
Abstract. A review is given of the last 20 years of published
research into the nature, origin mechanisms, and observed
features of spiral-vortex structures found in galaxies. The so-
called rotating shallow water experiments are briefly discussed,
carried out with a facility designed by the present author and
built at the Russian Scientific Center `Kurchatov Institute' to
model the origin of galactic spiral structures. The discovery of
new vortex-anticyclone structures in these experiments stimu-
lated searching for them astronomically using the RAS Special
Astrophysical Observatory's 6-meter BTA optical telescope,
formerly the world's and now Europe's largest. Seven years
after the pioneering experiments, Afanasyev and the present
author discovered the predicted giant anticyclones in the ga-
laxy Mrk 1040 by using BTA. Somewhat later, the theoretical
prediction of giant cyclones in spiral galaxies was made, also

to be verified by BTA afterwards. To use the observed line-of-
sight velocity field for reconstructing the 3D velocity vector
distribution in a galactic disk, a method for solving a problem
from the class of ill-posed astrophysical problems was devel-
oped by the present author and colleagues. In addition to the
vortex structure, other new features were discovered Ð in
particular, slow bars (another theoretical prediction), for
whose discovery an observational test capable of distinguish-
ing them from their earlier-studied normal (fast) counterparts
was designed.

1. Introduction

Astrophysical studies of the last few decades have demon-
strated thatmost evolutionary processes in themetagalaxy are
related to collective effects. Different instabilities that develop
on all scales of hierarchical structures in the universe are the
main driving force of evolution. The queen of instabilitiesÐ
the gravitational instabilityÐ created the entire observed
hierarchy of structures, from stars and star clusters up to
galaxies and galaxy clusters. On each scale, specific instabil-
ities operate and form structures specific to this scale.

Astrophysical disks, and especially disks in spiral galaxies,
represent unique natural test beds where most of the known
instabilities in themetagalaxy develop. These instabilities then
lead to the formation of regular structures, stationary
convective flows, turbulence, and chaos.
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The richness of structures observed in disks of spiral
galaxies follows from numerous collective processes, both
linear and nonlinear, that have been developing in the disks.
Most of them can also be found (usually less pronounced) in
other astronomical phenomena of different sizes, but just
spiral galaxies can be considered natural laboratories for
studying collective processes. Some of these instabilities are
also investigated in physics, mechanics, and mathematics.
That is why we believe that theoretical and observational
discoveries of recent years, which we wish to describe in the
present review, are important and interesting for a broad
community of astronomers, physicists, mechanicians, and
mathematicians.

The work ``Prediction and discovery of new structures in
spiral galaxies,'' which was awarded the State Prize in 2003,
includes a collection of papers started more than 30 years ago
(in 1972) and carried out under the leadership of the present
author. The group included observers, interpreters of astro-
nomical data, theorists, and experimentalists investigating
one scientific problem.

This group predicted and discovered new structuresÐ
giant vortices (cyclones and anticyclones) and slow bars in
spiral galaxies. Spiral vortices were observed in the two-
dimensional velocity field of gaseous disks in spiral galaxies.
To prove the existence of slow bars, the rotation curve of
gaseous disks taking the gas motion in large-scale vortices
into account had to be constructed. Therefore, to discover
these galactic structures, measurements and analysis of the
line-of-sight velocity field of gas in the plane of galactic disks
were required.

Before the work on this problem was started, the velocity
field of galaxies had been measured with the 6m BTA (Big
Telescope Azimuthal) telescope of the Special Astrophysical
Observatory (SAO) of the Russian Academy of Sciences
(RAS) with the use of a long-slit spectrograph. The adding
of measurements performed with different slit orientations
led to errors too large to attain the accuracy needed to
estimate systematic deviations of gas velocities from
expected circular motions in a galaxy.

SAO RAN in collaboration with Observatoire de Mar-
seille (France) designed and manufactured the set of devices,
including a Fabry ± Perot interferometer, for precise measure-
ments of velocity fields in galaxies using the Doppler shifts of
emission lines with the accuracy better than 10 km sÿ1. Such a
device was made in Russia for the first time. The discovery of
new galactic structures was made possible only using this
instrument.

The present review gives some details of the prediction
and discovery of new structures in spiral galaxies, describes
some scientific problems that had to be solved in pursuing
these purposes, and outlines prospects in our understanding
of the physics of galaxies.

In the present review we tried to avoid using special
terminology and complicated mathematics. A more rigorous
description can be found in the original papers cited in the
references.

2. Experimental modeling of the galactic spiral
structure generation and the prediction of giant
anticyclones

Vortices between spirals, strikingly similar to spiral arms in
galaxies, were first discovered in a laboratory setup with
rotating `shallow water,' which was specially designed by

Snezhkin at the Russian Scientific Center `Kurchatov
Institute' to model the process of generating galactic spiral
arms; it was thereafter called the `Spiral' (Fig. 1a, b). The first
version of this setup has a cone-like central unit with an
almost flat periphery; in the second modification, both parts
have a parabolic form. The bottom makes the liquid rotate,
with a rotation velocity jump created between the central part
and the periphery at some radiusRwith the width close to the
liquid depthH0. As a result, a jump in the radial profile of the
rotation velocity emerges in the shallow water layer (Fig. 1c),
imitating the jump in the rotation curve of a galaxy; due to
hydrodynamic instability, this jump is capable of generating
spiral density waves. This allowed using the Spiral setup to
model dynamic processes in gaseous disks of galaxies with
rotation velocity jumps.

The aim of the experiment was to check the possible
generation of spiral density waves by a gravitohydrodynamic
instability, which can be related to rapid local drops (jumps)
in gas rotation velocity, which is frequently observed in many
real galaxies. These features were well noticed in rotation
curves of galaxies obtained earlier by BTA [1]. A strong
velocity jump is shown schematically in Fig. 1d. Observations
suggested (taking the angular resolution of the telescope into
account) that approximately half the spiral galaxies demon-
strated at least 10 ± 15% relative velocity jumps Dv=v in their
rotation curves. However, numerical simulations by Baev and
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Figure 1. First (a) and second (b) modifications of the `Spiral' setup: 1 Ð

the central part rotating with angular velocity O1, 2 Ð the outer part

rotating with angular velocity O2, 3 Ð the shallow water layer. In Fig. a:

D � 30 cm, R � 4 cm; in Fig. b: D � 60 cm, R � 8 cm. Schematic radial

profiles with a large rotation velocity jump of the shallow water (c) and

gaseous galactic disk (d): solid and dashed lines correspond to the linear

and angular rotation velocities, respectively. Anticyclones (e) between

spiral density waves on the shallow water of the Spiral setup: three

anticyclones correspond to three spiral arms.

116 A M Fridman Physics ±Uspekhi 50 (2)



Fridman [2] indicated that hydrodynamic effects are as
important as gravitational ones in the mechanism of spiral
arm formation in the gaseous disks of galaxies.

This point of view on the nature of spiral arms emerging in
galaxies was put forward by the author in 1972 (see [3] and the
references therein) and differed from the purely `gravita-
tional' theory of the generation of spiral arms that considers
only self-gravitation forces [4]. The gravitational theory
neglected the observed (sometimes very significant!) gradi-
ents of the main parameters of the disk.

First of all, using the Spiral setup, we checked the basic
statements of the gravitohydrodynamic theory of spiral
structure, which predicts a relation of the relative rotational
velocity jump Dv=v and the relative size of its spatial loca-
lizationDR=R to the number of armsbeinggenerated.For this,
a velocity jump imitating the features observed in rotation
curves of galaxies was created using this setup (Fig. 1c). The
rotating shallowwater in the setupwas described by equations
of two-dimensional hydrodynamics [5]. This ensured the
dynamical similarity of the rotating shallow water with
gaseous disks of spiral galaxies and served as the starting
point of further modeling. (Strictly speaking, it is the identity
of the dynamical equations for self-gravitating gaseous disks
and rotating shallow water that provided the theoretical basis
for modeling [6, 7]).

The results of model experiments in shallowwater [8] both
confirmed the correctness of the gravitohydrodynamic theory
of spiral structure formation and led to unexpected and
original solutions of some problems related to certain
features of the spiral structure such as the arm branching
and the appearance of rarely observed `leading' spirals.
Moreover, they also showed something new: anticyclonic
vortices were discovered between spiral arms in shallow
water [9] (Fig. 1e). Hence, such vortices should be observed
in real galaxies! Why then have they not been discovered over
the long period of studies of the spiral structure, i.e., over
more than one and a half centuries? We try to answer this
question by looking at the history of studies of spiral galaxies.

2.1 Problem of the spiral structure of galaxies
In 1845, Lord Rosse in his family estate Birr Castle in Ireland
designed and manufactured a 183 cm reflector with a focal
length of 17 m, which was for a long time the world's largest
instrument. This allowed him for the first time to discover the
spiral structure in many nebulae, which for the subsequent
seventy years were thought to reside in our galaxy. Only in
1924 did Edwin Hubble, using the telescope at the Mount
WilsonObservatory (USA), which was the largest at that time
with the primary mirror diameter 2.5 m, firmly establish that
nebulae like those where Rosse discovered a spiral structure
are in fact individual spiral galaxies.

Approximately at the same time, in the famous book
Astronomy and Cosmology [10], Jeans wrote that in his
opinion, ``in spiral nebulae totally unknown forces operate''
and only they can explain ``the failure of attempts to
understand the origin of spiral arms.'' The main difficulty
here was that galaxy disks, in whose planes spiral arms are
located, rotate differentially: the angular rotation velocity
decreases inversely proportional to the distance from the
galaxy center in the main part of the disk. This implies that
if spiral arms, which are concentrations of gas and young
stars, rotate differentially in the same way as the gaseous disk
where they are observed, they must stretch after 1 ± 2 turns of
the periphery such that it would be difficult to distinguish

them against the background. But our spiral galaxy in the
solar vicinity has made around 50 turns keeping a distinct
spiral structure.

In 1938, Bertil Lindblad managed to resolve this paradox.
He proposed that spiral arms are density waves. The wave
front rotates with a constant angular velocity by definition.
Therefore, no `stretching' of the wave occurs in a differen-
tially rotating disk.

The wave theory of spiral structure was later rediscovered
by Lin and Shu, who with co-authors essentially developed
this theory and posed several principal questions to the
observers. The main issue was to determine the angular
rotation velocity of the spiral pattern. In the gravitational
approach, this value cannot be found, it is a free parameter to
be taken from observations. Its determination is equivalent to
finding the radius of the corotation circle, where the constant
angular velocity of spirals coincides with that of the
differentially rotating galactic disk. Only recently our group
published papers describing a canonicalmethod for determin-
ing this principal parameter in spiral galaxies [11, 12]. In
Section 4, we briefly describe the method that enabled us to
solve one of the main problems: Ð finding the predicted
anticyclones in gaseous disks of spiral galaxies. But we begin
with an attempt to explain the essence of a generalization of
the purely gravitational concept of the formation of spiral
arms.

2.2 Gravitohydrodynamic concept of the generation
of spiral arms
The gravitohydrodynamic concept [3, 6, 13], which includes
the pure gravitational concept as a particular case, accounts
for the self-gravitation force and gradients of the main
unperturbed parameters, the density and rotation velocity,
which are neglected in the purely gravitational concept.
Figures 2a, b show radial profiles of the linear rotation
velocity and the surface density in our Galaxy. The relative
rotation velocity jump in central parts of the gaseous disk (at
distances from 0.4 kpc to 1.2 kpc from the center) is � 40%,
while the jump in the gas surface density in the region of the
maximum velocity gradient (at the distance � 0:7 kpc from
the center) attains almost two orders of magnitude. How is it
possible to ignore such gradients in this case, where the
hydrodynamic instability turns out to be much stronger
than the gravitational one?

Our group investigated rotation curves (i.e., radial
dependences of the rotation velocity) of spiral galaxies using
the 6m telescope [1]. As noted above, velocity jumps
exceeding 10 ± 15% are observed in almost half the cases of
an arbitrary sample of spiral galaxies. Figure 2c shows
rotation profiles of some galaxies. These velocity jumps can
give rise to a centrifugal instability [6, 8, 9, 13] generating
spiral density wavesÐ the galactic spiral arms.

The centrifugal instability belongs to the class of shear
flow instabilities. The necessary condition for a large-scale
perturbation to grow is typically given by kL91, where k is
the wave vector of the perturbation along the velocity jump
and L is the width of `smearing' of the shear flow. At
k � 2p=l, where l is the perturbation wavelength, the
instability condition implies that the shear flow width L is
small compared to the wavelength. The instability results in
`smearing' the value L until the stability boundary is reached,
where only waves satisfying the condition

kjL ' 1 �1�
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can persist. Here, kj is the azimuthal wavenumber (in a
galaxy disk, the coordinate along the velocity jump is the
azimuthal angle j). By definition,

kj � m

R
; �2�

where m is the number of galactic arms and R is the radius
where the velocity jump occurs.

If now we introduce the parameter q � O2=O1, where O1

and O2 are the respective rotation velocities of the center and
periphery of the galaxy (before and after the velocity jump
correspondingly), then, clearly, the higher the rotation
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velocity jump (i.e., the smaller the parameter q), the larger the
value of the `smearing' L. Qualitatively, this dependence can
be represented in the form

L ' Aqÿa; a > 0; �3�

where A is a constant.
Substituting (2) and (3) in (1), we obtain the qualitative

dependence between the number of arms and the dimension-
less velocity jump q:

m ' R

A
q a; a > 0: �4�

Formula (4) implies that the larger the velocity jump in a
galaxy (i.e., the smaller the value q), the smaller the number of
its spiral arms.

In the gravitohydrodynamic theory, the exact formula
relating m and q was obtained. Its correctness was tested for
both spiral galaxies with known rotation curves and rotating
shallow-water experiments. However, before describing the
experiment, we must check its `model' applicability for
generating galactic spiral arms in the framework of the
gravitohydrodynamic concept. The question formulated in
the title of Section 2.3 then naturally arises.

2.3 What do the Spiral setup and gaseous disk of a galaxy
have in common?
With the reference to the outstanding textbook Hydrody-
namics [5] by Landau and Lifshits, we already pointed out
one property shared by shallow water and the gaseous disk
of a galaxy. However, there are two principal differences as
well.

The first is that the Spiral setup has a bottom, owing to
which shallow water has a near-bottom viscosity character-
ized by the Ekman number. Clearly, nothing similar exists in a
gaseous disk of a galaxy. On the other hand, self-gravitation
forces operate in the galaxy disk, which are absent in the
shallow water in the Spiral setup.

As shown in [6], both these `principal' differences are
illusory. First, the Ekman number in the Spiral setup is small,
i.e., the near-bottom viscosity is small. But most important
seems to be the fact that the viscous decay time of
perturbations in the shallow water of the Spiral setup is
much longer than the growth time of the centrifugal
instability. In other words, the near-bottom viscosity has no
effect on generating (due to the instability) spiral density

waves in shallow water. On the other hand, in the absence of
the near-bottom viscosity, we would be unable to reproduce
the required rotation velocity profile with a jump in such an
easy way. In spiral galaxies, the rotation velocity profile in a
gaseous disk is produced by the gravitational potential,
mainly due to much more massive stellar subsystems (see,
e.g., [15]). In this sense, stellar subsystems play the same role
in producing the rotation curve of the gaseous disk as the
bottom in the Spiral setup does. As regards the role of
viscosity of the gaseous disk in generating spiral arms of real
galaxies, it is insignificant for either developing the centrifugal
instability caused by the velocity gradient or the gravitational
instability in the absence of significant velocity gradients. In
the absence of the above instabilities, viscosity can lead to the
formation of some structures similar to those observed, e.g.,
in planetary rings [14]. However, no large-scale spiral arms
are known to be generated due to viscosity.

We now turn to the second `fundamental' difference
between shallow water and gaseous galaxy disks due to self-
gravitation forces of the latter. In [6], a new quantity was
introduced into the system of the initial dynamic equations
for a self-gravitating disk, the speed of sound in a self-
gravitating medium. This speed is smaller than that in a
non-self-gravitating medium, because compression proper-
ties of a gas (the ability of a gas element to expand in response
to the initial contraction) weaken in a self-gravitating
medium: the compressed element is maintained by gravita-
tional forces. If we substitute the speed of sound in a self-
gravitating gas for the characteristic speed of wave propaga-
tion in shallow water, the equations for the galaxy disk
transform into those for shallow water.

The above considerations suggest that the Spiral setup
with rotating shallow water can indeed be used for laboratory
modeling of the spiral structure generation in gaseous galaxy
disks by hydrodynamic instability arising due to the rotation
velocity gradient.

2.4 Hydrodynamic instabilities caused by a velocity jump
In Fig. 3, we show perturbations of the vortex sheet v along
the x axis in two opposite limit cases, where theMach number
M � v=c (where c is the speed of sound) is much smaller
(Fig. 3a) or much larger (Fig. 3b) than unity. According to
Landau [17], the perturbation amplitudes on both sides of the
z axis from the vortex sheet plane z � 0 decrease exponen-
tially, � exp�ÿz=z0�. It therefore suffices to consider the
region jzj < z0.
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Figure 3. The schematic velocity distribution on both sides of the perturbed subsonic (a) and supersonic (b) vortex sheet.
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Region I (above the perturbation `bump') in Fig. 3a, b can
be regarded as the region of motion inside a nozzle (more
precisely, the longitudinal half of the nozzle). The character of
motion in two nozzles, subsonic and supersonic, is radically
different [18]. In the narrowest (critical) cross section of a
subsonic nozzle, the velocity is maximum, as in the narrowest
flow of a river. In the critical cross section of a supersonic
diffuser, in contrast, the velocity is minimum. Hence, the
different dynamics of two vortex sheets, subsonic and super-
sonic, are based on a constant value of the Bernoulli integral,
v 2=2�W � const, where W is the enthalpy. In the subsonic
case, the velocity under the `bump' is less than above the
`bump', vII < vI, and therefore WII >WI. Because the
pressure usually increases with enthalpy, it follows that
PII > PI, i.e., the `bump' continues growing due to the
pressure gradient. This is the physics behind the vortex sheet
instability or (for a smoother velocity profile) of the Kelvin ±
Helmholtz instability.

In the supersonic velocity jump (Fig. 3b), we can write the
opposite inequality PII < PI, i.e., the `bump' is suppressed by
the pressure gradient and no instability develops. The effect of
stabilization of the supersonic vortex sheet was first noticed
by Landau [17]. This effect occurs in the two-dimensional
case, such as in a thin gaseous layer or shallow water. In a real
three-dimensional medium, stabilization also occurs, but
becomes effective only for large Mach numbers [19].

Velocity jumps observed in gaseous galaxy disks are
supersonic (the typical value of the speed of sound or velocity
dispersion of gas clouds in the interstellar gas is 10 km sÿ1,
whereas the rotation velocity of gaseous disks is
� 200 km sÿ1). Therefore, the Landau stabilization criterion
is satisfied for such disks: no vortex sheet instability or the
Kelvin ±Helmholtz instability develops there. However,
another instability, a centrifugal one, is present. It can
develop at arbitrarily large Mach numbers under the
condition that the angular velocity of rotation of the central
part (internal with respect to the velocity jump) is larger than
that of the periphery: q � O2=O1 < 1. This condition is
always satisfied for disks of spiral galaxies.

Thus, creating a velocity jump in shallow water exceeding
the characteristic propagation velocity of perturbations is
analogous to creating a supersonic velocity jump in the
gaseous disk of a galaxy, which is actually observed in spiral
galaxies [1]. We consider the results of this experiment
immediately after giving a brief description of the experi-
mental setup and the method of diagnostics of spiral density
waves and the velocity field in shallow water.

2.5 Modeling spiral structure generation in galaxies using
the Spiral setup
2.5.1 The Spiral setup and diagnostics. Both modifications of
the Spiral setup have the same principal scheme: a cylindrical
vessel consisting of two parts, the `central' part and the
`periphery,' with the central part capable of spinning
independently of the periphery. In the first modification,
the central part has a conical shape and the periphery is
almost flat (Fig. 1a). In the second modification (Fig. 1b),
both parts consist of two paraboloids whose size is twice as
large as in the first modification. The spinning bottom makes
the liquid rotate such that at a radius R between the central
part and the periphery, a rotation velocity jump emerges
with the initial width close to the liquid depthH0. As a result,
a layer of the shallow water exhibits a jump on the radial
profile of the rotation velocity (Fig. 1c). The diagnostics used

in the Spiral setup allow determining the structure of both
the density waves and the perturbation velocity field of the
shallow water.

A white-bottom vessel is filled with a green liquid
solution; in black-and-white photography made through a
red filter, the density wave `crests' look darker than the
`troughs' between them. The velocity field is determined
using the direction and length of tracks (over the exposure
time) left by 1 ± 2mm paper circles floating on the surface of
the liquid. The camera rotates with an adjustable angular
velocity coaxially with the Spiral rotation. Further details on
the Spiral setup can be found in [20].

2.5.2 The relation between the number of arms and the velocity
jump. The consistency of the hydrodynamic theory for spiral
structure generation with the results of model experiments is
demonstrated in Fig. 4a, which shows that the number of
spiral arms increases with the parameter q, in accordance with
formula (4).

2.5.3 Trailing and leading spirals. Different spiral patterns of
galaxies are characterized not only by the number of arms but
also by the shape of the spirals. First of all, `trailing' and
`leading' spirals can be distinguished (Fig. 4b, c). The former
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Figure 4. Spiral density waves (a) in shallow water in the Spiral setup

generated by the centrifugal instability due to the velocity jump

q � O2=O1 < 1, where O1 and O2 are the respective angular rotation

velocities of the central part and periphery; as the velocity jump decreases

(the parameter q increases), the number of spiral arms increases [see

Eqn (4)] (q decreases from left to right). Schematic plots of trailing (b) and

leading (c) spirals (the arrow indicates the direction of galaxy disk

rotation) and the possible excitation mechanism (d) of leading spirals.
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rotate with backward-pointed ends and therefore have a good
`aerodynamic' form. The vast majority of spiral arms are
trailing.

Using a random sample of 109 spiral galaxies, Pasha has
shown that three of them have leading spiral arms [21]. Each
of these three galaxies has a close satellite, but only for one of
them was the direction of the orbital angular momentum of
the satellite relative to the `spin' axis of the galaxy measured:
they turned out to be opposite.

When we changed the sign of the angular velocity of the
periphery in the Spiral setup, i.e., replaced O2 ! ÿO2, we
discovered leading spiral density waves. The author of the
present review put forward the idea that in rarely observed
galaxies with leading spiral arms, the role of the counter-
rotating external disk can be played by a satellite perturbing
the main galaxy disk, if it rotates in the galaxy plane in the
opposite direction (Fig. 4d).

2.5.4 Branching of spirals. This phenomenon is so widespread
that its absence can be considered an exception. The
branching typically occurs `outwards': by moving along an
arm toward the periphery, we meet a region where the arm
splits into two parts. Exactly the same picture is observed in
the image of the spiral pattern in shallow water (Fig. 5a). We
recall that different (but constant at the instant the image is
taken) values of q correspond to different numbers of spiral
arms. In contrast to the image shown in Fig. 1e, which was
taken at a constant q, here the image was taken at the instant
when the parameter q was decreasing. If the value of q was
initially near the boundary of the instability of generating
four-arm waves (m � 4), then two-arm waves (m � 2) are
generated at the moment the image is taken.Wave generation
occurs near the velocity jump, where the mode m � 2 is
observed. The periphery, as usual, `learns' that the center
has already switched to another mode with a delay, and we
therefore observe the old mode (m � 4) at the periphery. As a
result, `branching' occurs, which reflects the disk evolution: a
velocity increase in its central part relative to the periphery or,
inversely, a relative velocity decrease at the periphery. The
first case is possible, for example, when the central part
contracts, and the second case when the periphery expands.

2.6 Vortices between `shallow water' spirals
The immobile camera fixed the trajectories of particles
(stream lines), which are frequently encountered in astronom-
ical papers devoted to the velocity fields in galaxies but give
little information (Fig. 5b). The camera that rotated synchro-
nously with the spiral arms, i.e., with the same angular
velocity, detected anticyclones (Fig. 5c).

3. Discovery of giant anticyclones in galaxies
with a sharp jump in the rotation velocity curve
(example of the galaxy Mrk 1040)

The identity of the equations for shallow water and the
gaseous disk of a galaxy [6], the quantitative agreement
between experimental results showing the dependence of the
number of spiral arms on theMach number [8] at the velocity
jump, and the experimental confirmation of the purely
`astronomical' hypotheses on the nature of arm branching
and leading spiralsÐ these facts are evidence that the rotating
shallow water in the Spiral setup successfully models dynamic
processes and structures in gaseous disks of spiral galaxies.
Therefore, the appearance of anticyclones between spiral
arms on the surface of shallow water with the size only two
times smaller than the arm length left no doubt that similar
vortices exist in spiral galaxies. The task was then to discover
them in observations.

We ask the question: what conditions must the best
candidate spiral galaxy satisfy to show such features?

As can be seen from experimental results, the centers of
anticyclones are located at the velocity jump and struc-
turesÐ spirals and vorticesÐare caused by hydrodynamic
instability. We therefore needed to find a galaxy with a large
rotation velocity jump which, undoubtedly, would cause this
instability.

But the candidate spiral galaxy should satisfy not only this
condition. It must be `properly oriented' in space relative to
the observer (Fig. 6a). We now explain what this means.

The anticyclones we want to find in the frame corotating
with spiral arms are characterized by closed stream lines in the
galactic plane with centers at the corotation radius. At this
radius, the disk rotation velocity relative to the spiral arms
vanishes. But the perturbed velocity of gaseous clouds is
nonzero by virtue of the same instability that formed spiral
density waves and vortices.

If we could measure, for example, only the perturbed
azimuthal velocity, then in the case of a two-arm galaxy, we
would observe two hypothetical points symmetrically located
on the corotation circle on both sides of the center with
oppositely directed perturbed azimuthal velocities in the inner
and outer neighborhood of each point. This feature can be
used as an observational criterion for the presence of an
anticyclone in a galaxy disk.

However, we measure only the velocity of clouds directed
along the line of sight toward the telescope. Generally, in
addition to the azimuthal velocity, the line-of-sight velocity
includes two additional components of the cloud velocity:
the radial velocity and the component along the z axis
(directed along the rotation axis). On the other hand, if the
orientation of the gaseous disk of a galaxy were such that the
azimuthal perturbed velocities in the vicinity of the center of
vortices were aligned with the line of sight and the radial and
z-component of the velocity were perpendicular to it, the
latter two components would not contribute to the line-of-
sight velocity. We would measure the azimuthal velocity
only. The z-component does not contribute if we observe the
disk almost edge-on (i � p=2). Radial velocities near the
centers of vortices do not contribute if they lie practically on
the line of nodes (the large dynamical axis) of the galaxy
(Fig. 6a).

Exactly these conditions relative to the terrestrial observer
are satisfied by the galaxy Mrk 1040, which shows a large
sharp jump in the rotation velocity.

a b c

Figure 5. Spiral arm branching observed in shallow water in the Spiral

setup as the velocity jump changes (a), and the stream lines in the case of

generation of a two-arm density wave: (b) the camera is at rest relative to

the rotating shallow water, (c) the camera rotates with the angular velocity

of the spirals.
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Indeed, the inclination angle of the plane of this galaxy to
the line of sight is� 73�, only 17� away from the edge-on view.
As we can see from Fig. 6b, centers of anticyclones (which are

shown by the looped curves with arrows) are located close to
the line of nodes [22].

As can be seen in Fig. 6c, the radial velocity jump along
the line of nodes (where vortices are localized) is enormous,
more than 150 km sÿ1, i.e., Dv=v > 0:6. The azimuthally
averaged rotation velocity shows the jump Dv=v � 0:3. The
radial velocity gradient is also anomalously high:
d �ln v�=d �ln r� � ÿ3:1, which corresponds to a very strong
hydrodynamic instability [13].

4. Vortices in the solar vicinity

As noted above, the search for galactic anticyclones requires
that the velocity field be found in the coordinate frame
corotating with the spiral pattern. In the Spiral experiments,
the rotation velocity of the spiral arms could be measured
directly. But this is not so easy to do for real galaxies because
the characteristic time of rotation in galaxy disks amounts to
about a hundred million years, and it is therefore impossible
to notice the rotation-induced shift of spiral arms over any
reasonable time of observation.

The problem of measuring the spiral pattern rotation
velocity is equivalent to finding the corotation radius, i.e.,
the radius where the galaxy disk rotates with the same velocity
as the spirals. If the spiral wave is formed due to the instability
induced by the velocity jump, its corotation radius coincides
with the velocity jump location [6, 13]. In Mrk 1040, an
anomalously sharp jump in the rotation curve is present and
conditions for the hydrodynamic instability are satisfied, and
hence the corotation radius in this galaxy can be readily
determined. This has greatly facilitated the discovery of giant
anticyclones in this galaxy [22]. Nevertheless, the problem of
locating the corotation radius remains unsolved for most
external galaxies.

It is thus not surprising that the next candidate where
vortex structures should be sought was our Galaxy, in which
the location of the corotation radius is best studied.

In this case, data on the so-called stellar age gradient has
been used to determine the corotation radius. Star formation
primarily occurs in spiral arms where enhanced concentration
of young newborn stars is observed. Stars tend to move away
from spiral arms with age. As the angular rotation velocity of
the gaseous disk around the galactic center decreases with
radius and the spiral pattern rotates as a whole with constant
angular velocity, the region of the disk inside the corotation
circle overtakes the spiral arms and the region outside it lags
behind them. Stars have a `memory' about the gaseous disk
where they were formed. This implies that stars move faster
than the spiral arms at distances from the galactic center
inside the corotation radius, and move more slowly than the
spiral arms beyond the corotation radius. As a result, the
directions of stellar age gradients on both sides of the
corotation circle must be opposite (Fig. 7, see the caption).

This feature of the age gradients was discovered in the
solar vicinity [23, 24], which points to the location of the
corotation circle near the sun (close to the solar orbit in the
Galaxy). Studies of the line-of-sight velocity field of Cepheids
in the solar neighborhood also suggested that in this region,
the azimuthal velocity of the galactic spiral pattern coincides
with the disk rotation velocity [25]. Thus, we see that different
authors conclude that the sun resides near the corotation
radius.

In addition, the observed rotation curve of the gaseous
disk in our Galaxy exhibits a depression just near the solar
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orbit. Based on these two facts, it was argued in [26] that there
are centers of giant anticyclones in the vicinity of the galactic
orbit of the sun.

This hypothesis was tested using data on the line-of-sight
velocities of 316molecular clouds, 256 classical Cepheids, and
106 young open clusters [11] (Fig. 8a).

Figure 8b demonstrates the rotation curve obtained in the
model of purely circular motion [27]. More detailed studies
have shown that deviations in velocities from purely circular
motions are systematic and correlate with the observed spiral
structures.

Figure 8c shows the model velocity field in the frame
rotating with the angular velocity equal to the mean angular
velocity of stars near the sun [11]. This velocity field has the
formof ananticyclonewith its center lying in the solar vicinity.

We note that in our Galaxy, the interstellar dust
absorbing light makes it difficult to study the velocity field
of stars. We can therefore investigate only a small part of the
Galaxy and can barely see regions beyond the galactic center.

Observations of an external galaxy allow us to see the
entire galaxy, which makes it possible to precisely determine
its properties. It is in this direction that studies needed to be
continued.

5. Spiral-vortex structure in galaxies

The discovery of predicted anticyclones in the gaseous disk of
Mrk 1040 and in the solar vicinity was quite natural. In both
cases, the observed rotation curve of the gaseous disk sharply
decreases (has a depression) at some radius. This feature
suggests either the presence of a jump in the real rotation
curve, which can lead to hydrodynamic instability, or the

presence of appreciable local deviations from circularmotion.
It is the first case that has been modeled in the Spiral
experiments where vortex structures were first discovered.

However, as noted in Section 3, the Mrk 1040 galaxy
demonstrates an anomalously large velocity jump in the
presence of a nearby satellite. In the solar vicinity, the
paucity of statistical data leads to significant errors and does
not allow firmly establishing the actual discovery of an
anticyclone. Therefore, the anticyclones discovered could be
considered special structures that can be found only in
peculiar galaxies with sharp rotation velocity jumps and are
not a signature of any spiral galaxy with spiral density waves.

A qualitative consideration shows that this is not the case
and that gaseous vortices are intrinsic features of spiral
density waves irrespective of the nature of forces acting in
the disk: hydrodynamic, self-gravitation, or tidal forces
caused, for example, by a bar or a satellite of the galaxy (see
[28] for a more rigorous mathematical proof of this fact ).

We assume that some collective mechanism (instability)
operating in the disk generates velocity and density perturba-
tions. Insofar as perturbation amplitudes are small, their
growth is described by the linear theory of instability. All
perturbed values can then be easily expressed through one
quantity, i.e., they are all proportional to each other. The
perturbed velocity field of the disk, by transferring part of
matter from one region to another, creates density enhance-
ments in the form of spiral density arms in some regions and
spiral density depressions in other regions.

A further increase in the amplitude of perturbed quan-
tities results in a gas density increase in the spiral arms by
several times, thus forming a nonlinear density wave that we
observe as a spiral arm. But observations suggest that the
values of the perturbed velocities in both disks, stellar and
gaseous, are much smaller than the rotation velocity. The
increase in the perturbation amplitude stabilizes the instabil-
ity, and the spiral wave becomes quasi-stationary. Peculia-
rities of the velocity field caused by such a wave can be
efficiently studied in a frame rotating with the angular
velocity of spiral pattern Oph (Fig. 8d). This rotating frame
is convenient mostly because spiral arms are at rest there, i.e.,
the perturbed surface density and the perturbed velocity
component linearly depending on it can be written as time-
independent functions:

~s�r;j� � Cs�r� cos
ÿ
2jÿ Fs�r�

�
;

~vr�r;j� � Cr�r� cos
ÿ
2jÿ Fr�r�

�
;

�5�

where r is the galactocentric radius, j is the azimuthal angle
referenced to the large dynamical axis of the galaxy (Fig. 6c),
Ci is the amplitude, and Fi is the phase of the ith parameter.
To be specific, we consider the case of a two-arm galaxy.

Because the galaxy disk rotates differentially, the inner
part of the disk (inside the corotation radius) rotates faster
than the spiral pattern, while the outer part rotates more
slowly (Fig. 8d). The observer at the corotation radius rc notes
that the direction of the disk angular velocity on the two sides
of the corotation circle is opposite. According to (5), at each
value of the radius, the perturbed surface density es�j�
changes sign four times (twice the number of spiral arms)
with changing the azimuthal angle. Correspondingly, the
radial velocity also changes sign four times. As a result, near
the corotation region, where the total azimuthal velocity is
small, closed azimuthal stream lines (vortices) emerge
(Fig. 9a). Because the gas moves along the stream lines in

Corotation circle

Galaxy center

Spiral arm

Galaxy rotation

Figure 7. The gradient of stellar ages near the corotation circle. The region

of an enhanced number density of young stars (shown by the solid line)

coincides with the observed localization of the spiral arm. Older stars born

in this arm have already shifted from this arm into the region shown by the

dashed line. Their pathways are shown by small arrows whose length and

direction are determined by the disk rotation velocity in the arm's

reference frame; the long arrow indicates the galaxy rotation direction in

the laboratory frame. Inside the corotation circle (dashed-dotted circle),

the disk rotates faster than the spiral arm, and hence the direction of small

arrows here coincides with the long arrow. Beyond the corotation circle,

the direction of the small arrows is opposite. The stellar age gradient is

directed along the small arrows, and therefore at the radius where it

changes, its direction corresponds to the corotation radius (the dashed-

dotted circle).
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the direction opposite to the disk rotation direction, these
vortices are anticyclones (Fig. 9b).

We emphasize that these anticyclones cannot be treated as
a mathematical peculiarity of the assumed rotation model in
which the location of looped trajectories is fully determined
by the frame angular velocity. The interstellar gas motion
does not cross the spiral arms in the region of true corotation
only. Therefore, the gas (if the velocity dispersion is small
compared to the rotation velocity) is doomed to permanently
flow either near a certain spiral arm or between the arms. The
presence of vortex motions in the corotation region is a
physical feature of galaxies. The evolution of star formation
and gas content in the corotation region is of special interest,
but lies beyond the scope of this review.

Thus, small perturbed velocities `do their own job' in the
entire disk by collecting matter into bright luminous arms,
but in no way manifest themselves as being `suppressed' by
the large velocity of the disk. Only at the corotation radius,
where the circular velocity of gas becomes small in the frame
corotating with spiral arms, does the perturbed velocity take
the form of giant anticyclones. This clearly demonstrates that
spirals and vortices are different manifestations of one
collective mechanism, called density waves.

The above qualitative picture of the formation of anti-
cyclones in galaxy disks is based only on one assumption, the
wave nature of the spiral structure. Therefore, vortex
structures must be a universal attribute of spiral galaxies
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irrespective of the disk composition (gas or stars) and the
density wave generation mechanism.

5.1 Location of centers of stationary vortices
Thus, we have shown that giant anticyclone vortices are real
components of the large-scale structure of spiral galaxies.
However, the interest in galaxy vortices is due not only to the
presence of these new structures in spiral galaxies but also to
the unique information that can be inferred from their
analysis. A remarkable feature of giant anticyclones is the
dependence of their centers relative to the spiral arms
(Fig. 10a ± c) on the wave structure formation mechanism.

The reason for such a dependence is obvious from general
considerations. Indeed, the existence of stationary non-
circular motions requires a certain balance of forces. The
distribution of forces, in turn, is determined by the density
distribution (spiral pattern) and by the type of forces (self-
gravitation or pressure) that dominates.

To understand common dependences that determine the
azimuthal location of vortices relative to the spiral arms, we
consider regions where gas moves strictly along the radius
(Fig. 10d). The distribution of the specific angular momen-
tum, which is determined in the zeroth approximation by the
rotation velocity of the disk, M � O r 2, is inhomogeneous
along the radius. As a result, the transition of a gas particle to
another radius requires its angular momentum to change.
This means that the azimuthal forces acting on the particle
should `spin up' or, inversely, `spin down' its rotation,
depending on whether the particle moves towards an
increase or a decrease in the disk angular momentum.
Figure 10d shows the direction of forces acting on a particle
when the angular momentum increases with the radius.

The azimuthal force acting on a gas particle is determined
by the azimuthal behavior of pressure perturbations eP and the
gravitational potential eF induced by the density wave, as well
as by a possible external tidal force Fext acting on the gas when
the galaxy has a satellite or a strong bar:

Fj � ÿ 1

rr
q eP
qj
ÿ 1

r

qeF
qj
� Fext: �6�

Therefore, if pressure forces dominate, the balance of forces
needed for a stationary anticyclonic vortex to exist is
established when the vortex center is located at the maximum
of the perturbed pressure (Fig. 10e). The location of the
pressure maximum in the spiral wave coincides with the
density maximum, implying that the vortex is located on the
spiral arm (Fig. 10a). The same relation is well known in
meteorology: anticyclones in the terrestrial atmosphere are
related to enhanced pressure regions, and cyclones corre-
spond to low-pressure regions.

If the gas density in some region of the disk increases, test
particles of the disk experience an additional gravitational
attraction to this volume, i.e., the perturbed gravitational
force is directed toward the enhanced density region (Fig. 10f).
Consequently, if a spiral wave is of the gravitational nature
and self-gravitation forces dominate in the corotation region,
centers of anticyclones must be located at the density
minimum, i.e., between spiral arms (Fig. 10b).

If external tidal forces are important in the corotation
region, the centers of anticyclones do not coincide with either
the density maximum or the density minimum (Fig. 10c).

If the specific angular momentum in the corotation region
decreases with the radius (which is possible for a very steep

decrease in the rotation speed), the direction of the azimuthal
force, which is required for stationary anticyclones, changes
to the opposite compared to that shown in Fig. 10d. The
location of vortex centers relative to the spiral arms change
accordingly (see the Table).
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Figure 10. The location of vortices relative to spiral arms in a two-arm

density wave: vortices on spirals (a), between spirals (b), and intermediate

location of vortices (c). Thin solid lines with arrows indicate the motion of

particles in vortices, thick solid lines show isodensity lines in spiral arms. If

the disk angular momentum in the corotation region increases with the

radius, the case shown in panel (a) corresponds to self-gravitation forces

dominating, the case in panel (b) is realized when pressure forces

dominate, and the situation shown in panel (c) is realized when tidal

forces are significant at the corotation radius. For the angular momentum

increasing with radius (d), if the radial velocity vr is directed toward the

center, the azimuthal force Fj is directed against the rotation; if vr is

directed away from the center, Fj is directed along the rotation. For

azimuthal forces directed away from the vortex center, if dynamical

pressure forces (the pressure gradient) prevail in the disk, maximum

pressure and surface density should be attained at the vortex center (e); if

gravitational force Fg dominates, the minimum of the surface density is

attained at the vortex center (f).

Table. The vortex center location relative to spiral arms depending on the
direction of the specific angular momentum growth and the dominant
forces (hydrodynamic pressure or self-gravitation) in the disk.

Dominating force Vortex center location

dM=dr > 0 dM=dr < 0

Pressure gradient On the spiral Between spirals

Self-gravitation Between spirals On the spiral

External
gravitation force

Vortex center can be shifted with respect to the
density extremum
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The existing data on the features of galactic anticyclones
are fully consistent with the above analysis. The laboratory
modeling in shallow water [9] was carried out in the case
where a drastic decrease in the rotation speed was observed in
the corotation region, which corresponds to the angular
momentum decreasing with the radius, dM=dr < 0. There-
fore, vortex structures were observed between spiral arms.
Numerical simulations (see, e.g., [2]) showed that vortex
structures also fall between spiral density arms in gaseous
disks with sharp jumps in the rotation velocity. Indeed, in
Mrk 1040, anticyclones were discovered to reside exactly
between spiral arms (see Section 3). In [29], numerical
modeling of the hydrodynamic instability generating spiral
waves in disks with sufficiently smooth rotation curves,
dM=dr > 0, was performed. Spiral structures were excited
simultaneously with spiral arms and were located on them.

The problem of looped banana-like trajectories of stars in
the gravitational field of a spiral wave corresponding to
vortex structures in the stellar disk was considered in [30].
For small amplitudes of the spiral gravitational potential in
disks with the angular momentum increasing along the
radius, spiral structures were found to fall between the spiral
arms. Thus, vortices in stellar and gaseous self-gravitating
disks coincide (see the Table, the `self-gravitation' row).

The question may naturally emerge: if vortex structures
exist in all galaxies with spiral density waves and if their
observation provides us with such invaluable information
about the dynamical properties of a galaxy, why are we aware
of only one or two phenomena with the observational
signatures of such structures?

The reason is that vortex structures are much more
difficult to discover than spiral ones. In the first case, one
needs to solve a number of problems both purely observa-
tional and those related to methods of data processing. In
particular, it is necessary to determine a fundamental
parameter, the corotation radius of the spiral pattern.

As mentioned in Section 4, if the spiral structure is due to
hydrodynamic instability at the velocity jump, the corotation
radius coincides with the jump location. (We note that the
observed jump in the rotation curve in some cases may not
reflect the real peculiarity in changing the equilibrium
rotation velocity with changing r, but can be due to the
velocity field perturbation by a density wave.) However, if the
rotation curve of a galaxy is smooth, the corotation radius
cannot be found independently. In that case, as shown in [12],
the full (three-dimensional) velocity field in the galaxy disk
must be reconstructed in order to determine the corotation
radius and to discover giant anticyclones.

5.2 How can three velocity components be determined
from observations of one component?
The problem of restoring the full velocity vector stems from
the fact that in astronomy, the velocity of a remote object is
inferred from measurements of Doppler shifts of spectral
lines. Therefore, only one velocity component along the line
of sight is known. To reconstruct the other components of the
velocity vector, a model of the object must be given.

As we see in what follows, one additional condition
suffices for doing this. This condition assumes that for the
galaxies under consideration, the perturbed surface density
and velocity can be represented in terms of trigonometric
functions [see also Eqn (5)]:

C �r� cos �mjÿ F �r�� ; �7�

where C and F are the amplitude and phase, and m is the
azimuthal number equal to the number of the galaxy's arms.

To justify this assumption, we first note that the method,
to be described in what follows, of reconstructing the total
velocity vector field from the observed line-of-sight velocity
field is valid only for galaxies with a grand-design spiral
structure. These galaxies have a well-defined number of spiral
arms, and hence their structure barely changes when rotating
through the angle 2p=m.

To validate assumption (7), we have offered several
independent observational tests, which were applied to a
number of grand-design spiral galaxies. In all cases, the
possibility of describing the perturbed parameters of gaseous
disks of galaxies in form (7) was confirmed.

We explain why such a simplified representation for es andev can be quite accurate for real galaxies. The dynamics of
gaseous galactic disks are described by the system of
hydrodynamic equations. From this standpoint, approxima-
tion (7) means that, first, the system of equations describing
the behavior of grand-design galaxies is almost linear.
Second, the general solution of this system (which can be
represented in the form of a Fourier series in azimuthal
harmonics) is dominated by the term corresponding to one
harmonic with the azimuthal number m.

As regards the correctness of the linear approximation for
the hydrodynamic description of gaseous galactic disks, we
note that the perturbed velocities (20 ± 30 km sÿ1) are small
compared to the unperturbed rotation speed (>200 km sÿ1 as
a rule) in these galaxies.We also note that the Fourier series of
axially nonsymmetric perturbations of the surface brightness
of these galaxies point to the dominance of the second
harmonic in the perturbed surface density.

According to theoretical studies [31, 32], nonlinear effects
stabilize the instability that already shapes the observed
structures for small amplitudes of the perturbed quantities
when the linear approximation is still valid in describing the
relations between different parameters of the perturbation. In
the final state, the harmonic with the initially maximum
increment then dominates.

Although all physical theories require experimental
justification, theory and experiment develop independently
as a rule. In our case, this inconsistency wasmanifested in that
the problem of discovering giant anticyclones in galaxies was
posed earlier than technological possibilities for solving it
appeared.

Initial attempts to find vortices in the velocity fields of
gaseous galactic disks used the data available at that timeÐ
one-dimensional distributions of line-of-sight velocities
along a spectrograph slit for different slit orientations. But
such an approach was not accurate enough to distinguish
vortices: the line-of-sight velocities should be known at
several thousand points of the disk with the accuracy up
to a few kilometers per second. The situation changed only
recently.

Significant progress in observations of the line-of-sight
velocity fields of gaseous disks of external galaxies has been
achieved in the last 5 ± 10 years. Currently, we are able to
measure line-of-sight velocities simultaneously at 10,000 (or
even more) points of the disk. For ionized gas regions, the
accuracy of an individual line-of-sight velocity measurement
can be as high as� 5 km sÿ1; for neutral gas, it is� 2 km sÿ1

(by means of radio observations).
The typical line-of-sight velocity fields of the gas in spiral

galaxies are shown in Fig. 11 a (the galaxy NGC 157) and
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Fig. 11b (the galaxy NGC 1365). In Fig. 11c, d, we show the
brightness maps for these galaxies.

Studies of the velocity fields in spiral galaxies showed that
perturbed velocities in spiral arms are much less than circular
velocities. This allows applying linear and quasi-linear
theories for analysis.

According to the linear theory, density waves with a
certain value of the azimuthal number should emerge in
galaxy disks. It can then be shown that all three velocity
components in a flat disk must contribute to different Fourier
harmonics of the observed line-of-sight velocity. The main
idea of reconstructing the full velocity vector is very simple.
First, the Fourier coefficients of the line-of-sight velocity field
must be determined from observations, and then all three
velocity components of gas in the galaxy are to be found using

simple algebraic relations. In the framework of this theory,
phase relations between different velocity components turn
out to exhibit jumps at the corotation region. Therefore,
restoring all three velocity components automatically solves
the problem of determining the spiral pattern corotation
radius.

We consider how to determine the velocity components in
more detail. We first find the relation between the observed
line-of-sight velocity of a gas cloud C moving in the galaxy
disk and three velocity components.

We first consider the simplest case where the inclination
angle of the galaxy is i � p=2 (Fig. 12). The observermeasures
only the component of the velocity of point C directed along
the line of sight, i.e., the velocity component along the z 0 axis.
The azimuthal and radial components of the velocity
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Figure 11.Line-of-sight velocity fields of NGC 157 (a) andNGC 1365 (b) obtained by the Doppler shift in the Ha and 21-cm (HI) lines, respectively, with

isoline values indicated. Surface brightness maps of NGC 157 in the Ha line (c) and NGC 1365 in the 21-cm line (d).
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contribute �vj�z 0 � vj cosj and �vr�z 0 � vr sinj, respec-
tively. The component of the systematic velocity of the entire
galaxy along the line of sight vsys must also contribute. The
vertical (perpendicular to the galaxy plane) velocity compo-
nent vz does not contribute to the measured velocity at
i � p=2. As a result, the line-of-sight velocity at i � p=2 is
expressed in terms of the velocity components as

vobs � vsys � vj cosj� vr sinj :

For an arbitrary galaxy inclination angle, we have

vobs � vsys � �vr sinj� vj cosj� sin i� vz cos i :

For a density wave with a fixed azimuthal number, the
perturbed density es and velocities evr, evj, and evz can be
represented ases�r;j� � Cs�r� cos

�
mjÿ Fs�r�

�
; �8�

evr�r;j� � Cr�r� cos
�
mjÿ Fr�r�

�
; �9�

evj�r;j� � Cj�r� cos
�
mjÿ Fj�r�

�
; �10�

evz�r;j� � Cz�r� cos
�
mjÿ Fz�r�

�
: �11�

Now, if we take velocities in the galaxy disk as the sum of
perturbed and unperturbed components,

vr�r;j� � ~vr�r;j� ;
vj�r;j� � vrot�r� � ~vj�r;j� ; �12�
vz�r;j� � ~vz�r;j� ;

and substitute the full velocities in the formula for vobs, we
obtain the decomposition of the observed velocity in a
Fourier series in the azimuthal angle j. The series includes
eight terms describing the zeroth harmonic proportional to

vsys, the first even harmonic proportional to vrot, as well as
even and odd �mÿ 1�th, mth, and �m� 1�th harmonics. The
corresponding Fourier coefficients are

amÿ1 � Cj cosFj � Cr sinFr

2
sin i ; �13�

bmÿ1 � Cj sinFj ÿ Cr cosFr

2
sin i ; �14�

am�1 � Cj cosFj ÿ Cr sinFr

2
sin i ; �15�

bm�1 � Cj sinFj � Cr cosFr

2
sin i ; �16�

am � Cz cosFz cos i ; �17�

bm � Cz sinFz cos i : �18�

Other coefficients of the Fourier decomposition of vobs are
zero. The above relations show that different components of
gas velocity in a galaxy contribute to the azimuthal Fourier
harmonics of the observed line-of-sight velocity as follows:
� the systematic velocity of the galaxy contributes to the

zeroth harmonic of the observed velocity;
� the velocity of the purely circularmotion determines the

coefficient at the cosine of the first harmonic of the observed
velocity;
� the radial and azimuthal components of the velocity

contribute to the �mÿ 1�th and �m� 1�th harmonics of the
observed velocity;
� the vertical velocity determines themth harmonic of the

observed velocity.
Thus, if there are m spiral arms in the galaxy, the line-of-

sight velocity field must have the �mÿ 1�th and �m� 1�th
harmonics in addition to the zeroth and first ones.

Deriving the Fourier coefficients of the velocity field from
observations, we find the parameters of the vector velocity
field in the galaxy from the system of equations (13) ± (18).

Indeed, in this case, it is easy to see that eight Fourier
coefficients are nonzero, which is just enough to determine the
eight unknown functions vsys, vrot, Cr, Cj, Cz, Fr, Fj, and Fz.
The problem of reconstructing three velocity components
from the observed line-of-sight velocity field can thus be
solved for galaxies with the number of arms m5 3.

For a two-arm galaxy, only seven Fourier coefficients can
be derived: a0, a1, a2, a3, b1, b2, b3. Onemore equation relating
unknown functions is required.

We proposed three independent methods of restoring
three velocity components using different types of additional
relations between the density wave parameters. The first two
are based on relations between phases of unknown functions
obtained fromhydrodynamic equationswith a single assump-
tion: the perturbation is represented as a wave with the
azimuthal number m � 2.

The first method is based on the fact that for compara-
tively smooth rotation curves (such that K2 �
2O �2O� r dO=dr� > 0), the phases of radial and azimuthal
velocities must be related (before and after the corotation
radius rc) as

Fj ÿ Fr � ÿ p
2

at r < rc;

Fj ÿ Fr � p
2

at r > rc :
�19�

Observer

Large
dynamical axis

y, z0

x

0

j

j
j

vj

vj cosj� vr sinj

vr

Azimuthal
velocity

Radial velocity

A

C

B

Figure 12. The case of an edge-on galaxy (the inclination angle of the

galaxy is p=2). The observed line-of-sight velocity of point C is

vobs � vsys� vj cosj� vr sinj, where vsys is the systematic velocity of

the galaxy along the line of sight.

128 A M Fridman Physics ±Uspekhi 50 (2)



For a sharply changing rotation curve (K2 < 0), the following
relations hold:

Fj ÿ Fr � p
2

at r < rc ;

Fj ÿ Fr � ÿ p
2

at r > rc :
�20�

The second method is based on the fact that for tightly
wound spirals, the phases of azimuthal and radial velocities
must satisfy the relations

Fr ÿ Fs � p at r < rc ;

Fr ÿ Fs � 0 at r > rc :
�21�

These jumps in the phase difference allow the corotation
radius of the spiral structure to be determined directly from
the line-of-sight velocity field observations.

The third method consists in determining the equilibrium
rotation curve as inferred from the mass distribution in the
galaxy. This method is based on studies of the photometric
brightness distribution in galaxies.

Only one question remains: What do different restoration
methods and tests of their validity give for real galaxies?

6. Discovery of anticyclones in spiral galaxies
with smooth rotation curves

6.1 On the possibility of approximating real spiral
perturbations in galaxies by monochromatic low-amplitude
waves
As follows from Section 5, the first step in restoring the full
velocity field of gaseous galaxy disks consists in testing, for
real grand-design galaxies, the validity of a simplified
description in the form of monochromatic perturbations
(8) ± (11). Most spiral galaxies have two arms. The test
therefore includes two parts:
� testing the amplitude closure of the second harmonic in

the surface density Fourier spectrum;
� testing the amplitude closure of the first three harmonics

in the line-of-sight velocity field Fourier spectrum [see
relations (13) ± (18)].

Figure 13 shows spectra of the surface brightness maps
of the galaxy NGC 157 in the near-infrared (K) range
(Fig. 13a) and NGC 1365 on the 21 cm neutral hydrogen
line (Fig. 13b). As can be seen from the figure, the second
harmonic of the surface brightness clearly dominates in
both galaxies, which means that the same harmonic
dominates in the surface density spectrum es.

The appearance of the first three harmonics in the line-of-
sight velocity spectrum is a consequence of the projection
effect. From the mathematical standpoint, this happens due
to the multiplication of the monochromatic components of
the gas velocity vector, depending on 2j, with similarly
monochromatic functions of the argument j (cosj and
sinj), when making a projection on the line of sight.
Therefore, testing the prevalence of the first three harmonics
in the line-of-sight velocity spectrum is, in essence, the test of
the amplitude closure of the second harmonics in the velocity
vector components vr, vj, vz.

Figure 13c, d shows the Fourier spectra of the line-of-sight
velocity fields of galaxies NGC 157 and NGC 1365 without

contributions from the systematic velocity and the purely
circular gasmotion (more precisely, the contribution from the
first even harmonic). The first of the fields is obtained in the
line of ionized hydrogen Ha, and the second in the line of
neutral hydrogen 21 cm. In both cases, the first three
harmonics clearly dominate, which confirms the good
accuracy of describing real spiral perturbations in galaxies
as monochromatic.

6.2 Observational test:
do spiral arms represent density waves?
The test presented in Section 6.1 is evidence of the possibility
of describing real spiral perturbations by one Fourier
harmonic. This property allows restoring the full vector
velocity field of gas from a one-component line-of-sight
velocity field (see Section 5). But the velocity field recon-
structed in this way can turn out to be only `the instant image,'
revealing little about complicated processes in the galaxy disk.
Nevertheless, if the spiral perturbation is in the form of a
density wave, the situation changes dramatically: after
passing to the frame corotating with the spiral pattern, the
reconstructed field proves to be stationary and fully char-
acterizes the dynamical state of the disk.

Thus, we arrive at the necessity of observational tests of
whether the spiral structure of a given galaxy represents a
density wave. We mentioned in Section 2 that Lindblad's
hypothesis on the wave nature of spiral waves resolved the
paradox of the nonsmearing of the spiral structure by
differential rotation. In Section 4, we presented an observa-
tional test of the hypothesis on the wave nature of the spiral
arm in our GalaxyÐ the change in the sign of the gradient of
stellar ages on the corotation circle inside the spiral arm (see
Fig. 7). We also noted that this test can be applied only in the
solar vicinity of our Galaxy. What about the observational
tests of the wave nature of spiral arms in other galaxies?

In this section, we outline one observational test we
proposed to establish the wave nature of galactic spiral arms
[11, 12]. In this method, in addition to the theory of
characteristic disk oscillations, we also use the relation
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between the observed line-of-sight velocity of the gaseous disk
and perturbed gas velocity components. Equations (15) and
(16) imply a relation between the third harmonic of the
observed velocity vobs and wave motions in the disk plane
only, i.e., only with two components of the perturbed gas
velocity, evr and evj. This means that some functional
dependence exists between the third harmonic of the line-of-
sight velocityF3 and phasesFr andFj, which can bewritten as

F3 � f1�Fr;Fj� : �22�

However, as follows from the theory of eigenoscillations
of a disk, the phases Fr and Fj are not independent but are
related by Eqns (19) or (20), depending on the sign of K 2.
Therefore, functional dependence (22) simplifies:

F3 � f2�Fr� : �23�

From Eqns (21), we can find a single-valued dependence
between phases Fr and Fs. Therefore, we finally obtain

F3 � f �Fs� : �24�

Because the second harmonic dominates in the surface
brightness Fourier spectrum (Fig. 13a, b), the phase Fs in fact
coincides with the phase of the second harmonic of the
brightness. The latter can be easily obtained from observa-
tions. The phase F3 in Eqn (24) can also be calculated as the
phase of the third Fourier harmonic of the observed line-of-
sight velocity vobs.

Thus, Eqn (24) can easily be verified, which represents the
observational test of the wave nature of the spiral structure.

According to [11, 12], Eqn (24) can be explicitly written as

F � F3 ÿ p
2
� Fs for r > rcr ; �25�

F � F3 ÿ p
2
� Fs for r < rcr;Cj > Cr ; �26�

F� p � F3 � p
2
� Fs for r < rcr;Cj < Cr : �27�

The fulfillment of conditions (25) ± (27) for a real galaxy
implies, as was already noted, that its spiral arms are density
waves.

The verification of the observational test described above
can be given a visually clear form by taking into account that
for galaxies satisfying the condition Cj > Cr, two curves
determined by the equations

cos �2jÿ Fs� � 1 ; �28�
cos �2jÿ F� � 1 ; �29�

according to formulas (25) and (26), must coincide every-
where in the disk. Equation (28) then defines the curve of the
maximum of the surface brightness second harmonic, and
Eqn (29) defines the test curve describing a two-arm spiral
with the line-of-sight velocity phase of the third Fourier
harmonic F3 shifted by p=2.

For galaxies that are characterized by the inverse relation,
Cj < Cr, both curves (28) and (29) must coincide outside the
corotation circle, r > rc. In the region r < rc, the test curve
must coincide with the curve of the minimum of the surface
brightness second harmonic. In other words, forCj < Cr, the
test curve must have a jump at the corotation region in
passing, roughly speaking, between the spiral arms inside
the corotation circle, and after changing its location in the
jump, must become coincident with the spiral arm (with the
curve of the brightness maximum) outside the corotation
circle.

This correlation of curves can be seen in Fig. 14, where
the triangles mark the curve (29). The squares in Fig. 14a
show the curve of the maximum of the surface brightness
second harmonic in the K-band of the galaxy NGC 157, for
which Cj > Cr. Good coincidence of the curves is evident.
Figure 14b, c shows the comparison of the lines of themaxima
of the second harmonic in the R band, with maxima and
minima of the test curve for the galaxy NGC 3631. For this
galaxy, at 10 00 < r < 50 00, the amplitude of the perturbed
azimuthal velocity is smaller than the amplitude of the
perturbed radial velocity, Cj < Cr [33]. It is seen that
maxima of the test curve coincide with maxima of the surface
brightness in the central part of the disk and outside the
corotation circle. In the intermediate region, they almost
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coincide with minima of the surface brightness, as should be
the case for a galaxy with Cj < Cr. Therefore, the wave
nature of the spiral structure can be established in the galaxy
NGC 3631 as well. It follows from the above that spiral arms
of the galaxies are indeed density waves.

6.3 Vertical motions in gaseous disks of spiral galaxies:
vertical velocities in the spiral density wave or bending
oscillations?
The test considered in Section 6.2. proves the relation between
the two-arm density wave and the first and third harmonic of
the line-of-sight velocity field caused by motions in the disk
plane. Exactly these motions are of primary interest for us
from the standpoint of distinguishing giant anticyclones
similar to those observed in shallow-water experiments.
However, to be able to restrict ourself by taking only these
harmonics into account, we must show that the second
Fourier harmonic is produced by vertical motions in the
same density wave. In this section, we show an example of
using one of the observational tests proposed by us for this
purpose [34].

To clarify the main idea of this observational test, we
recall some statements from the theory of galaxy disk
oscillations.

Two types of vertical motions in galaxy disks excited by
quite different mechanisms are known [35]. The first type is
related to density waves and, together with motions in the
disk plane (which we have already considered), constitutes
one three-component vector velocity field in the spiral density
wave. This type of motion does not deform the central disk
plane z � 0 because the velocity component vz in the density
wave is an odd function of z: vz�ÿz� � ÿvz�z�, such that
vz � 0 in the plane z � 0.

The second type of vertical motions leads to disk bending
like the surface of an oscillating membrane. The vertical
velocity in such a motion is an even function of the
coordinate z transversal to the disk plane: vz�ÿz� � vz�z�
and vz 6� 0 in the plane z � 0. Such a behavior of the gaseous
disk can be caused by either tidal influence from a satellite
galaxy or the appropriate motion of the star disk in which the
gaseous disk is embedded.

In a star disk, the membrane (bending) oscillations are
excited by the so-called hose-pipe instability emerging when
the velocity dispersion of stars in the disk plane ismuch higher
than in the vertical direction. In this case, a small initial
bending of the disk is enhanced by the centrifugal force acting
on stars moving along curved trajectories. In the same way,
centrifugal forces bend a fire-hose with rapidly flowing water,
from which the name of this instability originated.

Therefore, we must understand which type of vertical
motions, differing by the class of symmetry of the function
v �z� relative to the plane z � 0, is observed in the gas disk of
spiral galaxies and is responsible for the appearance of the
second harmonic in the Fourier spectrum of the line-of-sight
velocity field. To solve this problem, it is natural first of all to
choose a galaxy oriented to the observer such that the vertical
velocity v �z� mostly contributes to the observed velocity
along the line of sight. Then we should measure the line-of-
sight velocity such that the results differ for different
symmetries of vz�z�.

The first requirement is satisfied if the galaxy is seen under
a small inclination angle i (so-called `face-on' galaxies),
because the ratio of contributions of the vertical velocity
and the velocity in the disk plane are proportional to cos i.

As a method sensitive to the vz symmetry, we can use the
comparison of results of measurements of one vertical
velocity field at different wavelengths for different transpar-
encies of the gaseous disk. The optical depth of the disk
should be less than unity in one band and larger than unity in
the other band. These requirements are satisfied, for example,
for velocity measurements using the Doppler shift of the
21 cm line and the Ha line.

We explain what kind of differences in the results of
measurements can be expected using different wavelengths
in a disk with different optical depth and different types of
vertical gas motions in the galaxy disk.

On the Ha line, due to the large optical depth in this line,
we mostly observe the nearest part of the disk. Therefore,
measurements on the Ha line yield the maximum vertical
velocity for both types of vertical motions. Indeed, an odd vz
is equal to zero in the plane z � 0 and increases farther away
from this plane, reaching maximum at the disk edge, i.e.,
where wemeasure it on theHa line. The value of vz in bending
oscillations is virtually independent of z (up to the factor
2pz=l5 1, where l is the wavelength [35]).

For observations on the 21 cm line, where the disk is
almost transparent, contributions from the disk parts located
on opposite sides of the central plane z � 0 are approximately
equal. For an odd vz�z�, these contributions mutually
cancelÐparts with opposite vertical velocities cause the
opposite Doppler line shift and the maximum of this
function is not shifted. Therefore, for vertical motions in the
density wave, the line-of-sight velocity (with the systematic
velocity of the galaxy subtracted)measured in the 21 cm line is
much smaller than measured in the Ha line. For membrane
oscillations and even vz�z�, measurements on both lines
should be similar, i.e., virtually coincide.

The outlined observational method for determining the
nature of vertical motions in galaxy disks has been verified in
studies of the velocity field of the spiral galaxy NGC 3631,
which displays a distinct two-arm structure (Fig. 15a) and is
seen almost `face-on' (i � 17�). This galaxy is isolated, which
excludes its tidal deformation.

Observations on the Ha line used in the present study
were obtained by the 6m telescope of SAO RAS [33, 34].
Observations on the 21 cm line were carried out by
Knappen at the Westerbork Synthesis Radio Telescope
[36]. The optical (Ha) and radio (21 cm) observations had
significantly different angular resolutions (2 00 and
15:2 00 � 11) for technical reasons. For a more adequate
comparison, we therefore smoothed the optical velocity
field to the resolution 13 00, comparable to that of radio
data. The original optical field, smoothed optical field, and
radio field of the line-of-sight velocity in the galaxy
NGC 3631 are shown in Fig. 15b, c, d.

The Fourier spectra of all the fields shown in Fig. 15b ± d
demonstrate the prevalence of the first three harmonics
(Fig. 15e ± g), which is a consequence of the two-arm spiral
structure of this galaxy [see Eqns (13) ± (18)].

The results presented in Fig. 15e ± g are consistent with the
assumption that the second Fourier harmonic of the line-of-
sight velocity field is due to gas vertical motions in the disk of
NGC 3631. Indeed, for the Ha data shown in Fig. 15e, f, only
the second harmonic has an appreciable amplitude, as should
be the case if this harmonic is due to vertical motions, whereas
the first and third harmonics are due to motions inside the
disk plane. The contributions of these harmonics prove to be
suppressed by the projection effect (the projection of these
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velocities on the line of sight is proportional to sin i ). For
NGC 3631, sin i ' 0:3. (The dispersion measured in units
of [km2 sÿ2] shown in Fig. 15e ± g is suppressed even more
strongly because it is proportional to sin2 i ' 0:1.) At the
same time, the amplitude of the second harmonic of the line-
of-sight velocity field as inferred from the radio data is much
lower (Fig. 15g).

Comparing Figs 15e, f, and g, we conclude that the smaller
amplitudes of the first and third harmonics of the velocity

field on the 21 cm line in comparison with ones of the original
field on the Ha line are related to the resolution effect, these
harmonics have similar amplitudes in the line-of-sight
velocity field observed on the 21 cm line (Fig. 15g) and in the
smoothed velocity field on the Ha line. The second harmonic
on the 21 cm radial velocity field is much smaller than in the
smoothed velocity field on theHa line (Fig. 15f). This suggests
that not bending oscillations but vertical motions in the
density wave are observed in NGC 3631 [33, 34].
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6.4 Gas velocity field in the galaxy disk plane
As follows from Sections 6.1 ± 6.3, all independent observa-
tional tests confirm the applicability of our method of
restoring the full vector field of gas velocities in spiral grand-
design galaxies from the observed line-of-sight velocity field.

So far, we have processed the observed line-of-sight
velocity fields and reconstructed the full velocity vector for
about ten spiral galaxies, including NGC 157, NGC 6148,
NGC 1365, and NGC 3893 [11, 33, 37 ± 40]. In all cases,
independent methods yielded consistent results. This allowed
us to reach quite a different level of proof of the obtained
results. In astronomy (with the exception of the nearest
objects in the solar system), it is impossible to `touch' objects
under study or perform experiments with them, as is common
in physics. The coincidence of results obtained by indepen-
dent means of analysis of observational data can lend support
to the model used.

Having an error in the velocity measurements of one pixel
in an image of about 15 km sÿ1 and using more than 105

velocity determinations, we have managed to detect the
velocity amplitude 20 ± 30 km sÿ1 in spiral arms with the
accuracy 2 ± 5 km sÿ1.

The velocity reconstruction allows resolving two classic
problems simultaneously: to determine the corotation radius
and to directly prove the wave structure of the observed spiral
arms. Moreover, this method enabled us to solve new
problems. One of the most important problems is the
discovery of new structures in galaxiesÐgiant anticyclones.

For two galaxies NGC157 and NGC1365, Fig. 16 shows
velocity fields in the gaseous disk plane in the frame
corotating with a spiral pattern, superposed on the depro-
jected images of the corresponding galaxies. If the spiral
pattern is stationary or quasi-stationary, this velocity field is
also stationary or slowly varying with time. In Fig. 16, two
very distinct anticyclones are observed near the corotation
radius in either case. Such anticyclone vortices were predicted
from laboratory shallow-water experiments. The centers of
the anticyclones lie on the corotation radius.

We note that perturbed gas velocities in spiral arms are
directed toward the galaxy center within the corotation radius
and outward from the galaxy center beyond the corotation
radius. Such behavior of velocities is predicted by the theory
of the density wave.

The comparison of the location of spiral arms with that of
anticyclones shows that the center of the anticyclones lies in
the interarm space, implying that self-gravitation forces in gas
exceed hydrodynamic pressure forces for the chosen galaxies
(see the Table).

An analysis similar to the one presented here can presently
be performed for only a very limited number of galaxies. But
it clearly demonstrates the great possibilities opened by
analyzing the Fourier components of the azimuthal distribu-
tion of the line-of-sight velocity whenever appropriate
observational data are available.

Despite the common nature of the spiral-vortex structure,
vortices were discovered one and a half century after spiral
arms. Spiral arms are as bright as the `tip of an iceberg,'
striking astronomers by the diversity and dynamical char-
acter of their forms. Vortices turned out to be the `under-
water' part of the same `iceberg,' which cannot be discovered
by many telescopes at very different wavelengths. The reason
for this was not the insufficient power of the telescopes but the
need to invoke the predictive power of laboratory and
numerical modeling and to carry out analytic studies to
reveal the nature of these hidden structures, their localiza-
tion, and the means by which they can be inferred from
observations. Long-term efforts to search for these structures
now allow obtaining the dynamic picture of spiral galaxies,
which we could not have even imagined at the beginning of
this work.

7. Prediction and discovery of giant cyclones

As noted in Section 5 (Fig. 7e and 8a), in the frame corotating
with spiral arms, the directions of disk rotation inside and
outside the corotation circle are opposite (solid lines with
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arrows in Fig. 17a). For the two-arm galaxy in Fig. 17a,
perturbed velocities (dashed lines with arrows) change sign
four times as the azimuthal angle changes by 2p. The
perturbed velocities themselves form four vortex-like struc-
tures: two cyclones and two anticyclones (Fig. 17a). But
because the directions of perturbed azimuthal velocities (in
the density wave) coincide with the direction of rotation
between spiral arms and are opposite on the spiral arms, the

unperturbed rotation maintains anticyclone vortices and
suppresses cyclones. Therefore, anticyclone vortices are
always generated between the arms. Cyclones can be formed
on spiral arms only if the perturbed velocities dominate; the
rotation only suppresses them. Therefore, the perturbed
velocity gradient dominating the rotation speed gradient in
the spiral pattern reference frame turns out to be the
condition for cyclone vortices to exist in the full velocity
field of a galaxy:���� q evjqr

���� > ���� dvcircdr

���� � ���� d �vrot ÿ Ophrc�
dr

���� : �30�

We note that in a spiral galaxy, in the center-of-galaxy
reference frame, perturbed velocities are always smaller than
the rotation velocity, and in most cases are evenmuch smallerÿjevjj5 vrot

�
. But the perturbed velocity gradient can exceed

the rotation velocity gradient in some regions of the disk due
to the difference in the characteristic scales by which these
values change. The presence of such regions at the corotation
circle means that cyclones can appear in the velocity field of
that galaxy. The ideas outlined above have led to the
prediction of the existence of cyclones in galaxies with a
pronounced spiral structure [39].

It can be shown that four variants of the cyclone vortex
locations are possible. Three of them consist in forming pairs
of cyclones whose centers lie on the corotation circle, inside
or outside it. The fourth variant is a combination of the
second and third ones: four cyclone vortices are formed on
both sides of the corotation circle. The cyclones are slightly
shifted with respect to the line of the surface density maxima
(Fig. 17b) [41].

The theoretical prediction of the existence of cyclone
vortices in the velocity fields of galaxies with pronounced
spiral structures [39] was confirmed after the velocity field in
the disk plane of galaxyNGC 3631 was reconstructed [33, 41].
(The apparent contradiction that the paper with the predic-
tion was published later than the paper reporting the
discovery was due to the anomalously long refereeing of the
former).

In Fig. 17c, we compare radial dependences of the
perturbed azimuthal velocity jevjj and the disk rotation
velocity of NGC 3631 in the comoving reference frame vcirc.
The corotation radius in this galaxy is about 42 00. As can be
seen from Fig. 17c, condition (30) is satisfied on both sides of
the corotation circle (the slope of the curve for evj is larger
than for vcirc). Consequently, according to the prediction, we
can expect the discovery of cyclones on both sides of the
corotation circle as shown in Fig. 17b.

The reconstructed gas velocity field in the disk of
NGC 3631 in the frame corotating with the spiral pattern is
shown in Fig. 18a. We here see the structure of the velocity
field, including two anticyclones between the spiral arms and
four cyclones located exactly where the theory predicts
(Fig. 17b) [33, 41].

8. Are there slow bars in spiral galaxies?

The well-known classical theory of rotating fluid bodies
suggests that a rotating gravitating incompressible-fluid
spherical body first transforms into a two-axial ellipsoid,
and for faster rotation it transforms into a three-axial
ellipsoid [42]. It can be concluded from this that the shape of
a rotating fluid body is determined by its angular momentum.
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Collisionless star systems do not have such a property.
This means that on the one hand, we can find a spherical
system with nonzero angular momentum, and on the other
hand, there should be virtually irrotational ellipsoids in which
the ratio of the rotational energy to gravitational (potential)

energy is a small parameter. For elliptical galaxies, this ratio is
about 13%. The form of elliptical galaxies is mainly
determined by the anisotropy of their `temperatures' (the
ratio of velocity dispersions along and normal to the rotation
axis is smaller than one). As regards the possibility of rotation
of a spherically symmetric system, Lynden-Bell [43] showed
that it is possible in principle.

This can be easily perceived when taking into account that
starting from an irrotational spherical star system with a
distribution function f0 � f0�E;L�, where E and L are the
energy and angular momentum of a star, it is always possible
to obtain an infinite set of distribution functions describing
rotating spherical systems:

F0�E;L;Lz� � m f0�E;L�Y �Lz�
� �1ÿ m� f0�E;L�Y �ÿLz� ; �31�

where m is a parameter, 04m4 1, and Y�Lz� is the step
function. The transformation described by Eqn (31) means
that we transform velocities of some group of stars such that
the number of particles with Lz > 0 becomes m, and the
number of particles with Lz < 0 becomes 1ÿ m, m 6� 1=2. It
is easy to see that neither the system density r0�r� nor its
gravitational potential F0�r� are then modified.

As an example, we consider a system of particles (stars) in
circular orbits (Fig. 18b, c). The distribution function [44]

f0 � r0�r�
2pv0�r� d �vr�

�
v? ÿ v0�r�

�
;

v 2
? � v 2y � v 2j ; v 2

0 �r� � rF 00�r� ; �32�

(where F�r� is the gravitation potential) describes the
situation where the sum of all particle velocities vanishes in
the plane tangential to any sphere at any point, i.e., the system
does not rotate as a whole.

For convenience, we choose some direction (the z axis)
and, in the equatorial plane, create an excess of particles
rotating in one direction around the axis over those rotating
in the opposite direction. Such a system has a nonzero total
angular momentum.

In the stationary and axially symmetric case q=qt �
q=qj � 0 and F0 � F0�r�, we have the kinetic equation [35,
44]

v?
r

�
cos a

q f0
qy
ÿ sin a cos y

q f0
qa

�
� vr

�
q f0
qr
ÿ v?

r

q f0
qv?

�
�
�
v 2
?
r
ÿ dF0

dr

�
q f0
qvr
� 0 : �33�

It can be observed that Eqn (33) is satisfied, for example, for
the function of the form [45, 46]

f0m � r0
2pv0

d�vr� d�vr ÿ v0��1� m sin y sin a� ; jmj4 1 :

�34�
We can now calculate the angular rotation velocity of a

homogeneous ( r0 � const) sphere [45, 46]. By definition, the
linear rotation velocity at the point r is


vj�r�
� � 1

r0

�
vjF0m da v?dv? dvr � 1

2
mO0r sin y ; �35�

where we use the formula vj � v? sin a. The expression for

vj�r�

�
implies that the angular rotation velocity of the
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(b, c) The Einstein model of a spherically symmetric stellar cluster: (b)Ð

all particles move along circular orbits around the barycenter in the

direction shown by the arrows; (c)Ð in the plane tangential to the

arbitrary sphere at any point, the sum of the velocities of all particles is

zero. (d) The scheme of transformation of a spherical collisionless system

into an ellipsoidal one due to the instability of radial orbits.
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system Orot is directly related to the parameter m:

Orot � mO0

2
; �36�

whereO0 is the rotation velocity of particles in circular orbits.
This result suggests that the homogeneous sphere rotates as a
solid body.

How can one qualitatively imagine the formation of bars
in galaxies? According to observations, galaxies show a broad
specific angular momentum distribution. Protogalaxies that
acquired comparatively large angular momentum formed
massive disks, where the so-called bar instability leads to the
formation of a large `fast' bar. The ends of the bar, where
trailing spiral arms originate, rotate with the linear velocity
coincident with that of the differentially rotating disk (if the
bar is rigidly connected with spirals). In this region of the disk
near the bar ends, the main (corotation) resonance of the
galaxy disk is located. Such a bar is called fast, in contrast to a
slow bar whose ends rotate with a velocity much smaller than
that in the adjacent region.

Slow bars could form in protogalaxies with lower angular
momenta than in galaxies with fast bars. The formation of a
slow bar could be the result of the instability of radial orbits.
The central density increase that forms during the radial
collapse and hence consists of radially elongated orbits of
stars turns out to be `colder' in the transverse direction than in
the radial one. During the collapse, most gravitational energy
is transformed into radial motion. It is therefore not
surprising that the radial velocity dispersion is higher than
the transverse one. Small transverse perturbations begin
growing, which cannot be precluded by the small transversal
velocity dispersion (Fig. 18d). In fact, an anisotropic Jeans
instability develops in the transverse direction and increases
the velocity dispersion in this direction and correspondingly
decreases the `eccentricity' of stellar orbits (the orbits are not
closed in general).

Such an instability of radial (or elongated) orbits was
predicted by Zeldovich et al [47] in 1972. The instability of
radial orbits belongs to the class of Jeans instabilities. This
means that when such an instability develops, the amplitude
of the largest collective oscillation mode transforming the
system into a two-axial ellipsoid grows most rapidly
(Fig. 18d) [48]. The ellipsoid rotates slowly with a precession
frequency much smaller than the characteristic rotation
frequency of stars (Opr 5O0), hence the name `slow bar.'
The necessary condition for the radial orbit instability
dOpr=dL > 0, where L is the angular momentum of a star,
exactly coincides with the slow bar formation condition due
to capture of stars by the gravitational bar potential [49].

According to Polyachenko, the location of the slow bar
must have the following properties:

(1) its radius is limited by the inner ± inner Lindblad
resonance;

(2) in the case of a slow bar, the main spiral arms of a
galaxy, being trailing spirals, are bounded from the central
region by the outer ± inner Lindblad resonance;

(3) the ends of the slow bar are connected to the principal
spiral arms by leading spirals with the azimuthal size � 180�.

Figure 19a shows the response of a gaseous disk to the
gravitational potential of a slow bar, first calculated in [50].
As we see, the response includes two spirals. The first
represents a part of the trailing (external) spiral, which is the
continuation of the principal trailing spiral arms of the
galaxy. The second spiral turns out to be leading. Occupying

a narrow radial part of the disk, it is very tightly wound and
makes half a turn between the bar and the external spiral. The
leading spiral is localized between the inner ± inner (IILR)
(ends of the bar) and the outer ± inner (OILR) (beginning of
the trailing spiral) Lindblad resonances.

Exactly this form of spiral arms in the vicinity of the
inner Lindblad resonance was discovered by us [51] based on
the analysis of photometric data of the galaxy NGC 157
obtained by the Hubble Space Telescope (the data are
available from the HST archive). Figure 19b shows the
location of the maximum of the second harmonic of the
surface brightness map of the central region of NGC 157 in
the visible range (mean wavelength � 5852 A

�
, band width

� 1873 A
�
) as a function of radius. The 10 00 bar is clearly seen

when the second harmonic of the near-infrared (IR H-band)
surface brightness map is superimposed on the figure. The
IILR exactly occurs at the 5 00 radius, the OILR is at 8 00, and
the leading spirals connect the ends of the bar located at 5 00

to the beginning of the trailing spiral (located at 10 00) within
2 00 of the OILR.

Thus, these results were found to be in very good
agreement with theoretical predictions, which is a serious
argument in favor of the existence of a slow bar in NGC 157.
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9. The observed envelope soliton-like oscillatory
structure in the spiral arm of NGC 1365

Most of the mass of the interstellar gas in galaxies is in the
form of neutral hydrogen, and therefore observations on the
HI 21 cm line are themost direct means ofmeasurement of the
gaseous disk velocity field. But the present-day angular
resolution of radio observations that can be reached over a
large field is significantly lower than that of optical observa-
tions. This is why almost all velocity fields of spiral galaxies
(except the closest ones) studied in detail have been obtained
from line-of-sight velocity measurements on the Ha line.

Radio observations of the galaxy NGC 1365 are special.
This giant nearby galaxy has a well-defined spiral structure,
and hence the resolution on the 21 cm line is sufficient to study
the inner detailed structure of spiral arms in the galaxy
gaseous disk.

Observations demonstrate that neutral hydrogen (HI) is
concentrated in spiral arms. With the volume adiabatic index
g � 5=3, the atomic gas density at the front of a `classical'
strong shock wave can attain a value four times as high as
before the front because the maximum density ratio is
�g� 1�=�gÿ 1� . But observations show that this ratio can be
almost an order of magnitude higher. The additional
compression of gas compared to that expected in the
`classical' shock is due to the strong radiative cooling of gas

(free ± free transitions). However, we are now interested in
structures on a scale much larger than the shock front width
of the spiral density wave in an atomic gas.

The question as to the structures of spiral arms in an
atomic gas is tightly related to another issue, which has a
quarter-century history, that gas disks of galaxies (by their
main parameters) are at the dynamical instability boundary.
This appears natural: as the instability develops, the velocity
dispersion increases and the disk `heats up' and becomesmore
andmore stable until the actual reason for heating disappears
and the disk approaches the stability boundary. The analysis
in [52], as well as later ones, confirmed this assumption using
different samples of spiral galaxies.

Mikhailovsky, Petviashvili, and Fridman [31, 32] showed
that the nonlinear dynamics of a gaseous galactic disk at the
gravitational instability boundary is described by the non-
linear SchroÈ dinger equation. This allowed them to hypothe-
size that spiral arms in galaxies are envelope solitons; these
solitons can be described by one of the solutions of the
nonlinear SchroÈ dinger equation (Fig. 20a). The concept that
spiral arms that keep their form in a differentially rotating
galaxy disk are solitons endowed with the property of being
stable when propagating in inhomogeneous streams and
media by definition appears quite natural and appealing.

In Fig. 20b, we can see that real spiral arms in the gaseous
disk of the galaxy NGC 1365 indeed demonstrate an
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oscillatory structureÐ the large-scale envelope curve
describes two spiral arms, each filled with small-scale quasi-
periodic density variations. Such a structure is well consistent
with being an envelope soliton predicted by the theory
(Fig. 20a).

We note that the secondary gravitational instability
generating shorter-wavelength secondary perturbations in a
gas `compressed' by the primary instability could have similar
observational manifestations.

10. Conclusion

The main results considered in this review can be summarized
as follows.
� Using the setup designed at the Kurchatov Institute for

modeling the centrifugal instability in gaseous disks of
galaxies with a rotation velocity jump, we discovered anti-
cyclone vortices whose centers were located between spiral
arms near the velocity jump. This served as a basis for
predicting such structures in real grand-design galaxies with
rotation velocity jumps.
� In the gaseous disk of the spiral galaxy Mrk 1040 with a

large rotation velocity jump, we discovered anticyclones
located exactly as predicted by the rotating shallow water
experiments: the anticyclone centers were found between
spiral arms near the rotation velocity jump.
� In the solar vicinity of the gaseous disk of our Galaxy in

the region of decreasing rotation velocity, we have found
anticyclones with the size � 4 kpc. Their origin can be
naturally related to the spiral structure of our Galaxy,
considering the solar galactocentric orbit location near the
corotation circle.
� The theory predicts the simultaneous emerging of spiral

arms and vortices in the spiral density wave irrespective of the
excitation mechanism: a hydrodynamic instability when the
rotation velocity jump is present or a gravitational instability
when no drastic gradients of the disk parameters are
observed. According to theoretical predictions, giant antic-
yclones were discovered in grand-design galaxies with smooth
rotation curves: NGC 157, NGC 3631, NGC 1365, and
NGC 6148. In all cases, anticyclones are located between
spiral arms near the corotation circle, i.e., exactly where the
theory predicts.
� In galaxies with a large-amplitude spiral density wave,

the theory predicts the existence of both anticyclones and
cyclones, with the centers of the latter located at the surface
density maxima on spiral arms and near the corotation
circles, or on opposite sides from the corotation circle and
the line of the density maxima of spiral arms. Giant cyclones
were discovered in the large-amplitude grand-design spiral
galaxy NGC3631. The localization of these cyclones is fully
consistent with theoretical predictions.
�A slow bar was discovered in the spiral galaxyNGC 157.

This closed the discussion of more than a quarter-century on
the possible existence of slow bars in galaxies. In this galaxy, a
tightly wound leading spiral, which makes a half-turn in a
narrow radial region of the disk between inner ± inner and
outer ± inner Lindblad resonances, is found between the ends
of the bar and the main system of trailing spiral arms. Exactly
such a nontrivial structure was predicted earlier to be the form
of response of the galaxy disk to the potential of a slow (and
only slow) bar, which definitely proves its existence in the
center of NGC 157.

� The inner oscillatory structure of spiral arms in the
gaseous disk of NGC 1365, recently discovered in a neutral
hydrogen distribution obtained from observations on the
21 cm line, shows an envelope-soliton form. The concept of
spiral density waves as envelope solitons was put forward in
papers coauthored by the present author about 25 years ago.
� The discovery of predicted galaxy structures required

the observational base to be significantly developed and new
methods of data processing to be elaborated.
� The method of restoring the full vector velocity field of

gaseous disks in grand-design galaxies from the observed one-
component line-of-sight velocity field is elaborated, aimed at
solving an ill-posed problem, and it is therefore principally
important that it includes several independent observational
tests to verify the correctness of the model assumptions used.
� An observational test is elaborated to check the wave

nature of the spiral structure observed in spiral galaxies.
�An observational test is elaborated to check the nature

of vertical motions in disk galaxies, which can be used to
clarify whether they are due to bending oscillations or the
z-component of the density wave velocity field.

All results are new and have no foreign analogs.
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