly twisted spiral branches of the kind typical for
type Sb galaxies. A refined picture was proposed by
Kerr and Westerhout1-21-1. On the basis of recent obser-
vations, Kerrt22-1 obtained a more complete and accurate
version of the Η I distribution pattern (Fig. 3).

According to Kerr, Η I forms spiral branches one of
which passes through the part of the Galaxy outward of
the sun, while the other two lie between the sun and the
"three-kiloparsec arm." The twist angle of the branches
is 7°.

A substantially different picture of the spirals was
constructed by Weaver[ 2 4 : (see also1 1 2 5 3). Here there is
only a single principal spiral arm, which has a twist
angle of about 12°.5 and passes near the sun. In the
other regions, in which Kerr draws regular principal
arms, Weaver finds only secondary local features, such
as branchings, etc. (see Fig. 3). Thus, we now have two
divergent pictures of the Galaxy's spiral structure. The
difference between Kerr and Weaver arises out of the
following state of affairs. With the increasing resolving
power of radio telescopes, the finer structure of the
radiohydrogen distribution has recently been established.
It has proven to be extremely irregular; the hydrogen is
concentrated in chaotically scattered and quite extensive
but local formations. The global picture depends mater-
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FIG. 3. Neutral hydrogen distribution charts according to Kerr
(1969) and Weaver (1970) for the Galaxy I 2 3 ] and the theoretical spiral
structure!7 5 ] . The sun is situated at a distance of 10 kpc (plus sign). The
dashed line indicates the theoretical design for mode k0 with m = 2 and
Ωρ = 23 km/sec-kpc for comparison with the charts of Kerr (a) and
Weaver (b).

ially on how we join these local formations. Using dif-
ferent criteria for this joining, Kerr and Weaver ob-
tained different pictures. On the whole, the strong irreg-
ularity of the HII regions that has recently been dis-
cerned has moved certain astronomers to favor the use
of the term "spiral structural features" instead of
"spiral arms' ,[23]

In regard to the optical spiral structure, most
astronomers have now accepted the conclusion'-23'' that
the concentration of young stars observed in the neigh-
borhood of the sun, which form the so-called Orion arm,
do not represent a principal spiral branch. On Kerr's
chart, this optical formation has nothing in common with
the ΗI distribution; it forms a rather large angle with
the hydrogen spiral branch, and has a twist angle of
« 25°. According to Weaver '-"•', the region in which the
Orion arm is localized coincides with a ramification,
also at a twist angle of *=» 25°, of neutral hydrogen from
the main branch. It is Weaver's view that this deals
once and for all with the long-disputed problem of the
noncoincidence of the optical and radio patterns of the
spiral branches in the vicinity of the sun.

The optical spiral structure of the Galaxy as recently
constructed by Courtes et al. ̂ ^ now appears highly
interesting. Here the optical ΗII regions serve as branch
indicators. Observations of the radial velocities of
6000 Η Π regions were used to construct a picture that
includes four spiral arms whose localizations agree with
those of the Perseus, Cygnus, Sagitta-Carina, and
Norma-Centaurus arms, which are known from ΗI reg-
ions. However, in disagreement with the 6—7° twist of
the branches according to Kerr, the twist angle of the
branches in the new pattern of the spiral structure is
20° (Fig. 4 ; [ 2 e b ] ) .

6. State of the interstellar medium. Since our basic
information on the spiral structure of the Galaxy is ob-
tained from hydrogen data, it is important to know the
physical state of the interstellar medium if we are to
compare theory with observations. Study of processes
in the interstellar medium, and of the large-scale mo-
tions of the interstellar gas in particular, may yield new
clues as to the mechanism of formation and maintain-
ance of the spiral design.

Three regions can now be distinguished in the inter-
stellar medium: a hierarchy of gas concentrations (gas
clouds), the intercloud medium, and the interarm med-
ium t23-'. Clark proposed in 1965 that the gas in the arms
is in the form of cold, dense clouds and a rarefied hot
intercloud gas that may be in pressure equilibrium with
the clouds'^. This has been confirmed by subsequent
studies (see the reviewL2Sl). The approximate tempera-
ture range of the clouds is 20 to 160° K, while the inter-
cloud medium has temperatures of the order of several
thousand degrees Kelvin'-23-'. The interarm medium is
extremely rarefied; its density is no more than one-
tenth the average density in the arms, and its tempera-
ture is on the order of several thousand degrees (see,
for example,[2β:!).

Large-scale motions of enormous gas complexes are
observed in the plane of our Galaxy. These are the well-
known "3-kiloparsec arm," which moves radially out-
ward from the center at a velocity of ,50 km/sec, and the
"4-kiloparsec arm," which moves in the opposite direc-
tion, also away from the center, at a velocity of about
135 km/sec. These processes apparently testify to ac-
tivity in the central regions of the Galaxy, which eject
enormous masses of gas in explosive fashion. This
model of the origin of these complexes was analyzed
in1- . There are indications that such explosive proces-
ses occur not only in the nuclei of galaxies, but also in
the spiral branches (where, of course, they are less
powerful). In certain galaxies, e.g., NGC 3486, numerous
branchings that form a secondary spiral structure ex-
tend almost at right angles from the main branches.
This can be linked to activity of the principal branches,

FIG. 4. Diagram of spiral arms in
our Galaxy according to observations of
ΗII regions [2 6 b ]. The distance to the
sun is 8.2 kpc.
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which results in the ejection of enormous masses of
matter from the central body that are later set in rota-
tion1131-1. In our Galaxy, for example, Kepner[ 3 2 ] studied
hydrogen clouds of low density that are situated at a
considerable distance above the plane of the Galaxy (up
to a kiloparsec). Ooort associates these clouds with an
explosion similar to that known to have occurred in the
Small Magellanic Cloud1-23-1, with the result that sub-
stantial masses of gas were ejected high above the
galactic plane.

It appears that regular motion of neutral hydrogen
coincides in our Galaxy with the motion of ΗII regions.
It follows from a study by Mezger et al. (see[35-1) that
there is no systematic difference greater than a few
km /sec between the velocities of ΗI and ΗII regions.
In all probability, ΗI and Η Π regions and young stars
generally move together1-33-1. Among other things, this
circumstance can serve as an argument in favor of
coincidence of the optical and radio pictures of the
spirals in the Galaxy.

Various details of the spiral-structure pattern des-
cribed above for external galaxies and our own were
discussed in greater detail in the reviews1-3441-1.

III. THE WAVE THEORY OF THE SPIRAL
STRUCTURE

The chief problem of spiral-structure theory is to
explain the following points: a) why some galaxies have
a clearly pronounced spiral design that extends over the
entire disk of the galaxy, and b) why this design exists
over many revolutions of the galaxy despite the destruc-
tive effects of differential rotation. The problem was
elegantly formulated by Oort: "In systems with strong
differential rotation, such as is observed in all unbarred
spiral galaxies, spiral features are perfectly natural.
Any structural inhomogeneity will probably be twisted to
form part of a spiral. But it is not this phenomenon with
which we should be concerned. We must explain the
spiral structure that encompasses the entire galaxy,
from its nucleus to its outermost reaches, and consists
of two arms that emerge from two diametrally opposite
points. Although this structure is often hopelessly clot-
ted and irregular, the general pattern of the large-scale
phenomenon can still be distinguished in many galax-

^ 3

The first part of the problem (a) is now often referred
to as the problem of the existence of the global structure
(grand design), while the second part (b) is called the
"survival" (persistence) problem.

There are now serious grounds for the idea that the
visible spirals in normal galaxies1' are spiral density
waves, which can exist in such systems, and that their
propagation is a process of rotation as a solid about the
center of the galaxy at a certain fixed phase velocity.
The density-wave hypothesis makes it possible to re-
solve the basic difficulty in the problem of spiral struc-
ture, which is that any nonaxisymmetric conglomerate
of matter is quickly set in differential rotation, dissipat-
ing in the system after a few revolutions. But if the
spiral branches are waves, and not conglomerates of
matter, conditions exist for the rotation of such waves
as solid bodies despite the general differential rotation
of the system; thus, the wave theory answers both of the
questions posed above.

The wave theory of the spiral structure was devel-

oped over many years by Lindblad, to whom we owe the
very idea of spiral density waves in galaxies'-44'45-1.
However, his work was not widely recognized. The prin-
cipal reason for this seems to have been that his theory,
which was constructed in terms of orbits and made use
of numerous assumptions and approximations, is diffi-
cult to follow in its details. But what was perhaps more
important for astronomers was the fact that Lindblad
insisted on leading spirals, which was contrary to the
prevailing opinion. A new stage in spiral-structure
theory is associated with the work of Lin and Shu^46-1, in
which the spiral waves were treated as collective mo-
tions in a self-gravitating disk that could be described
by the equations of the continuous medium. A more ade-
quate analysis was given later on the basis of a collision-
less kinetic equation1-47-1, and Lin et al. gave a complete
formulation of the conceptual and quantitative aspects of
the theory in^48^. The wave theory was elaborated con-
currently on the basis of Lin's ideas by a number of
other authors (see below, and also the
reviews t 2 3 ' 3 8 ' 4 9 " 5 ^ ) . Many aspects of the wave
pattern of the spiral structure have now been clarified
as a result.

1. The model of the galaxy. In first approximation,
the spiral density waves can be regarded as small per-
turbations against an equilibrium axisymmetric back-
ground distribution of the galactic mass. The properties
of the waves are entirely determined by the equilibrium
parameters of the system, and for this reason it is first
necessary to construct an equilibrium model of the
galaxy.

Generally speaking, spiral galaxies consist of a num-
ber of subsystems with different kinematic properties
and different types of mass distribution.

The oldest stars form a spherical subsystem. Stars
of this subsystem exhibit wide velocity dispersion, but
the speed at which the subsystem itself rotates is not
very high. The mass distribution is almost spherically
symmetrical, and there is a strong concentration of
mass toward the center. The youngest stars and the
interstellar gas and dust form the plane subsystem. It
rotates at high velocity, but the objects that form it have
a small velocity dispersion. When we speak of the rota-
tion of a galaxy, we usually have in mind the rotation of
precisely this subsystem. In the plane subsystem, mass
is concentrated in a thin disk, with little concentration
toward the center, i.e., density varies little along the
radius of the disk. It is important to note once again that
it is the objects of this subsystem that trace the spirals
in the galaxy.

Between the spherical and plane subsystems, there
is a whole series of subsystems with intermediate prop-
erties. Five subsystems are recognized in our
Galaxy1-55'56-1. The mass of the plane subsystem is
7 · ΙΟ9 Μ , and the mass of the slowly rotating old sub-

®
systems—spherical, disk, and interval—is almost an
order larger at 63 · ΙΟ9 Μ . This makes it clear that
the rotation of the plane subsystem is entirely deter-
mined by the subsystems of old stars, i.e., its equili-
brium is not self-consistent.

On the whole, the spiral galaxy is an extremely com-
plex system, and the construction of a self-consistent
solution for it, one that would state the relationships
among all of the equilibrium parameters of its subsys-
tems (density, velocity of rotation, star velocity distri-
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bution function, etc.) is an extremely complex problem
that has not been solved to this day. This circumstance
forces an appeal to observational data in the choice of
an equilibrium model. A self-consistent solution has
been obtained in certain studies (see, for exam-
ple, [ 5 7 ' 5 8 ] ) for an elementary model of an equilibrium
galaxy regarded as a rapidly rotating thin disk of stars.
However, the inadequacies of this model make it im-
possible to put these results to practical use in explain-
ing processes in real spiral galaxies.

The distribution of the total mass of the galaxy's sub-
systems can be obtained from its observed rotation
curve (for example, the model of Schmidt[59:1 for our
Galaxy). But the difficulty is encountered when it comes
to finding the mass distributions of the various subsys-
tems.

In the equilibrium model, it is necessary to know, in
addition to the mass distribution, the form of the velocity
distribution function and the dependence of the distribu-
tion parameters on distance to the center of the galaxy.
Observations indicate that the distribution in our Galaxy
in the vicinity of the' sun is close to the Schwarzschild
distribution (an anisotropic Maxwell distribution)'-60'61-'.
Investigation of certain possible relaxation mechanisms
also leads to this distribution (for example,'-62"64-'). It
can be supposed that this distribution is realized in most
of the galaxy, although this is not certain. The velocity
dispersion is often determined as a function of galacto-
centric distance on the basis of the hypothesis of mar-
ginal stability2' of the star d i s k 1 ^ , according to which

cr = 0.085 λτ κ (Γ),

where c r is the radial dispersion,

(1)

is the epicyclic frequency,

r da
" 2Ω dr

r) _ 2π (2)

G is the gravitational constant, and a(r) is the surface
density.

Λ thin rapidly rotating disk is taken as a model of
the galaxy in many papers for analysis of the perturba-
tions. The following arguments, among others, can be
cited in favor of this model. Firstly, the spirality of the
galaxy is actually conveyed basically by objects of the
plane subsystem. Secondly, it can be expected that stars
of the spherical subsystem, which have large peculiar
velocities, will make a relatively small contribution to
the self-field of the wave and will have low density con-
trast. These circumstances enable us to confine our-
selves in first approximation to analysis of a thin-disk
model3>.

Two subsystems of stars corresponding to Popula-
tions I and H in the galaxy have been distinguished ex-
plicitly in some papers lS6"!Cii. Having wide velocity
dispersion, Population Π stars can influence only the
"subtle properties" of the waves (instability, etc.), with-
out influencing their dynamics. But it is they that deter-
mine the rotation of the thin disk of Population I (for
further details, see Sec. 6 of Chapter ΠΙ).

2. Spiral waves in disk galaxies. In most cases, the
spiral branches of galaxies represent only small devia-
tions of the density from a density distribution that is
axisymmetric in the mean. Accordingly, the gravita-
tional field associated with the branches is a small

deviation from a gravitational field that is axisymmetric
in the mean. Therefore the spiral structure can be re-
garded in the first approximation of the theory as a
small perturbation of the equilibrium axisymmetric
state of the system, and the situation will be described
by linear equations. The following statements of the
problem then become possible ' - 5 1 ' 7 i i :

a) Find the vibrational modes of the self-consistent
system.

b) Find the self-consistent solution with initial condi-
tions.

c) Find the response of the system to a predeter-
mined spiral potential.4'

In the mode problem, it is necessary to show whether
ι and under which conditions spiral density and potential
' perturbations are solutions of equations describing the

self-consistent behavior of small perturbations in the
system. Let us turn our attention to this problem, which
is the one of greatest interest in spiral-structure theory.

Let f ι and φ ι be small perturbations of the distribu-
tion function and the potential, respectively. The per-
turbed distribution function and the perturbed gravita-
tional potential will be written in the forms

7 = /„('·, z- » . »e. "I) + / i (<•- *. Θ, vr, va, vz, t), I/, | < | / 0 |, (3)

φ = φ 0 (r, ζ) + <Pi (r, Θ, z, t), | φ , | < | φ 0 |. (4)

Let us first consider infinitesimally thin disk models.
Substituting (3) and (4) into the Liouville and Poisson
equations and confining ourselves to linear terms, we
obtain for f x and φ ι

Μ

(6)

It was recognized in the derivation of (5) that centrifugal
force is cancelled by gravitation at equilibrium, i.e.,
dcp/dr + O 2 r = 0.

In the general case, it is not possible to obtain a solu-
tion of Eqs. (5) and (6) in analytic form, tt was shown

[46-483
i n

[46-483
g u c h a c a n b e obtained compara-

tively simply by considering "tightly wound" spiral
waves described by functions of the type

Ai (r, Θ, t) = A" (r) exp {i [ωί - m9 + Φ (r)]}, (7)

where A°(r) is the amplitude, which varies slowly with r,
Φ(Γ) is the radial phase, which varies slowly (mono-
tonically) and is a large quantity, ω is a certain constant,
and m is an integer. The line of constant values of the
functions Ai is given approximately by the equation

\m (Θ _ θ0) = Φ (r) + φ (r0), (8)

which represents a spiral design with m branches. The
spiral design rotates at an angular velocity

where ω ρ is the real part of ω. The radial wave number
is |k(r)|, where

fc(r)=*L. (10)

Putting fi (r) > 0 and m > 0, we find that the spirals will
be trailing if k(r) < 0 and leading if k(r) > 0.

90 Sov. Phys.-Usp., Vol. 17, No. 1, July-August 1974 L. S. Marochnik and A. A. Suchkov 90



The large value of 4>(r) enables us to employ an
asymptotic analysis corresponding to the WKB approxi-
mation. Substituting ft and φι in the forms (7) into Eqs.
(5) and (6), we obtain the following dispersion equation
as an existence condition for spiral-wave solutions in the
first WKB approximation:

, 0 (r) «-* (r) | . (x)
(11)

where χ = k2Cp/*c2, ν = (ω — τηΩ)/κ, and Is(x) are Bessel
functions of imaginary argument. It is assumed in the
derivation of (11) that the velocity distribution is
Schwarzschildian with a dispersion ratio cr/cg = 2fi/«,
and that the peculiar velocities of the stars are small
compared to their circular velocities. Equation (11) was
obtained in1 1 4 8 ' 6 6 1 . Also given inC6e:i is an equation that
is valid for an arbitrary distribution function.

Another notation of Eq. (11) is found to be more con-
venient^^ :

(12)

where
π

1—ν2 Γ . νΐΐ Γ , Ί M f t .
) = 1 — τ,—: \ e-**-*-^08s)cosvsas . (Ιο)

χ [ 2π sin νπ J J v '

The function F^x) is tabulated int4 8 3 . Eqs. (11) and (12)
are valid for

1 _v 2 >0. (14)

The points at which ν = ± 1 (Lindblad resonance points)
require special examination. Equations (11) and (12)
cease to be valid in the neighborhood of these points (for
details see Sec. 5).

The waves described by Eqs. (11) and (12) exhibit the
following propertiesC48: l.

a) They occupy a region of the galactic disk in which
the condition

Ω — — < Ω » < Ω + — (15)

is satisfied. This region will obviously be more exten-
sive the smaller m. Leaving aside the cases with m = 0
and 1, it follows from (15) that a two-arm structure
occupies the largest area of the galactic disk. For the
most typical of the observed rotation curves, the two-
arm pattern occupies the entire area of the galaxy in
which the spiral structure can be traced C48'72}. But for
all m > 2, the region of existence of the wave is found to
be very small for all allowed values of Ω . This prop-
erty of spiral waves may explain why most galaxies are
two-armed.

b) Figure 51"73-1 shows a dispersion curve giving the
dimensionless wavelength λ/λτ as a function of the
dimensionless frequency \v\. It was plotted on the as-
sumption that c r equals the minimum value determined
by the Toomre criterion. Its value is determined from
Eq. (12) with the condition v2 = 0. The range vz > 0
corresponds to neutral waves, and v2 < 0 to instability.
But even if c r ^ c r m i n , the Jeans critical length, which
separates stable from unstable wavelengths, is found to
be so large that the Jeans instability is apparently of no
significance in spiral-structure theory.

c) It follows from (11) and (12) that trailing and lead-
ing spirals have an equal right to exist. Thus, prefer-
ence may not be given to either type of spiral in the ap-
proximation under discussion here.
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FIG. 5. Dispersion curve of disk marginal stability!73 ].

Let us consider the role of the subsystem of stars
with high peculiar velocities and slow rotation C66"69].
This subsystem can be taken into account by including
the density of the stars under consideration, Jf2dvrdvg,
in the Poisson equation (6) and adding to the equation
system (6), (7) the equation for the perturbed distribu-
tion function of the stars of subsystem II:

(16)

In the WKB approximation, this results in the appear-
ance of an additional term in the right-hand side of (42):

vr) dvr

(ω/Λ) — vr

(17)

where at is the unperturbed density of subsystem Π and,
in contrast to (16), the function f" is normalized to unity
and integrated over v#.

Let f ° be a Maxwell distribution. The dispersion equa-
tion can then be written

. 2nGo? Γ F v (i) r 7 f» di>r •;

I * I cl L 1 — v2 X ' » J 1 — (alkvr) J '

where

(18)

(19)

S f « 1, solutions of (18) can be sought by expanding in
a series in powers of ζ. In the zeroth approximation, we
shall obviously simply obtain Eq. (12). This result justi-
fies consideration of only the rotating disk of stars if
Cj/ci <S 1 with comparable σ\ and σ°. However, it is
evident that, in contrast to'-46"48-', it is then not the total
surface density, but only the density of subsystem I
itself that should figure in the dispersion relation.

With a given m, Eqs. (11) and (12) give the relation
between ω and k. Two statements of the problem can be
considered: a) for a given ω, find kfrom (11) and (12),
and b) having given k, find the corresponding frequency
ω. The first formulation corresponds to a physical
situation in which a "generator" in the system excites
oscillations at a fixed frequency ω in a certain region;
propagating, these oscillations form a wave field with
wave frequency ω and a wavelength determined by the
dispersion properties of the system. If the medium is
inhomogeneous, the wavelength will be a function of the
coordinates and will be determined by the dispersion
equation.

It is the possibility of this situation that offers an
explanation for the existence of the global spiral struc-
ture and its "persistence" in the presence of differential
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rotation. In fact, let us assign the frequency with an
arbitrary number in the interval (15) and determine the
corresponding function k(a>, r) from (12). The phase
velocity of the wave along the radius will then naturally
depend on r: u>/k(r) = Vj(r). But it is important for us
that the azimuthal phase velocity Ω = ω/m, i.e., that the
angular velocity of rotation of the spiral design does not
depend on r. Thus, spiral waves can rotate as solid
bodies in systems with differential rotation.

In the above scheme, the velocity of rotation β of the
wave (or the frequency ω) is not defined within the
framework of the theory itself, and is a free parameter.
Since the pattern of the spiral design correlates with
other properties of the galaxies, it is natural to suppose
that this frequency is set by a "generator" whose proper-
ties are determined by the general physical character-
istics of the galaxy (see below).

We can use the equation to construct a picture of the
galactic spiral design by determining the function k(r)
for a fixed Ω . This program was carried out for our
Galaxy i n [ 4 8 ' 7 4 ) 7 5 : l and for the galaxies Μ 33, Μ 51, and
Μ 81 in^72-1. Here Ω ρ was so chosen as to produce the
spiral design in closest agreement with that observed.

Equations (11) and (12) determine two functions k(r)
for each value of ω, one of which increases without limit
at ν = — 1 (Lindblad inner resonance), while the other
vanishes. The situation is reversed at the outer reson-
ance, i.e., at ν = 1 (Fig. 6). With the behavior near the
inner resonance in mind, we shall call the former func-
tion the shortwave mode k^ and the latter the long wave
mode k0.

If Schmidt's 1965 model is used as the model of the
galaxy, agreement can be obtained between the theoreti-
cal and observed designs only for the mode k^48-1 (see
Fig. 6). It is to this mode that we shall have reference
everywhere in the exposition that follows, except for
Sec. 6 of Chapter III, where we shall present alternative
considerations that use the k0 mode in construction of
the theoretical spiral design.

3. Comparison of theory with observations. A com-
parison was drawn in'-48-' between results obtained on the
basis of the wave theory and observational data for the
Galaxy. The comparison was based on four points. It
considered 1) the distribution of neutral hydrogen
(HI regions) in the Galaxy, 2) the systematic motion of

Direction of rotation

of galaxy

X

FIG. 6. Schematic representation of longwave and shortwave
modes I 5 4 ] for the Schmidt (1965) model of the Galaxy.

the gas, 3) the distribution of young stars and other
optical objects, and 4) the migration of fairly young
stars.

a) Distribution of neutral hydrogen. It was found
using Schmidt's model of the Galaxy (Tables I and Π
in1-48-1) that the best agreement with the radiohydrogen
distribution pattern [20~22:i is obtained with ftp = 11-13
km/sec · kiloparsec. The inner lindblad resonance point
ν = — 1 then lies at a distance of « 4 kiloparsecs from the
center of the Galaxy. Brwas assumed in^48^ that the
spiral terminates in a ring according to the theory; this
ring is associated with the "4-kiloparsec arm" in the
Galaxy. But the situation here is more complexC74-1, and
this conclusion is not obvious. On the whole, the model
constructed for the spiral structure yields spiral arms
whose spatial arrangement and number agree with
Kerr^22^. The construction of the theoretical spiral-
structure scheme is set forth in detail in1-76-'.

b) Systematic motion of gas. The rotation curve of
the Galaxy exhibits wavelike irregularities when it is
constructed from the profiles of the 21-cm radio line
on the assumption ofpurely circular motion of the gas
(see, for example,C77^). Analysis of this effect shows
that the waviness is only apparent, since the motion of
the gas is not in fact purely circular: the gas has addi-
tional systematic motions with a velocity of the order of
10 km/sec. The systematic gas motion may owe its ex-
istence to the spiral wave. In fact, matter contracts as
it flows across an arm and changes velocity in accor-
dance with the continuity equation. To explain a velocity
on the order of 10 km/sec, it is sufficient to have a
spiral-wave potential amplitude of about 5% of the axi-
symmetric field. Here the density amplitude in the wave
is about 10% of the average density (in the neighborhood
of the sun), and the contributions of the gas and the stars
are approximately equal. The theoretical profile of the
21-cm line and the apparent rotation curve are found to
agree closely with observations if a value of

11.5 km/sec-kpc is taken for the rotational velocity of
the spiral design.

The spiral-structure model [ 4 8 ' 7 6 ' 7 8 > 7 β : ι yields theo-
retical profiles of the 21-cm line and a theoretical
"apparent" rotation curve that agree with observa-
tions t 4 8 ' 7 6 ' 7 9 " 8 1 3 .

c) Distribution of young stars. It is known that young
- stars of spectral classes Ο and Β form a distinct spiral

design. They are evidently born at points of maximum
gas concentration, and since gas concentrates in the
spiral arms, it is here that the birth of the stars should
occur. Moving at the velocity of the general rotation of
the matter, the newborn stars should be displaced with
respect to the spiral wave design, thus migrating out of
the arm with the course of time. At a velocity Ω
= 13 km/sec-kpc, the displacement of the stars and the
gaseous arm will be about 1.2 kpc after 10 000 000 years
in the neighborhood of the sun, where n(R Θ )
= 25 km/sec-kpc· But because of the small inclination
angle of the arm, the radial displacement will amount to
only a tenth of this value, and would be difficult to detect.
As a result, young optical objects in the Galaxy are dis-
posed within its gaseous branches1^48·1.

d) Migration of stars. A series of papers by
Stromgren et al. developed a method for determining the
ages of young stars accurate to 10—15%. Having deter-
mined the age of a star and having its proper motion
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from observations, the point of its birth can be estab-
lished. Tables compiled in[ 8 2 : i make it easy to plot the
orbits of young stars from the present back to their
times of birth. The region occupied by the birthplaces
of the stars would be expected to form a spiral arm that
existed there at the time of star formation. Stromgren's
first results[ 8 3 ' 8 4 : i showed that the birthplaces of the
stars fall into a spiral-arm region provided it is as-
sumed that the arm rotates at a velocity different from
the velocity of rotation of the galaxy. Yuan'-85'86-' calcu-
lated the pattern of stellar motion in detail backward in
time. Taking account of the effects of the gravitational
field of the spiral arm on the motion of a star, he showed
that when this field has a value equal to 5% of the axi-
symmetric average Galactic field, the region of birth-
place localization forms segments of spiral branches.
According ίο1-86-1, the present branches could have occu-
pied these regions at the birth of stars if they rotate at
a velocity Ω = 13 km/sec · kiloparsec[48>85:1.

In addition to the above four points, the wave theory
explains qualitatively a number of other effects in galax-
ies, which offer a way to test it by quantitative compar-
ison. These include:

e) The deviation of the vertex (i.e., the major axis) of
the velocity ellipsoid.

f) The correlation between the ages and spatial
arrangement of young objects.

It is known that the major axis of the velocity ellip-
soid for young stars in the neighborhood of the sun
deviates appreciably in direction from the line to the
center of the Galaxy, contrary to the theory of the sta-
tionary axisymmetric Galaxy (see, for example, ).
Among other possible causes, this deviation may be an
effect of the field of the spiral wave on the velocity dis-
tribution E6 8'8 7"8 9].

The greater the ages of young stars, the farther do
they recede from the point of maximal gas concentration
at which they were born. Thus a star-age gradient should
exist across an arm, its magnitude and sign depending
on O(r) - Ω . Determining the magnitude of this gradient
for the galaxy Μ 33, Dixon[14] obtained an estimate of
rfi (r) - r Ω : it was found approximately equal to
— 12 km/sec at a distance of 3.4 kpc. If this result is
correct and if the spiral design rotates as a solid, then
Ω ρ = Ω at r = 2.8 kpc and Ω ρ < Ω at r < 2.8 kpc in that

galaxy.

The spiral structures of three galaxies—Μ 33, Μ 51,
and Μ 81—were calculated on the basis of the density-
wave theory in the recent paperC72: l. The known rotation
curves of Μ 33C84'86'9O3, Μ 511·1 '"3, and Μ δ ΐ ^ were
used to construct equilibrium models for these galaxies
by the method developed ΐη^ 5 7 ' 5 8 * 6 3 3 , i.e., the mass dis-
tributions and velocity dispersions of the stars were
found. In accordance with Lin's hypothesis as to the
mechanism of spiral-wave generation in galaxies E94^1

(see also below), the velocity of rotation Ω ρ of the spiral
design was put equal to the velocity Ω ( Γ ) at the point r
corresponding to the most remote regions of ionized-
hydrogen (HII) clouds. It was found to be 16 km/sec
• kiloparsec, 33 km/sec-kpc, and 21.5 km/sec-kpc for
Μ 33, Μ 51, and Μ 81, respectively. Calculation of the
spiral designs with these values of Ω ρ for the galaxies
constructed produced a picture that agrees with their
observed spiral structure.

The velocity of rotation Ω of the spiral pattern can
be determined directly by measuring the ages of various
objects in the cross section of an arm, i.e., by determin-
ing the age gradient across the arm. Such an investiga-
tion was carried out by Courtes and Dubout-Grillon^95-1

for Μ 33. On the basis of their age calculations for ob-
jects in its branches, these authors concluded that Ω
lies in the interval between —24 km/sec-kpc and
+ 25 km/sec-kpc.

The problem of star formation in the spiral branches
is an important aspect of the wave theory. In their early
papers, Lin and Shu1^6-1 advanced a hypothesis according
to which stars are formed at the front of a density wave,
i.e., at points of elevated density of the interstellar gas,
and thus duplicate the form of the spiral arm. Quantita-
tive calculations were made by Fujimoto1-96-1 and
Roberts'-97-' . Roberts considered the formation of stars
in a shock wave that appears in the interstellar gas in
the presence of a spiral density wave moving through the
stellar component of the galactic disk. According
to'-98'99-', a global (covering practically the entire disk)
two-armed shock wave can exist in disk galaxies similar
to our own and serve as a triggering mechanism for the
collapse of gas clouds, which results in star formation.
Here it is found that young stars in a HII region should
be situated on the inner edge of a gaseous ΗI spiral
branch, as is generally confirmed by observations (see
Chap. II).

4. Difficulties of the density-wave theory. As we see
from the above, the wave theory of spiral structure has
produced a number of convincing arguments in its favor.
However, there have been weak spots in the form in
which the theory has existed up to the present time.

a) Behavior of the spiral-wave packet. The most
fundamental difficulties arise in connection with a result
obtained by ToomreI-74-'. He drew attention to the fact
that the evolution of a given spiral pattern must be re-
garded in a realistic scheme as the evolution of a packet
of spiral waves, which is determined by its group veloc-
ity c g .

For the neighborhood of the sun, c g is found to be
» 10 km/sec (/c/kT = 65 km/sec, 3|i/|/8|k*| = 1.5). At
this velocity, a packet covers a distance of 10 kpc in 109

years, i.e., approximately 4 galactic years (in the neigh-
borhood of the sun). Generally speaking, c g is a function
of r, tending to zero as r tends toward the inner reson-
ance (for a trailing spiral). Nevertheless, an exact cal-
culation indicates that about 109 years are required to
cover the distance from 12 kpc to 5 kpc (it will be re-
called that the inner resonance in the spiral design of
Lin et al. lies at about 4 kiloparsec s). During a time on
the order of 4 revolutions of the Galaxy, therefore, the
packet will be drawn toward the inner resonance, ulti-
mately occupying a very small region. Accordingly, the
spiral design will cease to exist as a global phenomenon
occupying the entire galactic disk.

As the packet moves toward the inner resonance TL
its energy density and momentum will increase, i.e., all
of the energy of the packet is concentrated toward the
region in the vicinity of r L . The density amplitude ac-
cordingly increases without limit, but, as has been shown
in a recent paper by Mark^100^ this is accompanied by
absorption of the shortwave mode, so that the packet
dissipates in accordance with Toomre's hypothesis'-74-'.

In addition to the contraction of the wave packet
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toward the resonance, Toomret 7 4 : 1 considers it possible
for the spiral wave to be distorted as a result of a slow
w(t) dependence. Contopoulos t-53·1 also arrived at this
conclusion from an analysis of the evolution of an initial
perturbation.

b) The antispiral theorem. Linden-Bell and
Ostrikerl l 0 1 J showed that spiral waves are not natural
vibration modes in a rotating axisymmetric disk of gas
when dissipation is left out of account. The natural
modes in such a system form a design of the "wagon-
wheel" type. Why this occurs is obvious: there are two
conjugate spiral modes in this system for a given real
value of ω, and they eventually result in a formation of a
"wagon wheel."

The difficulties associated with the antispiral theorem
are evidently not fundamental. They obviously result
from the extremely simple symmetry of the problem,
and it is sufficient to consider a more realistic system
(for example, to include dissipation, magnetic fields,
currents, etc.) to disturb this symmetry t50-1. Finally,
initial conditions introduce the necessary asymmetry^50·1.
It is argued in1-102-1 that the antispiral theorem reflects
the reversibility of the equations of the motion in time.
Allowance for dissipation, which distinguishes the "time
arrow," is cited as the factor that makes the reversal of
time impossible and, consequently, violates the anti-
spiral theorem. As we know, the "time arrow" is also
distinguished by the initial conditions, so that the latter
may be sufficient to circumvent the above difficulties.

Before turning to a discussion of the difficulties that
arise due to the quick disappearance of the spiral-wave
packet, let us take note of the following. Several authors
endorse the view that the behavior of the wave near the
Lindblad resonance is determined in the linear theory
by the conditions of "matching" of the solutions in the
WKB approximation far from the "turning points" and in
the neighborhood of these "turning points." The possi-
bility of reflection of the wave is considered here along
with absorption (see, for example^ιαί1). However, as we
have already noted, the Lindblad resonance point cannot
be a reflection point for the shortwave solution of inter-
est to us, since k e = « at that point. The quantization
rules are not satisfied for this reason, and, consequently,
the Ω spectrum is continuous. In contrast to the "turn-
ing points," near which the conditions for validity of the
WKB cease to apply, these conditions, are to the con-
trary, satisfied with increasing exactness near Lindblad
resonance points, so that in this respect there is no need
to speak of a special investigation of the solution in the
neighborhood of resonances. The result obtained by
Mark^100·1 —finiteness of k^ at the point r = r^—does not
affect this conclusion.

5. The problem of generation and persistence of the
spiral design. Because of the serious theoretical diffi-
culties encountered in the picture of the spiral structure
according to Lin et al. that is under discussion here,
what it requires most at the present time is clarification
of the question as to the excitation and persistence of the
spiral design. There are as yet only certain general con-
siderations in respect to the generation and persistence
mechanism. Let us cite some of them.

a) Gravitational fragmentation of gas. Lin'-94-' as-
sumed that gravitational instability (Jeans instability) in
the outer regions of a galaxy may constitute such a
mechanism. His argument is as follows. According to

^103-1, a disk is locally Jeans-unstable if the dis-

persion of the star velocities or the turbulent motion of
the gas is below a critical level. There are few stars in
the outer regions of a galaxy, and turbulent motion can be
dissipated rapidly. This creates conditions for the insta-
bility considered by Toomre. Its development results in
the formation of structural inhomogeneities, which, ro-
tating at the local circular velocity, are stretched out
into spiral fragments by the general differential rotation.
The dynamics of such inhomogeneities was analyzed in
detail i n C l M l .

Perturbations that have appeared generate spiral
waves in the disk. The velocity of rotation of the wave
equals the velocity of the disk in the region of instabil-
ity, i.e., this region is a region of corotation. Thus, the
frequency of the wave is determined by the velocity of
the galaxy in its outer regions; it is the structural in-
homogeneities in rotation here that form the "generator"
that determines the frequency.

More strictly speaking, it is necessary to consider
the generation not of a specific mode, but of a wave
packet that moves toward the inner resonance. It is not
immediately obvious that wave systems generated in the
outer region will produce a quasistationary structure
over the entire disk. Firstly, the energy of perturbations
arising at random in the outer parts of the disk is limi-
ted. Moreover, it is, generally speaking, dissipated as
it propagates.

According to Lin , the following may offer a way
out of these difficulties. Between the inner resonance
(or the center of the galaxy if there is no resonance) and
the corotation point (i.e., the regions in which Ω = Ω),

he suggests the possibility of a feedback that permits
pumping of energy from the resonance (center), where it
accumulates, to the "generator." This is accomplished
as follows. If there is no inner resonance, a wave con-
verging toward the center has a high enough amplitude to
cause distortion of the central part of the galaxy in the
form of a "short bar." This configuration rotates at a
velocity Ω corresponding to the velocity of the perturb-
ing wave. The perturbed gravitational field associated
with the "bar" propagates outward on "long waves"
(short waves can propagate outward only in the case of
a leading spiral). The effect of this wave will be felt
most strongly at the corotation point, where the velocity
of rotation Ω of the perturbed field coincides with the
velocity of rotation (2 of the matter. According to Lin,
therefore, at least partial transfer of energy occurs in a
galaxy from its internal region to its external region (to
the "generator"), and this makes the persistence of a
relatively stationary structure possible.

If a sufficiently sharp Lindblad resonance exists, the
wave cannot penetrate to the center of the system. As
was shown by Contopoulos t51-1, the orbits of stars in the
field of a spiral wave near resonance occupy a certain
oval. This oval-shaped structure plays the same role as
the bar in the former case, i.e., the wave is reflected
through it from the resonance.

A number of serious objections can be raised to the
qualitative pattern of generation and persistence of the
spiral design proposed by Lin. Among other things, it
would appear more probable that an instability at the
edge of the galaxy would result in the formation of
chaotically scattered clumps of matter that would gener-
ate a whole spectrum of waves. Superposition of these
waves should therefore produce a chaotic pattern. There
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is doubt as to the possibility of reflection of a wave from
the inner part of the galaxy. Near this region, the spiral
turns into a ring (λ — 0) and the field of the wave pos-
sesses rotational symmetry, so that bar distortion of
the central region would appear to be impossible. Ac-
cording to [ l o o : r , k B is finite at r = r ^ but absorption
rather than reflection of the wave occurs. And even if
reflection does occur, a "short" leading wave should ap-
pear in addition to the "long" trailing wave, and waves of
both types should then always be superposed. Without
going into greater detail, we note that Lin's hypothesis
appears, on the whole, to be quite artificial.

b) Close encounters with neighboring galaxies.

Toomre1-74'105·1 considered the possibility of formation
of a spiral structure as a result of oscillations excited
in a galaxy during a close encounter with a neighboring
galaxy. In our Galaxy, for example, this process might
have been associated with the passage of the Large
Magellanic Cloud, which was at perigalacticon
20—25 kpc away about 5 χ 108 years ago. The well-
known galaxy Μ 51 and its companion, along with certain
others, also draw attention to this possibility. A numer-
ical experiment was designed in^106-1 to study the
response of a model of a given galaxy in the form of a
system of material points moving along closed orbits in
the field of a large central body to a close passage of a
massive body in the form of another galaxy. A develop-
ing spiral structure emerges clearly in the body of the
first galaxy. And even though the model used was highly
inadequate to the real system, the result is impressive.

Nevertheless, the enormous number of spiral galaxies
without companions makes it appear improbable that
this mechanism could be by any means universal.

c) Two-stream instabilities. In principle, a certain
local instability of a globally Jeans-stable disk of stars
could preserve a spiral wave design (ultrastability[74]).
Lin and Shu ^ spoke of local instability of spiral modes
arising in the second WKB approximation. However, a
detailed analysis showed that this effect does not
occur i 7 i \

A local instability of the two-stream type resulting
from the presence of a weakly rotating subsystem of
stars in real galaxies was examined as a spiral-wave
generating mechanism ΐπ^5 1'6 6»6 9]. jhe increment of
this instability is found to be approximately equal to

V(r)==v(r)"1. (20)

We see from (20) that y(r) formally increases without
limit as v(r) -~ 0, so that the frequency of the wave being
amplified satisfies the corotation criterion. The result
is a situation in which a wave that has somehow been
excited is thereafter preserved by this instability. As
we have already noted, only an insignificant amount of
energy is necessary in the corotation region to obtain a
large wave effect. Thus the instability of (20), acting
only in the corotation region, is not necessarily strong.
But still the time of its development should be of the
order of the lifetime of the packet, since otherwise it will
will not be capable of preserving the pattern.

It was shown jn^67'107-1 that spiral waves in the Galaxy
are found to be Jeans-unstable when the spherical sub-
system is taken into account. The significance of the
various subsystems in the spiral-wave instability has
also been discussed in^108-1.

d) Generation of waves by resonances. Linden-Bell
made a qualitative analysis of the possibility of genera-
tion and maintainance of spiral structure by resonant
processes unfolding in a corotation region in which
"particle" resonance occurs (the epicenters of the "par-
ticles"—star and wave—move at the same velocity1·1091).
However, the detailed analysis inC110^ showed that the
qualitative arguments cited are incorrect. The role of
the inner Lindblad resonance in the generation and main-
tenance of the spiral pattern was investigated in the
same paper. The idea consists in the following. The
equilibrium state of a disk in differential rotation is a
state with an energy minimum at a given angular mo-
mentum distribution. Linden-Bell and KalnajsCllo:l

showed that this minimum can be lowered even further

if nonaxisymmetric perturbations that transfer momen-
tum outward exist. It is found that trailing spiral waves
are the only possible perturbations of this type. As ex-
pressed by the authors, these results determine the
"cause" of the existence of the spirals and their "pur-
pose," which is to "help" the galaxy in its dynamic revo-
lution. The actual question as to the specific mechanism
of wave generation at the resonance remained open, but
the results obtained are nevertheless of great importance
for the entire wave conception. They enable us to view
the problem from a somewhat different angle, namely
from the standpoint of the general dynamic evolution of
the galaxy. Specifically, though, the location of the wave
generator is an extremely important question in the
wave theory[ 7 5 ]. Indications that it should be at the
inner resonance correlate very well with the results
ofc?s:i (see also Sec. 6 below), from which it follows
that the spiral structure of our Galaxy must be genera-
ted in its central region.

e) Gradient instabilities. Systems with velocity-dis-
persion and density gradients along their radii may be
unstable. The hypothesis has been advanced that the
instabilities may be manifested in the formation of a
spiral structure (see, for example,[ l l i ; l).

Another variety of gradient instability was considered
in^1 1^. In a differentially rotating self-gravitating in-
finitesimally thin disk consisting of magnetized inter-
stellar gas and stars, spiral density waves are unstable
with an increment proportional to HrHgrd/fi/dr. This in-
stability is related to the presence of the magnetic field
and the differential nature of the rotation»

f) Shear instability. Harrison Ε113 a ] sees a possibility
of spiral-structure generation in the instability of oblique
waves in a system with intersecting flows. He consid-
ered a simple model: plane oblique waves in a uniformly
rotating system with radial flow. The wave amplitude
increases in such a system. However, the excessive
simplification of the situation examined here excludes
direct application of the results to galaxies.

We offer the following general remarks concerning
local instabilities.

In most cases, they cannot act as generators of waves
that form a regular structure. In fact, at each given dis-
tance from the center of the galaxy, an instability excites
a wave with its "own" local frequency, equal to the angu-
lar velocity of the rotation at that distance. In sum, these
waves will produce a pattern with virtually no resem-
blance to a spiral design. At best, it will give rise to
turbulence. But there may also be a situation similar to
local (in velocity space) instability of a Maxwellian
velocity distribution in a collisionless plasma. As we
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know, this distribution can, in the collisionless case, be
represented as a system of mutually penetrating
streams. Generally speaking, the streams are unstable,
but the distribution on the whole is stable1-1 -1.

To bring out a single frequency, the instability must
develop only at some specific distance from the center.
For Lin, for example, this occurs in the outer regions
of the galaxy, where gravitational condensation is possi-
ble.

To summarize the above, it may be concluded that
the fundamental question of the theory of spiral galactic
structure remains open within the framework of the
theory of Lin et al.: the question as to the generation
and persistence of the spiral design. The situation will
perhaps become more definite as a result of study of the
behavior of a wave at the singular points of the galaxy:
at the center, at the margin, and at the Lindblad reson-
ance points. The phenomena that unfold here may be
essentially nonlinear (see Sec. 7).

It appears more likely that the solution of the problem
as a whole will be found in the scheme set forth below,
which is, in a certain sense, an alternative to the scheme
of Lin et al.

6. The ko mode and the spiral design of the Galaxy.
The difficulties that arise in the scheme expounded by
Lin et al. are absent in an alternative scheme of the
wave theory that was proposed in'-75-'. This paper was
based on the idea that instead of the total surface density
a(r) of the Galaxy, only the surface density ai(r) of the
plane subsystem should be substituted into the disper-
sion equation, since the parameter f (19) is very small
in our Galaxy, on the order of 1(TZ to 10"3.

Substituting σ χ for a(r) changes the situation radically.
The density of the plane subsystem varies weakly with
distance from the Galactic center. It was therefore as-
sumed in^75-1 that σι = const. Then the mode k0 rather
than kOT is found to agree with the observed picture.
Figures 3a and 3b present a comparison of the theo-
retically calculated spiral design with the neutral hydro-
gen distributions according to Weaver1^4-1 and Kerr1-22-1

for k0. Very good agreement with observations is ob-
tained with Ω β = 23 km/sec-kpc and σι = 40Μ # /nc2.

The inner and outer Lindblad resonances then take posi-
tions at approximately 2 kpc and 14 kpc, respectively. It
is interesting that in the Weaver pattern, a ring of neu-
tral hydrogen is situated at the distance of 2 kiloparsecs
from the center and may therefore be associated with the
presence of the inner resonance in this region.

According to the Schmidt model, the total density
σ = 40Μ /nc2 corresponds to r = 14—15 kpc. It would

seem reasonable to assume that the total density is
practically the same as the density of the plane subsys-
tem at this distance from the center of the Galaxy.
Thus, the values found for Ω ρ and σι appear natural.

The group velocity of a packet of trailing waves of k0

modes is positive, i.e., directed outward from the center
of the Galaxy, unlike the case of k^. Η, therefore, some
constantly running "generator" exists in the central reg-
ion, it could "chase" spiral waves across the galactic
disk, and the problem of the "persistence" of the spiral
design would not exist. A slowly rotating (by comparison
with the disk) bar of old stars, such as is often seen in
the central regions of galaxies, was proposed i n 1 ^ as
such a generator. Obviously, the angular phase velocity

, Ω ρ of the spiral waves must coincide with the angular
velocity of the bar, which is thus found to be on the
order of 23 km/sec-kpc for our Galaxy. It follows from
the rotation curve that Ω = 93 km/sec-kpc at a distance
of 2 kpc from the center, so that Ω / Ω = 4, i.e., it is of
the order of the angular-velocity ratio of the plane and
spherical subsystems. This is an argument in favor of
the hypothesis of the bar of old stars. Otherwise, it ap-
pears that waves could also be generated by active proc-
esses in the galactic nuclei. This problem requires
special treatment.

We note several important points in connection with
the concept set forth above:

a) Disturbance of the regular spiral structure is ob-
served at distances on the order of 14—15 kpc from the
center (i.e., on the rim of the galactic disk) in Kerr and
Weaver's pattern. Within the framework of the scheme
considered here, this may be a consequence of a packet
of k0 modes behaving on its approach to the outer reso-
nance (v— 1) in the same way as a packet of kM modes
approaching the inner resonance (see Fig. 6). The ampli-
tude and energy increase and nonlinear effects come into
play and could probably result in turbulization and dis-
integration of the structure.

b) If the wave generator is in fact a rotating bar, it
would then evidently be possible to understand, at least
qualitatively, the origin of a "spectrum" of different
transitional forms among the spiral galaxies, for exam-
ple the basic type in de Vaucouleurs' classification in
Fig. 2 (for greater detail see[ 7 5 : i).

There is a difficulty in this conception, arising out of
the fact that agreement with the observed patterns of
KerrC22:i and Weaver t2 1 3 is obtained at Ω

= 23 km/sec-kpc, while Stromgren's estimate of the
angular phase velocity of the waves'183-1 gives Ω
= 20 km/sec-kpc, and it is even smaller according to
Yuant85^ (see Sec. 3). Improvement of the numerical
data may be necessary here.

7. Resonance effects of the spiral galaxies.
a) Lindblad resonance. Certain features connected

with the behavior of a wave near a Lindblad resonance
were examined by Contopoulostlwl.

Two types of stable resonant periodic orbits were
found near resonance. In response to the growing field
of the spiral wave, increasing numbers of stars transfer
from originally epicyclie orbits to new resonant periodic
orbits. The result is a redistribution of density from the
original axisymmetric distribution to one that has nearly
quadrupolar symmetry. In Contopoulos' opinion, transfer
of stars to resonant orbits can result in nonlinear limi-
tation of the wave-amplitude increase near resonance.
In1-115-1, the response of the system near the inner
Lindblad resonance to a given increasing spiral field
was studied in the linear approximation. It was found
that:

1) In all cases, the response in angle has a positive
phase shift, i.e., a density maximum precedes a potential
minimum in the direction of rotation.

2) This shift is small in the outer parts of the galaxy,
and, generally speaking, increases inward. Near reso-
nance, the shift reaches 90° in the case of trailing waves
and rapidly growing leading waves, or 270° for slowly
growing leading waves. The angle phase shift covers a
larger region the larger the star-velocity dispersion.
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3) The response to a trailing growing potential is a
trailing density wave. The response to a weakly growing
leading potential is a strongly trailing wave. And only
the response to a rapidly growing leading potential yields
a leading wave.

These results may indicate that the properties of a
system near a Lindblad resonance identify trailing spiral
density waves as the only kind possible in any situation,
if we exclude the improbable case of a rapidly growing
potential.

b) "Particle" resonance. Barbanis[116-1 considered
resonant effects near a particle resonance r , i.e., in

the corotation region. Under the action of a spiral field,
the stars transfer here to orbits of a new type such that
two density maxima appear at two diametrically opposite
points of the disk. This results in disintegration of the
spiral branches in the region of the corotational dis-
tance. Thus, nonlinear effects also make it impossible
for a self-consistent spiral wave to exist near the region
of corotation.

8. Nonlinear density waves. Berry and Vandervoort
found solutions in the WKB approximation that describe
stationary nonlinear density wavest70>U7J, χ η β system
model was a differentially rotating disk described by
hydrodynamic equations. In addition to its own gravita-
tional field, the disk is also in an external gravitational
field. This model corresponds to the presence of two
subsystems in galaxies: subsystem I, which consists of
gas and stars with a small velocity dispersion, and sub-
system II, which is formed by stars with high peculiar
velocities. Such a model was studied in[ 6 6~6 9 ] in the
linear approximation.

The existence conditions of nonlinear stationary
spiral waves require that a galaxy consist of distinct
subsystems I and Π. Here it is necessary that the ratio
of the density of subsystem I to the total density of the
system be a small quantity on the order of the small
parameter in the WKB approximation. Hence it follows
at once that the larger the relative density of subsystem
II, the more tightly will the spirals be wound. Inciden-
tally, the same conclusion also follows from the linear
theory: the characteristic radial distance between
branches equals Ac = 4ηΰσ*/ω2, where σ* is the effective
density of the subsystems participating in the 1 4 ^

(22)

For small amplitudes, the solutions of Berry and
Vandervoort yield results that agree with those ofΓ48-1.

Since the superposition principle is not satisfied for
nonlinear waves, the antispiral theorem is not valid for
them. But the results do not imply that one of the types
of spiral structure is to be preferred.

The role of resonances for nonlinear stationary waves
has not been established, and the ultimate fate of these
waves, like that of the linear waves, is therefore un-
clear.

9. The nonasymptotic approximation in the wave
theory of the spiral structure. If we do not restrict our-
selves to the WKB approximation, the behavior of small
perturbations in a disk of stars is described by the
equation (see, for example/1021)

where

oo

ra (r) = f Km<1, (r, a) σ (α) da,
ο

, ! t dEodJ < dh „
J J no(r, £„, /) \"β£ 0

 Λ™
Πο>0

(21)

Eo and J are the energy and momentum integrals,
fo(Eo, J) is the unperturbed distribution function, m* is
the mass of a star, τη is the time of motion of a star
between the farthest and nearest points on the perturbed
orbit, θ a is the azimuth angle corresponding to passage
of the star between these points, and

Π» (r, £„, /) = {2 [£„ - φ 0 (r)I - (Wr*)}1/». (23)

The linear homogeneous integral equation (21) with ker-
nel (22) gives a complete statement of the problem of the
normal modes of a disk of stars. The eigenfunctions of
this equation, which are to be found, are ra(r), and the
ω are its eigenvalues.

Kalnajs[ 1 1 8 ] investigated spiral modes of arbitrary
tightness in a galaxy in the epicyclic-orbit approxima-
tion by numerical integration of Eq. (21), The specific
galactic model considered was Μ 31. The value obtained
for the velocity of the spiral design was fi
= 30 km/sec-kpc, i.e., the rotation is very rapid com-
pared tot7 2^. The wave proves to be strongly unstable:
its amplitude increases by a factor of e in 109 years.
The spiral tightness of the density wave is found to be
different for subsystems with different velocity disper-
sions. A bar-type design forms in the central region of
the galaxy. But the response of the gas to this design is
a tightly wound wave with high density contrast, an effect
of the presence of resonances in the system.

Thus, according to Kalnajs, the density wave in galax-
ies of the type of our own and Μ 31 is an open spiral, but
the response to this wave from the subsystem of bright
stars and gas, which has low density and small disper-
sion, produces a tightly wound wave. It is the latter that
we detect as the spiral structure.

Because of its greater mathematical difficulty,
Kalnajs' theory has not been developed as far as the
theory of "tightly wound" spirals, and it is difficult to
judge its adequacy to the real situation at the present
time.

IV. NUMERICAL EXPERIMENTS

Numerical experiments yield highly interesting in-
formation on the evolution of the galaxy and the develop-
ment of structure in it. A numerical solution of the
problem of Ν bodies interacting in accordance with
Newton's law was carried out inL119"122J. As many as
Ν = 200 000 interacting points could be handled at mod-
erate computing accuracy. The basic purpose of these
calculations was to trace the evolution of plane disk-
shaped (two-dimensional) galaxies. The computing
method did not include close-range interactions of the
points (collisions), since the models analyzed simulated
collisionless star systems.

Miller and Prendergast^1193 showed that a spiral
structure forms quite quickly in an originally axisym-
metric rotating disk consisting of gravitating points. But a
serious difficulty was brought to light also in this paper:
the system "heated up" very quickly, and the peculiar
velocities were found to be equal to the rotational veloc-
ity. Ultimately, the system is held at equilibrium not by
the rotation, but by the "pressure" of the gas of stars.
Spiral structure is not observed in galaxies with such
large velocity dispersions.

To eliminate the effects that stem from rapid heat-
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ing, Miller, Prendergast, and Quirk'-121-1 introduced two
subsystems. The first was continuously artificially
cooled (the velocity dispersion decreased while energy
and momentum remained constant) and was called the
"gas." The second subsystem, the "stars," was left to
itself and therefore heated up rapidly. At time zero the
entire system consisted of "gas." Then "star formation"
was invoked, with the "coefficient of star formation,"
which defined at each step of the integration the number
of points turning from "gas" into "stars," having a
strong influence on the early evolution of the system.
The problem is obviously a very good illustration of the
evolution of real galaxies. It enables us to ascertain the
relative importance of the galaxy's subsystems in the
formation of its spiral structure, since all details of the
system—rotation, average velocity, epicyclic frequen-
cies, etc.—are computed in accordance with a standard
scheme.

The computed evolution of such a system results in a
spiral structure having much in common with that which
we observed. In particular, the spirals are sharply de-
fined by the "gas," while the "stars" evidence only in-
significant structure.

It is remarkable that the "numerical" spiral struc-
ture is consistent with the conceptions of the wave
theory. Thus, the individual points move across the
spiral design, i.e., the latter is a wave; the design ro-
tates more slowly than the "gas;" the structure extends
from the inner Lindblad resonance to the corotation
point, where the system ends.

Special experiments showed that the "stars" deter-
mine the basic (background) gravitational field in which
the "gas," which has an asymmetric potential determined
by spirality, moves. But the "gas" itself does not play a
significant role in preservation of the spiral design.
Self-gravitation is essential in the persistence of spiral
structure. Thus, two important facts emerge:

1) a well-defined spiral structure can and should ex-
ist in galaxies having a subsystem with a small velocity
dispersion;

2) preservation of the spiral structure is due to a
subsystem of stars with large dispersion.

Vandervoort stressed the striking similarity between
the conditions of the formation and existence of spiral
structure in1-121-1 and the existence conditions of non-
linear stationary spiral density waves t58^.

Miller and Quirk discussed experiments in which it
was found that spirals have a bar-type structure near
their centers, but a short central bar apparently does not
result in spirals. On the other hand, a general barlike
distortion of a galaxy gives rise to a spiral wavet 5 3 : i .

Another group of experiments was performed by Hohl
and Hockny11120'122^1. A cold disk rotating as a solid and
having a density a(r) = σ(0) (1 - rVRo)1 , where Ro is
the boundary of the disk, was considered in c i 2 2 : 1 . The
numerical experiment fully confirmed Toomre' s re-
sults'-85-1 . That is to say, it was found that such a disk is
gravitationally unstable and, as a result, breaks up into
three to five smaller systems during one revolution. A
velocity dispersion equal to 27% of the velocity at the
rim of the disk stabilizes it against breakup into local
condensations.

But the disk remains unstable with respect to shape
distortions, i.e., it assumes the form of a bar after ap-

proximately two revolutions. The same result was ob-
tained for a disk with a Gaussian density distribution. It
was found that only a high concentration of mass toward
the center, of the exponential type, can suppress the in-
stability with respect to shape distortion. Thus, yet
another important condition for the possible existence of
spiral structure in a disk galaxy was found: the pres-
ence of a strong mass concentration toward the center.

Schmidt's model of our Galaxy satisfies this condition.
An experiment in11122^ showed that a well-defined spiral
structure is developed in such a system (Fig. 7). At a
disk mass equal to 10% of the total system mass and an
initial radius corresponding to 15 kiloparsecs, the struc-
ture persists for 8.5 rotations of the galaxy if the period
of rotation at a distance of 10 kpc is taken as the time
unit. The computation terminates at time 8.5. But purely
kinematic considerations indicate that the spiral arms
would be twisted by differential rotation within a time
shorter than 8.5 rotations. This indicates that the spiral
design obtained is of wave nature.

Rapid "heating" of the system takes place
as i n t l l 9 ) 1 2 1 ] . The cause of this effect is still unclear;
it has been suggested that it is due not to real physical
causes, but to the computing method'-53-1. This calls for
caution in comparing the results with observations.

V. CONCLUSION. RECENT DATA. PROS AND CONS
OF THE WAVE THEORY. ALTERNATIVE
HYPOTHESES

The question as to how well the wave theory is con-
firmed by observational data and in particular by the
most recent radioastronomical data, has recently be-
come a topic of lively discussion (see below). The most
important observed effects are associated with the inter-
stellar gas—with the passage of the spiral density wave
across it (see Sec. 3 of Chap. III). This led to a series
of studies (beginning with one by Roberts1-87·1) of the
response of the gas to a spiral gravitational-potential
wave and of the corresponding physical processes in the
gas (see, for example,^1 2 3'1 2 4"). New effects were pre-
dicted theoretically: narrow regions of compressed gas
at the inner edges of the spiral branches, age gradients
of young stars and other objects across the arm, etc.,
effects that have been confirmed (in any event qualita-
tively) by a whole series of observations. Furthermore,
new light has been cast on the old "classical" problems
of the physics of the interstellar gas and stellar cos-
mogony. The problem of the origin of the cloud struc-
ture of the interstellar medium has now been under dis-
cussion for more than 20 years and remains unresolved.
Greenbergt1252 suggested that the clouds are produced
in a compression wave in the gas that is induced by the
spiral wave. This phenomenon was analyzed in detail
in'-126'127-1, whose results suggest that such a process—a
phase transition in interstellar gas compressed by a
shock wave—is a real possibility. Incidentally, recent
studiest128^ support the view according to which the
clouds have short lifetimes (~ 107 years) and hence
must be generated with some intensityC128: l. Perhaps
the only sufficiently convincing scheme of their regener-
ation now available is given by the wave theory. The
spiral-wave notion also opened new possibilities for
solution of fundamental problem of astrophysics—that of
the origin of the stars. Here, together with the trigger-
ing mechanism'-97-', the possibility of production of stars
in phase transitions caused by the spiral wave in the
interstellar medium is discussed t 1 2 6 ' 1 2 9 ] .
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FIG. 7. Results of Hohl's numerical experiment [122 ] : evolution of
an initially cold disk of 200 000 stars. Time is given in units of the period
at a distance of 10 kpc; the disk radius is 15 kiloparsecs, and the disk is
in equilibrium at t = 0.

From a program in which theory was compared with
observations, the Lin-Shu-Roberts group arrived at the
conclusion that all predictions of the theory are in good
agreement with the observational data. The paper ^ ],
which demonstrated the existence of a shock wave at the
inner edges of the spirals and an associated enhance-
ment of synchrotron radiation (by a factor of 100) in the
galaxy Μ 51, is a strong argument in favor of the wave
theory. A similar result was obtained for Μ 101 in'-130-'.
Arguments have also been advanced for the existence of
shock waves in barred spirals1-131-1 and have been con-
firmed by various observations C1 3 1"1 3 3].

At the same time, Piddington t l 3 3 ' 1 3 4 ] (see also[ 1 3 5 ])
recently came out with some serious criticism of the
wave theory. Reevaluating the observational data that
are regarded as confirmation of the wave theory, he
arrived at the conclusion that they not only do not agree
with it, but as much as refute it. We note at once that
Piddington's most serious objections actually pertain not
to the wave theory as a whole, but only to the specific
theoretical models considered by the Lin-Shu group for
the spiral structures of our Galaxy, Μ 51, Μ 33, Μ 101,
and Μ 31. These objections are as follows: 1) In our
Galaxy, the shock wave should amplify the synchrotron
radiation in a unit volume by a factor of ~80. On the
other hand, the observations of ^136-1 give an intensity
change by only a factor of three at a distance of several
kiloparsecs. 2) The same applies to Μ 101 [ 1 3 7 : ι . For
Μ 51, the synchrotron radiation should be amplified by
a factor of ~270 instead of the observed hundredfold en-
hancement. 3) A global compression wave in the gas,

and the amplification of the magnetic field in it, should
produce a change in the cosmic-ray flux by a factor of
about 8 to 10 in our Galaxy over 108 years. In fact, the
flux changes by no more than a factor of twoC138^. 4) The
width of the gas-compression region in Μ 31 is 1/4 of
the interarm dis tance^, i.e., it is not a narrow band.
(We note Weaver's observationr 139-! that, as a character-
istic observed feature of many spiral galaxies, the dark
dusty material concentrates at the inner edges of the
spiral branches; this is demonstrated for our Galaxy
i n [ " 0 ] . Dust clouds are usually closely associated with
gas clouds.) 5) Separation of objects by ages is observed
in the corotation theory, but should not be according to
the theory.

Despite the fact that Piddington considers the above
objections to be arguments against "wave conceptions"
in general, it is our opinion that they can be treated only
as objections to the specific theoretical spiral-structure
models that were computed by Lin-Shu-Roberts and
their colleagues. As was pointed out i n r ? 5 ] , a more ade-
quate theoretical model of the Galaxy's spiral structure
results in a smaller difference between the rotational
velocities of the wave and the gas. In this case, the
theory predicts a lesser degree of gas compression and
a wider gaseous arm1-124·1. The amplification of the
synchrotron radiation will therefore prove to be smaller
than in the Lin-Shu-Roberts models, and the region of
gas compression will be wider. The corotation region
will then occur at a different distance from the center of
the Galaxy. We may therefore hope that these models
will enable us to find an explanation for the facts cited
by Piddington. Incidentally, Wester observed (see^141-1)
the HI concentration maximum in our Galaxy (and that in
Μ 31) at a distance of 14—15 kpc from its center. And it
is precisely at this distance that the model of £75>142^
predicts a similar effect due to the presence of the outer
Lindblad resonance in this region. The same applies for
Μ 31Ε142-1. Thus, we have yet another piece of evidence
in favor of the indicated modelc 7 1 ' 1 4 2 ] .

Piddington sees a serious argument against the wave
theory in the gas flow at velocities of 20—30 km/sec
toward the plane of the Galaxy that has been observed at
high and middle latitudes (see, for example,t"3-'). This
is because the wave field cannot produce motions at
velocities larger than ~ 2 km/sec. At the same time,
Piddington believes that this phenomenon is naturally
explained by his magnetohydrodynamic theory of the
spiral structurec 1 3 3 ' 1 4 4 ] .

However, it was shown in1-145-1 that the fall of Η I
clouds toward the plane can occur as a result of convec-
tive-thermal instability developed as the spiral wave
passes through the gas. The fall velocity of the clouds is
determined by the total gravitational attraction along the
ζ coordinate and reaches precisely the observed values
of ~ 20—30 km/sec. Piddington states further that gas
and dust do not concentrate at all in regular spiral
branches, but form a chaotic or annular structure in all
of the observed cases. This objection is disputed by
Bok[ 1 4 1 ] among others.

The situation
S galaxies in all
spiral structure
explained as due
ing. This fact is
the wave theory,
this connection:

with the So galaxies, which resemble the
of their properties, but in which no
is observed (this can, incidentally, be
to a whole series of causes), is intrigu-
regarded inC 1 3 4 : i as an argument against
A remark of Oort1-146-1 is interesting in

a stepped rather than a smooth decrease
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in brightness from the center toward the rim of the disk
is observed in certain So galaxies. According to
Oort1-1*6^, this is most probably a consequence of the
existence of spiral branches. Finally, multiple arms
(NGC 2841, NGC 488, and others), branching of arms
(NGC 1232 and others), and secondary features of the
spiral structure should not be regarded as evidence
against the wave theory^134·1. The two-armed models
constructed by Lin's group for specific galaxies do not
by any means exhaust all of the variants that the wave
theory can produce. Nor does this theory exclude multi-
armed configurations or secondary features (see, for
example,'-121-') etc.

The enormous variety of structural features encoun-
tered among the various galaxies continues to stimulate
the flow of new hypotheses and theories. Arp1-4'147-1 (see
alsot l 4 8 : i ) cites various observational data that can
hardly be reconciled with the wave theory. He considers
the spiral structure of a whole series of galaxies to be
beyond doubt of explosive (eruptive) origin. Discussion
of this possibility has flourished strongly since the paper
of Van der Kruit, Oort, and Mathewsont9C] made its ap-
pearance. These authors constructed a radio map of the
galaxy NGC 4258. It was found that this galaxy has two
strong gaseous spiral branches that are shifted almost
90° from the two main spirals, which are visible in the
optical band. The gas in the arms is moving outward at
considerable velocity. This indicates that it was ejected
from the nucleus of the galaxy comparatively recently.
Accordingly, a hypothesis was advanced inC9C: l under
which the mechanism of spiral-structure formation con-
sists of periodic (with a period of 500 million years)
eruptions of gas with a mass on the order of 108 M@

from the Galactic nucleus, with each eruption renewing
the spiral structure. This hypothesis also has its diffi-
culties, which have been discussed of late i n t 9 C ' 1 4 8 ' 1 4 s : i .
In NGC 4258, for example, the mass of the eruptive
spiral branches is one one-hundredth of the mass of the
optical branches. Thus the former could hardly serve
here even as a mechanism for generation of a wave
spiral structure comparable in strength to the observed
optical structure.

Along with the eruptive hypotheses of the origin of
the spiral branches, "magnetic" hypotheses have con-
tinued to appear during the last few years (see, for ex-
ample, the aforementioned work of Piddingtont133'134-1,
the paper by Pismis'-150-1, and others).

The wave theory has offered a simple and orderly
explanation of the nature of galactic spiral structure and
has solved a fundamental problem with which astrono-
mers were faced for decades: how can a global spiral
structure persist over a long time in systems with dif-
ferential rotation? This theory has been accepted by the
overwhelming majority of astronomers and has made
them confident that they will eventually understand why
the galaxies "have a right" to spiral structure. It re-
mains only to find out why they "should" have it.
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