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Abstract. I summarize the dynamical mechanisms that have been found to shape structures such as the
spirals and the bars in barred-spiral systems. Response models and orbital analysis are used to study the
dynamics in potentials estimated from near-infrared images of galaxies and are considered therefore as
realistic. Contrarily to what is found in normal (non-barred) spirals, where the spiral arms are supported
by regular orbits trapped around stable periodic orbits, in barred spiral systems the spirals are reinforced
by particles in chaotic motion. The standard mechanism is associated with the unstable Lagrangian points
close to the ends of the bar. Then the principal, “chaotic”, spirals extend beyond corotation. However, there
are also cases where the chaotic orbits that support the spirals stay always inside corotation. Particles in
chaotic motion are found to reinforce also the outer envelopes of the bars.

1. INTRODUCTION
In the last years it has been realized that the spirals emerging out of the ends of the bars can be supported
by stars in chaotic orbits. Since 2005, there are more than 33 papers on the subject in journals and
conference proceedings. An almost complete list of these papers can be found in the References of the
present paper from [1] to [33]. The main mechanism proposed is associated with the unstable manifolds
of the orbits of the unstable family of periodic orbits generated at the Lagrangian points L1 and L2 near
the ends of the bar. However, alternative mechanisms have been also proposed (see [29]). The role of
chaotic orbits in supporting the spirals in barred-spiral galaxies has been underlined earlier (1996) by
Kaufmann and Contopoulos ([34]). They proposed that the part of the spirals close to end of the bars is
reinforced by chaotic orbits, while the part between the resonances −4 : 1 and −2 : 1 by regular orbits.
Also in [35] it has been argued that the boxiness of the early type bar of NGC 4314 is due to chaotic
orbits. Dynamical mechanisms supporting structures close to the ends of a bar have to be based on stars
in chaotic motion, since these structures have to “survive” through the chaotic zone of corotation.
Below we enumerate the structures we found supported by chaotic orbits in potentials estimated
from near-infrared images of specific galaxies.
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2. THE POTENTIALS
The potentials of the disks that have been used are based on near-infrared observations of the barredspiral galaxies NGC 4314 ([36]), NGC 1300 ([26]) and NGC 3359 ([37]). They are of the general form:
(R, ) = 0 (R) +

kmax


[kc (R) cos(k) + ks (R) sin(k)] .

(1)

k

Usually kmax up to 6 is enough to describe accurately the morphological features of the galaxy ([26]),
while the necessity of including besides the even, also the odd terms depends on the morphology of the
specific galaxy. Additional potential terms for a bulge and a dark matter component have been included
in the models for NGC 1300. For estimating the amplitudes of the trigonometric terms the thickness of
the disks and their M/L are taken into account. The potentials are considered as time-independent, and
the bar and the spirals have been assumed to rotate with the same pattern speed. Equations of motion
are derived from the Hamiltonian

1
1 2
ẋ + ẏ 2 + (x, y) − p2 (x 2 + y 2 ) = EJ ,
(2)
H ≡
2
2
where (x, y) are the coordinates in the Cartesian frame of reference, rotating with angular velocity p .
(x, y) is the potential in Cartesian coordinates. EJ is the numerical value of the Jacobi constant and
dots denote time derivatives.
The results we present here are independent of the best set of parameters found to describe in the
most accurate way the photometry and the kinematics of the galaxies. We refer to structures obtained in
response models for these potentials as we vary the pattern speed p .
3. “CHAOTIC” STRUCTURES
3.1 Bars supported by chaotic orbits
The part of the bars that has been found to be reinforced by chaotic orbits is an outer envelope of them.
This means that we always find a central bar region supported in the known way by regular orbits trapped
around stable x1 periodic orbits, surrounded by an envelope that is built by particles in chaotic motion.
Usually, but not always, the thickness of this envelope is small and corresponds to the outer isophotes
of the bar of the galaxy. In particular:
– In the case of the potential of NGC 4314, under the assumption that L1 and L2 are near the ends of the
bar, we find that the shape of the bar is due to chaotic orbits ([3, 32, 35]). The orbits of the particles
that support the outer boxy isophotes of this galaxy ([36]) are in chaotic motion.
– In a model studying the dynamics of NGC 1300 (with p = 23 km/s/kpc) the ansae character of the
bar was due to the chaotic motion of the particles in an effective potential with multiple Lagrangian
points roughly along the major axis of the bar (“Model 1” in [29]). In that case the role of chaos
was more pronounced, in the sense that the regular orbits were building only the central region of the
model bar.
– In both cases above orbits building the outer envelopes of the bars were also supporting the spirals
emerging out of the ends of the bars ([3], [29], [32]). Such behavior has been also found in N -body
models ([5]).
3.2 Spirals supported by chaotic orbits
– “Chaotic” spirals emerging out of the ends of the bar are found in all cases in which we populate the
region of the unstable Lagrangian points L1 and L2 . These stellar spirals faint as we move azimuthally
along them, away from the ends of the bar. In the NGC 4314 models ([3]) the azimuthal extent of
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Figure 1. A stellar model that combines ordered and chaotic flows. The circle represents corotation. The bar inside
corotation is built by particles in regular orbits, while the spirals beyond corotation are “chaotic” (axes in kpc).

the spirals was less than /2. The velocity dispersion in the initial conditions of the response models
plays a role as regards the azimuthal extent of the chaotic spirals. Colder initial conditions favor
larger azimuthal extents. Especially in gaseous models the drift of SPH particles along the unstable
manifold of the unstable periodic orbits associated with L1 , L2 , leads to extended spiral arms ([23]).
– In another model of the NGC 1300 potential (with p = 16 km/s/kpc, “Model 2” in [29]) we have
found spirals supported by chaotic orbits inside corotation. The Jacobi constants of the particles
supporting these spirals are close to but smaller than the Jacobi constants of L1 and L2 (EL ). These
orbits are sticky orbits having EJ ’s corresponding to the regions of n : 1 resonances with n  8.
4. DISCUSSION
In all cases with “chaotic” spirals we have studied, the spiral arms have their origin in the corotation
region close to the ends of the bar. Even in the case in which the particles supporting the spirals
have EJ < EL , the whole spiral structure extends within a narrow ring just inside corotation. The
orbital dynamics that support the spirals in barred-spiral systems are different from the one proposed
by Contopoulos and Grosbøl ([38]) for the case of normal (non-barred or weakly barred) spirals. In
the latter case the strong symmetric spirals extend between the 2 : 1 and 4 : 1 resonances, while the
Lagrangian points are at the end of the overall spiral structure (strong spirals plus weak and asymmetric
extensions) that we observe in a galaxy of this morphological type. Then, if the main spiral extends
within 2-3 exponential scale lengths of the galactic disk, the Lagrangian points will be located in a region
depleted from stars and at radii where the perturbing forces will be a small fraction of the axisymmetric
ones. Thus, the dynamical mechanism supporting the formation of “chaotic” spirals will be difficult to
act. In barred-spiral systems ordered flows can be observed only in cases where the dynamics of the
spirals is to a large extent decoupled from that of the bar, e.g. in cases where the two components have
different pattern speeds. Such a case was encountered in the potential of NGC 3359 ([37]). In a barredspiral model with a bar having a maximum relative force perturbation about 40% of the axisymmetric
background, and close to the end of the bar about 20%, the spirals of the model that were matching best
the spirals of the galaxy were formed in a regular “precessing ellipses” flow. In order to combine these
spirals with a bar ending close to its corotation one had to assume different pattern speeds for the bar
and the spirals.
Fig. 1 shows a model in a modified NGC 3359 potential ([37]) rotating with 30 km/s/kpc that shows
an ordered flow inside corotation (drawn circle) and chaotic spirals beyond it (Tsigaridi and Patsis in
preparation).
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