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Abstract. We have studied the coexistence of several modg&sintroduction

with different pattern speeds in barred galaxies, by a SimUIatifl\lHe connection between bar and spiral arms has been a subject

survey exploring a wide range of initial conditions. The higof debate. In principle, three different scenarios are possible:
resolution two-dimensional experiments cover the dynamical ite. In p Pe, . P '
protating bar and spiral arms, independent bar and spiral arms

evolution for about one Hubble time. A remarkable feature & . .
ossessing different pattern speeds, and also a case where the

these simulations is that in many cases the spiral structuré . )
c y P . a%tern speeds are different, but the features are still connected
clearly visible in the stellar component for several gigayeafs . .
non-linear mode coupling.

and weakens so slowly that it can take more than 10 gigaye3s S . .
W WY ! gigay There is intuitive evidence for corotating bar and two-armed

to become indiscernable even in the direct density plots. . .
yp ﬁglral structures: the spiral arms usually start from the ends of the

We confirm Sellwood and Sparkels (1988) results that t o . S
pattern speed of the spiral arms may differ from that of thbar. The intimate bar — spiral connection is also supported by the
bar. However, we find several different variations. There a(r)egservations thatthe fraction of grand design spirals s higherin

e%[ly type barred galaxies as compared to non-barred ones, and

systems where the bar and the spiral structure are clearly c h t the size of the two armed spiral in galaxies correlates with
tating, whereas in others they have different pattern speedsil%l?t P 9

i Y [¢
are probably connected by a non-linear mode coupling as \g & size of the bar (ElImegreen & Elmegreen 1989, 1995). Also

suggested by Tagger et di. (1987). We have also found mo ﬁrFS shapes of the outer ring structures fit well with the shapes

with separate pattern speeds, but without evident mode Cou_|oer|od|c orbits near the outer Lindblad resonance (OLR) in

) a01. .
pling. Several simultaneous spiral modes can also coexist in %]aerred potentlals_ (BUt? & Cr_ocker 1991; Blia 1.995)' Indeed, n
gaély gas dynamical simulations, where analytical bar potential

disk, even overlapping in radius. Sometimes the systems hav :
separate inner and outer spirals, the inner corotating with t\[p{gs.used (e Sanders & I—.|unt|ey'1976), atwo armed response
0 this perturbation, a bar driven spiral, was formed. General gas

bar and the outer having a lower pattern speed. . . : .

We conclude that similar variation can exist in reaqunamlcal simulations can also reproduce outer rings (Schwarz
. . : e .11981; Combes & Gerin 1985; Byrd etlal. 1994). However, these
galaxies. Some morphological features, like distinct spiral . o
structures with large size differences, can be best explaine rgulatmns neglect seve.ral effects, e.g. self graV|tat|0|_’1, so that
separate coexisting patterns. However, there are cases wllu reassumed bar propertles (t.he pattgrn sﬁ&;smg amplitude
most of the disk is dominated by one mode. For exampl‘éﬁ)) are not necessarily consistent with the rotation curve.

galaxies with well developed outer rings are probably genuin , Usually when individual barred galaxies have been mod-
. ; . eﬁed by gas dynamical simulations (with the pattern speed of
examples of corotating features. It is also possible that

n .
the presence of two or more modes, the appearance of ttllﬂ, bar as an unknown parameter to be deduced), corotation of

spiral structure changes considerably in a time scale of abbd tems has been assumed. Although in some cases the spiral

. ; response to imposed bar or bar+oval potential, which has been
one gigayear while the Hubble type of the galaxy stays the Sandgduced from the observations, has not corresponded with the

observations (e.g. Hunter et al. 1988), models which include

Key words: galaxies: evolution — galaxies: fundamental para rrf?lso the corotating spiral potential have produced an acceptable

eters — galaxies: kinematics and dynamics — galaxies: spira't (Lindblad & Kristen[1996; Lindblad et al. 1996; Salo et al.

9 1999).
galaxies: structure On the other hand, if the scheme of bar-driven spiral struc-

ture is accepted, it is hard to explain why there are multi-armed
barred galaxies, even some where multi-arm structure starts near
the ends of the bar. Also flocculent barred galaxies exist (Buta
1995). Sometimes the spiral arms do not start from the ends of

Send offprint requests 1&. Rautiainen the bar but exhibit a clear phase difference. Moreover the ab-
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sence of rings in many barred galaxies requires an explanatiameter dependencies we have observed. The discussion and
(Sellwood & Wilkinson 1993). conclusions are presented in the last two sections.

The second possibility, that bars and spiral arms can be inde-
pendent features, was demonstrated by the simulations of S ”M hod
wood & Sparke[(1988, note also that Sellwood 1985 shows a ethods
case with different pattern speeds). Their power spectrumTHe simulation program uses a two dimensional logarithmic
the Fouriem = 2 component of the disk surface density showsolar grid to calculate the potential. The standard grid geometry
different patterns speeds for the bar and the spiral arms. Theys 144 radial and 108 azimuthal cells, whereas some tests were
also showed that while the spiral rotates with a lower pattegione with both higher and lower resolutions. For comparison
speed, in most times it still can appear to be connected to the have repeated some simulations with a cartesian potential
bar. grid.

Although Sellwood and Sparke considered separate patternThe motion of particles is integrated with a time-centered
speeds being evidence against the dominance of bar-driven Rgip frog. The 15 Gyrs simulations are made by using 60 000
ral structure, an alternative has been suggested: a non-lingae steps. This corresponds to about 150 time steps per rotation
mode coupling (Tagger et al. 1987; Sygnet et al. 1988). In thigriod at the distance of one disk scale length while the mini-
scenario the corotation (CR) of the inner mode (bar) and theum number of steps per rotation period (very near the center)
inner Lindblad resonance (ILR) of the outer mode (spiral) oveis about 40. The relative change in total angular momentum dur-
lap in radius, which results in a transfer of energy and angulag whole simulation is always less thanx 10-° and the total
momentum between the modes. Masset & Tadger (1997) pseergy is conserved within few percents. Besides stars there is
sented a simulation that seems to confirm this: clear signssoéomponent of dissipatively colliding test particles, typically
mode coupling between a bar and a spiral (predicted resonago®00, that we use to model the behaviour of the gas. For more
overlapping, strong beat waves) were present, whereas in a sigtails on the code, see Sdlo (1991).
ulation where the bar formation was prevented by a high central Our mass models consist of three main components: self
mass concentration, also the outer mode more or less disgavitating disk, analytical bulge, and analytical halo. The disk
peared. They propose that mode coupling is a general situaté@iface density profile follows an exponential law:
in barred galaxies, a suggestion that we are going to re-examine
critically. S(r) = Lee /T, (1)

Elmegreen et al[ (199Pa) found that the spiral structure OL S isth tral surf densivthe dist f th
many galaxies has a prominemt = 3 component. Based onWhere2.c IS he central surtace ensitythe distance from the

their resonance radii determinations, Elmegreen et al. propoggater "fmd’d th_e scale Iength_, equalto3 kpc._We have also made
that thism = 3 component is a beat mode formed by the no§_|mulat|ons using Toomre disks for comparison and the overall

malm — 2 component angh — 1 component (asymmetry of results were essentially similar. The initial extent of the disk is

the two-armed spiral), all having the same pattern speed. T ally 9 scale lengths or 27 kpc, except for some tests with

further suggested that this process could produce muIti-arnﬁa catpn ata smaller dlstgnce. Most of the S|'mulat|0ns were
spirals. one wih N = 200 000 particles and the most important ones

In addition to the main bar component, many nuclear ba\{y?ere also ran with 500 000 particles. To further check the effect

have been observed (see e.g. Buta & Crocker1993; Woznial?efhe. particle _number, one mass model was te_sFed by ;everal
al.[1995; Friedli et al_1996). Friedli & Martinet (1993) showe§<Periments with N between 32 000 and 1.25 million particles.

that at least some of these small scale bars have higher p<';1ttetrnSEV(taraI dlffleren(; \2/alues of tgetr']n't'? Tgorgrgi;s'r- pilrg nl]_
speed than the main bar. eter, between 1 and 2, are used, the standard being 1.5. In some

In the current study we have made a large series (about 8dels the Toomre parameter was not constant throughout the

models) of two dimensional N-body simulations, with a wid isk but had a radial dependence:
range of parameters, to address the connection of bar and spifal, —(r/re)?
armgs. Olf)l’ simulations cover the evolution of about one Hu@i&) = Qa+(Qc=Qa)e i), )
ble time. We have used the amplitude spectrum to measurefjiere Q4 is the value in the outer disk). the central value
pattern speeds of the modes and the beat modes, in ordesr@r, defines the radius inside which the transition takes place
identify possible resonance overlappings. We have also recgpyoothly. A very similar profile was used by Bertin etal. {1989)
structed the spatial shapes of the individual modes in someji@hheir study of global spiral structures using the modal ap-
our models, using Fourier decompositions of the surface dengippach.
from different time steps. Applying this method clearly shows The gravitational softeningis usually 375 pc ot /8 of the
that the modes are either bars/ovals or spirals. disk scale length. Valuek/16 and1/4 scale length were also

In Sect. 2 we describe the simulation code and summarigged to test the effect of this parameter. In order to suppress
the main components of our models. In Sect. 3 we presentgssible two-body relaxation effets (see White 1988) we have
detail few models which will highlight the different situationshot used shorter softening lengths, even though this would be
seen in our simulations. We will also shortly present some pampting when modelling the nuclear region. Another reason

is that in two-dimensional simulations the softening parameter
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acts also as a thickness correction (Sellwood 1987) and sim- >
ulations with very small softening would thus correspond to\” 0) =Xo(r) |1+ Z Am(r) cos (m(0 — (1)) |, (5)
unrealistically thin disk. m=1

The bulge components are modelled as analytical Plummer . .
spheres, with a circular velocity curve: W%ereAm(r) andé,,(r) are the Fourier amplitude and phase

angle, respectively. The amplitude spectra (see e.g. Sellwood &
Athanassoula 1986; Masset & Tagfier 1997) are formed using
datafrom 2.5 gigayearintervals. These intervals are long enough
to give a good resolution (about26kms ™ 'kpc™* for m = 2
modes) of pattern speeds and short enough to show the evolution
where( is the gravitation constanfi/, the mass andy, the of individual modes. In these simulations, the= 2 modes are
scale length of the bulge. In few models we used bulges whig{e strongest ones, but we have also paid attention to evolution
were composed of two Plummer spheres with different scother modes. We estimated the noise level of the amplitude
lengths. spectra by making a simulation with 200 000 massless particles
For the halo, when present, we use an isothermal sphere Wi{Bving in the halo potential. The highest= 2 peak was about
a smooth transition to constant core density. This has a rotatmg3 (0.02 forn = 4), whereas more typical values were around

GMbT2
vb(T) = (7"2 ¥ T§)3/2’ (3)

curve: 0.01. We have adopted 0.03 as a lowest contour level imthe
2 amplitude spectra we show here. However, when tabulating
() = Voo 72 4) the patte_rn speeds of different modes, we cour!ted features even
(r2 +r2)’ below this level, because some of them are evidently real (they

are present in several time intervals).

wherewv, is the asymptotic velocity in the infinity ang the To identify the possible resonances related to modes, we
scale of the constant density core. With previously introducédve calculated the circular frequerfeyand the epicyclic fre-
components, we can construct very different models rangiggencyx from an axisymmetrized rotation curve and overplot-
from disk dominated systems to halo dominated ones. The initiatl curves showing, 2 &+ «/m. In the case ofn = 2 modes,
rotation curves of the models presented in the next section e have also plotted the — x/4-curve to determine the radius
shown in Fig[l. The random velocities of the initial state a@ inner 4/1-resonance. The axisymmetrized rotation curve is
created with epicyclic approximation including correction focalculated from the radial forces in the middle of the time in-
the asymmetric drift. terval. We have also used the Fourier components in making

We study the morphological evolution from images showingnimations of the density distribution. This is far more econom-
the disk surface density in logarithmic scale. The pattern speaeal than saving either the particle positions or surface densities
evolution is studied by the amplitude spectra of the Fourier der several hundred time steps. We have found these animations
composition of the disk surface density in polar coordinateery useful because the individual snapshots of density distri-
(r,0): bution can sometimes be misleading.
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We have predicted the wave frequencigs,; and the az- Table 1. Fundamental model parameters. Masses are in units of
imuthal wave numbersu,.,; Of the beat modes from the corre-lomM@, and radii in kiloparsecs. Halo masses are for inside 5 disk
sponding term of the parent modes using the following selectig¢gle lengths, 15 kpc, and ~ 1.9 kpc. The last column shows the
rules (Tagger et al. 1987; Masset & Tagger 1997): radial force due to disk divided by the total radial force at the distance

- of two disk scale lengths.

Wheat = Wparentl T Wparent2 (6) Model My M, Ry, M, s
Mpeat = Mparentl =+ Mparent2; Ertat
&IV 48 19 0.6 6.0 0.46
. I 75 16 0.6 0.0 0.77
where the pattern Spe€ll,ca; = Wheat/Mbeat- IN this study we 75 16 30 00 0.78

usually display pattern speed instead of wave frequency, except \, 4'_8 19 03,06 60 0.46

in the case ofn = 0 modes.
Sellwood & Athanassoula (1986) studied the shape of the

modes in their simulations by using spatial and temporal Fourign . pattern speed multiplicities

analysis of the disk surface density distribution in terms of loga- . N ) )

rithmic spiral decomposition. We do the same but construct t4é¢ have identified three basic types of pattern speed multi-

actual shapes of the modes in a bit more straightforward Wgij_c:ities in our simulations: 1) bar and spiral arms with different

First we determine the pattern speed of each mode by using RR&ern speeds, 2) corotating bar and spiral arms and 3) a nuclear

amplitude spectrum. Then we use this pattern speed to rota@é rotating faster than the main bar. The type 1) has two vari-

the Fourier phase angles in different time steps so that the &fiiS: Systems where the modes are coupled and systems where

entation of the mode should be the same. Then we calculate 2y seem to be independent. The type 3) is usually associated

perturbed densityr, = 2 andm = 4 components) at each timeWith either type 1) or type 2) structure, but not vice versa; nu-

stepin a polar grid having 30 radial and 100 azimuthal cells. TRIear bars are not present in all models. In the next subsections

final mode shape is acquired by summing the perturbed den¥f§ Present few examples showing these phenomena.

tables and dividing the resulting table by the number of used

time steps. This procedure gives the shape of the mode if the 1. Model |

number of used data sets is high enough and the time interval ) o

is so long that the amplitude of ghost images produced by otthépde! | consists of a Plummer bulge, an exponential disk and a

modes are suppressed. To meet these conditions we took &g The contribution of the bulge and the halo to the rotation

from 101 time steps in a 2.5 gigayear interval. Naturally, tHf&!rve is about the same as that of the disk in the distance of

pattern speed of the mode must be practically constant durffPut 8 kpc (see Figl 1), otherwise itis higher.

this interval. Fig.[2 shows the morphological evolution of this model. In
There are three evident shortcomings in the present siffié beginning of the simulation there is a transient multiarmed

ulations. First, the three dimensional evolution, especially tRgiral in the outer disk while the bar is forming in the inner

possible formation of a boxy bulge (Combes & Sanders 10g3arts. At about the same time as the bar reaches its maximum

Raha et al.1991) is neglected. The additional slow-down piJrength € ~ 5Gyrs), a two armed spiral component is seen.

cess of the bar rotation due to the interaction with halo particlP&"ing the further evolution of the system, the bar grows until

(Little & Carlberg[1991; Debattista & Sellwodd 1997) is alsét stabilizes and th_e splral structure weakens so that it cannot

out of scope of present experiments. The third missing proces@fymore be seen in direct density plots. .

the formation of massive central concentration as a result of gas 1€ pattern speeds and amplitudes of various features can

flow to the center (Friedli & Benz 1995; Norman et/al. 1096P€ Seen in the amplitude spectra of Eig. 3. The evolution after
which can lead to a destruction of the bar. the bar formation (&’ ~ 4.0 Gyrs) can be divided to different

stages. In the first stage (5.0-7.5 Gyrs) the pattern speed of the

bar is decreasing and the evolution of the system is fast. In

the second stage (7.5-10.0 Gyrs) the pattern speed of the bar
3. Results has become almost constant and there are several spiral modes

We have searched through a large parameter space and I){\é{%lower pattern speed than that of the bar. In the last stage,

chosen five models to characterize different evolutionary tre t&)gvards the end of the S|mglat|9n, the sp|r_al modes, except one,
rh me very weak (and in still longer simulations even this

we have observed. The fundamental parameters of the prese .

models are listed in Table 1. We will first concentrate on tH8°9€ disappears). , . . ,
evolution of these models and analyse the dynamics behind that.We try to recognize the pos_S|bIe mOd? couplings using the
Then we will make remarks on various parameter dependen(ﬁggu_l"“r ?”d epicycle freque_nmes determm_ed by the linear ap-
we found when making the survey. Finally we will construct thgroximation. One ijfile se|1ral moqes (S3in the figure), with
shapes of individual modes in two of the simulations and alfgttem speed.9 kms “kpc™, has its ILR relatively close to

briefly study the evolution of the gas component in our mode@.e corotation of the bar and so is an example of a mode that
y y g P might be coupled with the bar via the mechanism suggested by

Tagger et al.(1987). Later, this mode becomes stronger and the
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Fig. 2. The evolution of Model I.
The disk surface density is shown in
logarithmic scale. The innermost ar-
eas are presented as contours and the
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the frames isb4 kpc = 18 disk
scale lengths. Rotation of the disk
is counter clock-wise.
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Fig.3. The amplitude spectra of
m=2 Fourier component of Model
lin 2.5 gigayear time intervals cen-
teredontims T=5.0, 7.5, 10.0 and
12.5 gigayears. The bar and the dif-
ferent spiral modes are indicated in
T=7.5GyrsframebyBandS1-S4,
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situation indeed resembles the non-linearly coupled system of A very interesting phenomenon is seen when comparing
Masset & Taggel (1997). the inner 4/1 and corotation resonance radii of different modes,

The ILR — CR mode coupling looks at first very appealingamely ther,,, of a slower mode seems to be very close to
although it does not explain the intermediate modes, oneefg of a faster mode (B — S1, S1—-S2 and S2 — S3). At T=12.5
which (S2) is initially even stronger than the suspected couplgijayears the fastest of the intermediate modes (S1) falls below
mode. The complexity of the situation becomes more evidethe lowest contour level of Figl 3, but it can still be found if
when comparing in more detail the resonance radii ot the modadpwer cut-off level is used. An alternative to the CR — 4/1
shown in Table 2. The ILR (more exactly the outer ILR) of theoupling is that the bar feeds two spiral modes (S2, S3) through
boosted modetd =7.5 gigayears is almost 20% outside the CRR — ILR coupling, one having ILR inside the corotation and
of the bar. However, due to the strength of the bar, the epicythe other outside it. In addition to previously discussed modes,
approximation is not very precise and so the overlapping mby 7" = 10 Gyrs there is also a mode, S4, with pattern speed of
actually be closer.
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Table 2. Them = 2 modes, their resonance radii and maximum anfable 3. Them = 2 modes, their resonance radii and maximum am-
plitudes in Model | for different time intervals. The pattern spe@gds plitudes in Model Il for different time intervals.
are in kms *kpc™! and radii in kiloparsecs. The modes are identified

as B (bar) and S (Spiral)- T Mode QT—' TILR T4/1 TCR TOLR Amax
5.0 B 160 55 86 105 142 071
T Mode €9, 7rmr 741 TcrR  TOLR  Amax S1 7.4 106 143 182 26.0 0.059
75 B 332 23 47 66 100 1.00 S2 49 142 190 249 340 0.079
S1 224 34 66 92 144 0.8 S3 38 167 232 307 402 0.051
S2 148 55 93 135 200 026 7.5 B 136 6.6 96 118 161 0.67
10.0 B 320 24 48 68 103 085 S2 49 143 193 244 338 0.042
S1 223 34 67 92 147 006 10.0 B 123 7.2 103 127 172 0.66
S2 149 54 95 132 199 o011 S1 74 110 144 179 252 0022
S1 223 34 66 94 146 0014 S4 62 122 163 204 288 0.027
S2 153 54 92 128 196 0.07 S3 37 171 233 298 407 0.028

S3 9.9 79 130 190 278 0.41

Table 4. Them = 2 modes, their resonance radii and maximum am-
abouts kms™tkpc™ !, which has a CR - ILR overlapping with plitudes in Model IlI for different time intervals.
S2. This mode disappears later.

T Mode €, rmr 741 7ToR TOLR  Amax

5.0 B 16.2 3.9 8.8 105 13.9 0.93
3.1.2. Models I and Il S1 124 80 105 126 17.0 0.023
Model Il does not have a halo and to keep its inner rotation curve S2 44 154 206 265 359 012
closely similar to that of Model I, the disk mass is higher. Ther.5 B 147 65 93 112 148 0.77
importance of the disk/halo mass ratio is demonstrated by Fig. 4 S3 86 103 132 162 219 0.015
that shows the time evolution of the density distribution and S2 45 145 207 259 356 0.096
Fig.[H that shows the amplitude spectra. Although the rotatia0.0 B 148 69 93 113 149 1.0
curves and hence the circular and the epicycle frequency curves S4 38 171 229 288 399 0.067
are quite similar to Model |, the pattern speed of the bar i®.5 B 14.1 73 96 115 153 0.67
dramatically lower. Another difference is that the slower modes, S3 87 101 132 161 217 0.022
which are present outside the OLR of the bar, are very weak S4 38 168 229 291 395 0.034

and even the strongest one weakens below the lowest contour

value of Fig[% by 10 Gyrs. Therefore, one mode dominates this

system and reaches even beyond its OLR. Inside the corotafitie spiral structure is clearly formed from two parts (see the

resonance it has a bar shape and further out the Fourier pr@gecontours in Fid.J6): the inner pattern corotating with the bar

angles turn so that it forms a spiral. As can be seen from Tablei@minates even beyond its OLR, while the slower one appears

there are fewer resonance overlappings than in Model | aonly in the outermost disk.

most of them are probably coincidental. The closest of these The differences between Model | and models Il and Il can

overlappings is the OLR — ILR overlapping between the bae partly explained by the difference €f- -parameter in the

and the mode S2 by = 5 Gyrs. domain of the spiral structure. B§ = 10 GyrsQ~ is around
Model Il resembles Model Il so that it has no halo and thg in Model | whereas in models Il and Il the outer disk is so

total mass of the disk is larger than in Model I. The scale lengtieated that)r > 5. This will efficiently suppress the outer

of the bulge is now larger and so the inner rotation curve msodes. The other reason is that because the pattern speed of the

shallower than in previous models. The evolution of this modear is lower, the domain of the bar mode becomes so large that

is very similar to Model Il and is not shown here. As in thehere is simply less space available for the slower modes.

previous cases, the bar pattern speed is not the only one present

but there are slower modes in the outer disk. In this case, 0§|.¥L.3. Models IV and VV

one of them is above the lowest contour level of the amplitudée

spectrum, shown in Fifgl 6. The resonance radii, calculated frénany of our simulations have nuclear bars in their early evolu-

the epicycle approximation, do not support mode coupling, tadn. Often these features disappear when the main bar forms:

least not in the form favoured by Masset & Tagger (1997): &ise nuclear bar becomes aligned with the main bar and rapidly

can be seen from Figl 6, the inner Lindblad resonance of tleses its identity. In cases where the nuclear bar survives the

outer mode is outside the outer Lindblad resonance of the farmation of the main bar, two different scenarios are seen. In
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some models (e.g. Model |, except with twice the standard saft pattern speed is about 16% lower. This is in accordance with
ening parameter) the patterns speed of the nuclear bar decreAtfesnassoula and Sellwodd (1986) who found that the growth
rapidly after the formation of the main bar until it stabilizes, imate of the bar modes correlates strongly with the central value
other models (e.g. both of the models shown here) the pattefn+ but only weakly with the value in the outer disk. The
speed is not affected by the main bar. nonequality of the pattern speeds of the nuclear and the main
Fig[d shows the evolution of Model IV. In this model thébars is clearly demonstrated by the changes in the relative posi-
initial mass distribution is the same as in Model I, but the centrign angle (FigIll). The closest of the resonance overlappings
parts are hotter. This is done by changing the Toomre parametes the several CR — 4/1 ones, the CR — ILR between the nu-
smoothly from 3.0 to 1.5 within the innermost 4.5 kpc, beyondear bar and the spiral mode S3 and the CR — OLR between the
which it has the same constant value as in Model I. This delaysin bar and S9. What is very significant, there seems to be no
the formation of the main bar, and when it forms, itis longer andsonance overlappings between the nuclear and the main bar.
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- T:‘ 10.0 Gyrs m:z Table 6. Them = 2 modes, their resonance radii and maximum am-

E 255 plitudes in Model V for different time intervals.
W 201 ]
g [ T Mode Qp TILR T4/1 TCR TOLR Amax
i 75 NB1 150.7 12 17 27 0.090
s 10? 1 NB2 110.9 0.8 15 2.2 3.6 0.34
= r e ] B 63.2 15 2.6 3.7 5.9 0.20
b ] S1 271 29 55 81 122 0.36
E S2 17.3 4.4 84 119 17.8 0.12
& 0 w w 1 10.0 NB1 149.0 1.2 1.7 2.7 0.10
0 10 20 30 NB2 1135 08 15 22 35 0.18
Rlkpcl B 591 15 28 40 62 014
Fig. 6. The amplitude spectrum of Model Il & = 10.0 Gyrs. The S3 492 1.7 32 47 7.3 0.018
contour levels are the same as in FEig. 3. S4  40.6 20 39 56 8.8 0.012

S1 25.8 3.0 5.9 8.3 12.7 0.43
S2 171 4.7 83 119 17.8 0.16

Table 5. Them = 2 modes, their resonance radii and maximum ampli- S5 122 63 114 156 231 0.2

tudes in Model IV for different time intervals. NB refers to the nuclear

bar. 125 NB1 1505 1.2 1.7 27 0.059
NB2 1157 07 15 21 34 013
T Mode ©, rim ran ron  rorn  Ame Bl 531 16 30 44 68 024

B2 50.5 1.7 3.2 4.6 7.0 0.29
S1 25.2 3.2 5.8 8.3 13.0 0.27
S2 17.2 4.7 8.2 118 17.6 0.25
S5 12.3 6.2 111 156 23.0 0.14

7.5 NB 713 09 21 33 55  0.27
S1 447 17 33 52 81 011

B 303 24 49 74 112 012

S2 223 30 67 97 143 0.026

S3 197 34 76 108 158 0.040

S4 160 43 93 127 185 0.045

S5 125 6.0 11.3 154 227 0.056 Most of these are probably coincidental due to large number of

10.0 NB 712 10 22 133 54  0.15 modes. Some of the modes apparently have multiple resonance
B 283 26 54 7.7 117 0.47 overlappings. The overlappings include OLR — CR, CR - 4/1
S3 197 35 7.7 105 161 0.042 and CR — ILR. AtT = 12.5 Gyrs, two close modes are seen
S6 184 37 79 113 171 0.045 in the amplitude spectrum, marked as B1 and B2 in Thble 6.

S7 148 49 95 134 197 0.063 These are not really two different bar modes: the pattern speed
s8 74 101 175 239 360 0.15 of the bar changes so that it gives this impression. ithe 4
12.5 NB 726 09 22 32 53 0.12 amplitude spectra, which can be calculated using a smaller time
B 2v2 26 57 80 120 062 interval due to higher resolution, clearly show that there is only
S3 19.7 3.6 7.7 104 16.1 0.038 one mode present.
S9 173 41 85 116 178 0.043 These models are just two examples of our simulations ex-
slo 87 86 152 209 311 0072 hibiting nuclear bars. For example, in a simulation whose ini-
S8 75 100 174 234 355 013 tial state was the same as in Model | except that the Toomre’s
Qr-parameter was 2 throughout the disk, a nuclear bar formed
before the main bar. Although Friedli & Martinét{1993) found
Another simulation with a nuclear bar, Model V, is showithat the presense of massive dissipative component was needed
Fig.[d. This model differs from Model | so thatits bulge is formeébr the formation of the nuclear bar, we did not find that nec-
by two parts each having half of the mass of the bulge in Modessary. Also the formation of the nuclear bar before the main
I. The particle numbetV is larger, 500, 000, to give betterbar is something that did not happen in Friedli and Martinet’s
resolution. The scale lengths of the bulge components are &@ulations.
and 300 pc. Norman et al. (1996) also used combination of two
Plummer bglg_es, but the other of their bulge:'s had variable scglﬁ Evidence of mode coupling
length mimicking gas flow to the center. In this model we are in-
terested in the effect of pre-existing central mass concentratidiwcording to Masset & Taggelr (1997) the presence of non- lin-
The model developes a complex nuclear structure. First thesr mode coupling should be evident from the amplitudes of the
seems to be a nuclear spiral (not discernable in[fig. 9). Thebdat modes. In the case of normal beat modes, their amplitudes
evolves to a nuclear bar or an elongated nuclear ring. At abstibuld be proportional to the product of the amplitudes of parent
T = 7.5 Gyrs a small bar forms. It is considerably weaker thamodes. When the process of non-linear coupling is present, the
the bar in the previous models. At some stages (see Table®at modes are expected to be boosted, having peaks near the
there are altogether eight modes present in the disk. Thus, themea of resonance overlapping. In the case ofitwe 2 modes,
is a complicated network of possible resonance overlappingssumed to be in CR — ILR couplingy = 0 andm = 4 beat
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Fig. 7. The Evolution of Model IV.
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same as in Fi@l3.

modes would be produced. Hig]12 shows= 0 andm = 4 expected for a non-coupled case, but deviates strongly near the
spectraof Model |, by" = 12.5 Gyrs. The predicted beat modesesonance overlapping area, reaching peak between its ILR and
of couplings between the bar and the modes S2 and S3 (seedR: This suggests that both of the spiral modes are actually in
ble[2) are clearly present. The wave frequencies ofithe 0 CR — ILR coupling with the bar. As an additional example in
beat modes, calculated from the first part of[Eq. 6 4dr@ and Fig.[I3, there is a clear CR — ILR coupling between bar and S10
33.4 kms 'kpc™! (B — S3, B — S2). The pattern speeds of thin Model IV by T = 12.5 Gyrs.

m = 4 beat modes ar23.7 and21 kms ™ 'kpc™'. In Fig.[T3 we What happens to the CR — 4/1 couplings between different
show some of these products and the observed amplitudesnoides, the situation is less clear. Tie= 0 andm = 4 beat

the beat modes in these models. As we can see, in Model |, botbdes of then = 2 components show no unambiguous signs
B — S2 and B — S®ehave in a similar way. In the inner partspf being boosted above normal level. Becauserthe 4 ILR

the amplitude profile of the beat wave is more or less whata$ one mode overlaps the corotation of the other mode, one
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Fig. 9. The Evolution of Model V.
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could also expeat, = 2 andm = 6 beat modes to be presentin Model Il, T' = 5 Gyrs. Them = 4 beat mode shows a peak

However, they are usually not found or they are so weak, ttdightly outside the radius where the resonances overlap. If this

there is probably no coupling. A possible exception is the modeupling is real, it is of different type from that demonstrated

S4inModell, which could bethes = 2beatmode ofthes =4 by Masset and Tagger. Another example of apparent coupling

component of S3 and the = 2 component of S2. However, variations is the OLR — CR coupling between the bar and the

there was nen = 6 beat mode of the suspected coupling. mode S9 in Model IVT = 12.5 Gyrs. In this case the peak
Inmodels Il and Il the beat modes are hard to find, probab&mplitude is slightly inside the overlap area, between the CR

because in the area were the parent modes overlap, their angid the OLR of the beat mode.

tudes are so weak that the resulting beat modes, even if presentWWe have also tried to check what is the roleraf = 1

do not rise over the noise level. One possible example is shoamdm = 3 modes in these models. For the couplingrof=

in Fig.[I3, OLR - ILR overlapping of the bar and the mode S, m = 2 andm = 3 modes with equal pattern speeds (as
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Model IV, T = 12.5 15.75 15.0
e

Fig. 11. Zoomed images of the nu-

clear parts in models IV and V. The
horizontal width of the frames is

10 kpc. At least in Model V, there

are three different bar components
present, with clearly different pat-

tern speeds.

o 45k / — Fig.12. Them = 0 andm = 4 ampli-
k> g tude spectra of Model | &' = 12.5 Gyrs.
2 a0} 7 30 ] The contour levels forn = 0 spectrum
;_i g are 0.0025, 0.005,0.01 (drawn with a thicker
9 35f a | line) and 0.02 and form = 4 spectrum
u ur 257 1 they are 0.01, 0.02 (drawn with a thicker
o1 30 Qe N line), 0.04,0.08 and 0,16. The predicted beat
& - ) G P e N mode pattern speedd 8 — S2 and B -
w E 20 ] S3 couplings are shown as dotted linEs.
< of S = andQ & x/4 curves are shown as continu-
= ous lines. Note that features at the = 4

(1 I ¥ R W T W = D spectrum with pattern speeds &%.0 and

0 5 10 15 0 5 10 15 20 25 15.3 kms ‘kpc ' are connected to princi-
R [kpc] R [kpc] pally m = 2 modes.

suggested by Elmegreen etal. 1992a) we did not find any cl@aModel I, T = 10 Gyrs. Both of the beat modes have a peak
evidence. The bars seem to be very symmetrical, so they do near the resonance overlapping radius. One should note that the
have significantn = 1 or m = 3 components. The situation ism = 1 beat mode is retrograde, and its peak is located in the
different with some of the spiral modes. For example, in Modeddius where the pattern speed is equalite- 2x. This also

| (T = 12.5 Gyrs them = 1 amplitude of mode S3 is aboutcoincides with the resonance overlapping.

0.05, clearly above the noise level, but considerably less than

the m = 2 amplitude. In addition to cases, where basicall§_3_ The effect of different model parameters

m = 2 modes have also odd components, there are also genuine
m = 1 orm = 3 features in the amplitude spectra, but thesehe five cases presented in detail were chosen to show differ-
are considerably weaker than the two-fold modes. Usually, wet situations in relation to pattern speeds and so do not form
could not find beat modes of possible couplings between the aldystematic sequence. However, during the survey, we made
modes and the: = 2 mode, which is not surprising becausseveral simulation subseries on the effect of various model pa-
the predicted amplitudes are so low. The only clear exceptitameters. In this subsection we present shortly the dependen-
is shown in the last frame of Fig-113, which shows the= 5 cies we observed. Most of our models form bars. Only systems
andm = 1 beat modes of the OLR — ILR coupling betweemvith a dominating halo and/or a very hot initial disk can escape
the bar andn = 3 mode with pattern speeld.5 kms 'kpc™' this. This agrees well with the previous studies on bar forma-
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tion (see e.g. Ostriker & Peebles 1973). In models with a veend of the bar, the rotation velocity becomes lower than the ini-
strongly concentrated bulge or a high Toomre parameter, the tar value. These changes are strongest in the disk dominated
formation was delayed so much that it can take more than 10 gystems, especially in Model Ill, in which the rotation curve
gayears to have a main bar component. An extreme case of bésomes considerably steeper.
was achieved when the scale length of the bulge was reducedThe effect of the softening parametevas tested by running
to 300 pc, other parameters being like in Model I: no bar corModel | with values 187.5, 375 and 750pe € 1/16,1/8
ponent was formed during the 15 gigayears of the simulatiand 1/4 Rg). With the reduced, the bar forms faster and is
Interestingly, the spiral amplitudes were about as strong asstmorter and its pattern speed is lower than in the other two cases.
Model I, and are present throughout the simulation. Howev&gsonance overlappings (CR — ILR, CR — 4/1) are also present
one should note that the pattern speeds of the modes are diffebeitthe slower modes disappear by 10 Gyrs. In the simulation
fromthose in Model I. There are several modes present, just awith largesk, the main bar forms after 10 Gyrs. There are several
Model V that also has a massive central concentration. The resdes in this simulation, e.g. a nuclear bar that forms before
onance overlappings include four OLR — CR, two CR — 4/1 artkde main bar.
a CR - ILR overlappings. Some of the mode pairs have double In the initial stage the outer truncation of the disk is usually
overlappings. This model seems to indicate that the bar canfiatcale lengths, although we have made some simulations with
be crucial for the formation of the outer spiral structures arlincation at 6 and 3 scale lengths, otherwise being similar to
that the mode couplings could rather modify the independentodel I. The models with truncations at 9 and 6 scale lengths
formed modes of the outer disk. This contrasts with Massetae practically identical, no essential difference in their evolu-
Tagger’s [(1997) results, where the inhibition of bar formatioion was found. On the other hand, the strongly truncated disk
also dramatically suppressed the outer spiral modes. behaves very differently. Its bar has a different shape without a
Shapes of the bars in our simulations vary from ellipticalumbbell-form. The pattern speed of the bar is higher and there
or boxy to systems where the bar is narrowest near its cengee only two rather weak slower modes. With the main bar they
thus giving a dumbbell appearance. Sometimes there are narfomn a chain of CR — 4/1 overlappings. The pattern speed effect
arcs outside the main body of the main bar. These forms mightprobably explained by having less interaction between the
correspond the so called ansae that are seen in many early tygreand the outer disk. Combes & Elmegreen{1993) used even
galaxies. Thus the ansae could be stellar dynamical featuresmase strongly truncated disks but that is probably not realistic.
suggested by Buta (1996). The initial pattern speed of the bar seems to be determined
The formation of the bar induces strong noncircular veloby the degree of central concentration of the bulge so that more
ities and the rotation curves measured in different azimuthancentrated models have faster bars. This is in agreement with
directions can differ considerably (see e.g. Duval & AthanaSellwood’s simulations (1981), but one should note that this re-
soule 198B). Therefore, we use axisymmetrical rotation curvssit fits to disk and halo dominated systems separately: models
which are calculated from the radial force. These curves shaith more or less similar inner rotation curves (e.g. models | and
clearly the effect of the bar: when the bar forms, the peak bf, but large differences in halo contributions, can have dramat-
the azimuthally averaged rotation curve rises and beyond thally different bar pattern speeds. In models with larger bulge
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Table 7.Bar pattern speeds and maximum amplitudes in simulatiotise chain of CR — 4/1 overlappings unbroken to the end of the
with different particle numbers N, determinediat= 12.5 Gyrs. simulation. This behaviour is different from Masset & Tagger’s
(2997) model where doubling the particle number (from 80 000
to 160 000) weakened the intermediate mode. We have also run
Model Il with 1.25 million particles. As in the case of Model
200000 320 083 than the bar. Fiowener, e bar mode st dominates even beyond
500000 32.0 1.07 . ' !
1250000 30.8 1.04 its OLR. _ _
The effect of the grid geometry was tested by reproducing
Model | simulation using a cartesian grid. When the resolution
scale lengths, the number of the present modes is smaller tRh#his grid was high enough, e.856 x 256 with cell width
in Model I. In most occasions they do not have clear resonanzé pPc, there was no essential difference. However, the situation
overlappings. changed when twice coarser cartesian grid was used: the barwas
In all models the pattern speeds of the bar components ager, its pattern speed was lower, its shape was different and
declining, but usually this decline slows down considerably dufe system had a strong nuclear mode. Very similar behaviour
ing the first few gigayears after the bar formation. One shoi¢s seen when the resolution of the logarithmic polar grid was
also note that this often happens while the pattern speeds offgéuced to a corresponding level.
spiral modes remain constant. According to Sellwdod (1981), We have also tested the effect of the length of the time step
the bar slow down process is accompanied by the growth®f reproducing some simulations with shorter time steps (0.5
the bar. We found it difficult to measure the bar lengths frognd 0.25 times the original one). Neglecting extreme cases, the
isodensity contours or surface density plots. Instead we use @iféerences are small. Especially, the nuclear bars ofFig. 11 were
phase angles of maximum density as found in the Fourier @lll obtained with smaller time steps, showing that they cannot
composition. Phase angles are roughly along the bar until vé¥§ artefacts due to integration inaccuracies. The pattern speeds
near the corotation, although there is evident twisting startid§e approximately the same in simulations with different time
by the innert/1 -resonance. We estimate that the error margingfeps, but on few occasions the relative strengths of the modes
in the definitions of bar length is rather large, about 10%. Magan be slightly different.
tin (1995) gives the same estimated accuracy in his study on
lengths and axial ratios of the observed bars. 3.4. Shapes of the modes
We have measured the relati®h = rcgr/ry.: for several
of our models. The extremes are 1.0 and 1.3, while most of A& have used Fourier decompositions of the disk surface density
values are between 1.1 and 1.2. This relation stays more or [€sgtudy the short term evolution of the system. The animations
constant during the simulation, and so the bar follows similghow that in the presence of several modes, the morphology
growth process as noticed by Sellwoad (1981). It is possitan change quickly, e.g. from a situation clearly showing the
that in real galaxies the interaction with halo particles may slgdgmains of different modes (structure within structure) to a mi-
down the bar rotation rate so much that the bar cannot gréage of atwo-armed grand design structure throughout the disk.
fast enough to reach the corotation (Little & Carlberg 199:80mewhat similar behaviour is demonstrated by Lin & Low
Debattista & Sellwood 1997). This is one explanation why tHd990, Fig. 1).
most favoured value seems to Re~ 1.2 (See e.g. E|megreen We have reconstructed the Shapes of the modes with the
1996). Another possibility is the lack of bar supporting orbitdethod described in Sect. 2. Hig] 15 shows the results for 1.25
beyond the inner 4/1-resonance (Patsis ét al.|1997). million particle version of Model . Mode B has a clear bar shape
Also the effect of two simulation method related paramavith weak spiral outside the bar. S2 and S3 are clearly spiral
ters, the particle number and the grid geometry, was tested. Bhaped and show amplitude modulations. One should note that
Model | simulation was repeated by several particle numbersthis method shows how the the B-mode can have a bar shape
between 32 000 and 1.25 million (the particle number was mglightly beyond the corotation radius calculated from the linear
tiplied by 2.5 between two successive simulations). The patté@@Proximation. The mode reconstruction gave basically similar
speeds and the amplitudes of bars in simulations with differéfitapes for the modes in the other simulations. The only other
N are listed in Table 7. The bar in 32K model rotates fasté¥xample we show is that of Model II, shown in Hig] 16. This
apparenﬂy due to reduced interaction with the Sparse]y poﬁjﬁarly indicates how the whole disk is dominated by one mOde,
lated outer disk. The pattern speed differences in other mod@fiich has abar shape inthe inner parts and a trailing spiral shape
are not significant, whereas the bar strength seems to grow witthe outer parts. Amplitude modulations are not seen in this
particle number. The evolution of th@r -parameter is very mode.
similar in all these simulations, so the heating of the disk is not
due to two-body relaxation effects. 3.5. Gas morphology
The amplitude spectra of Model | variants with different
N are shown in Fid_14. The trend is that the slower mod&\e have also added gas component in the form of uniformly dis-
get stronger when the particle number is increased. This kedjfauted (inside 9 scale lengths) dissipative test particles to some

N Qbar Abar

32000 394 054
80000 320 0.68
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B0 T changes constantly, following the nuclear bar. The orbits of the

gas particles forming such ring are probably of the type studied
by Maciejewski & Sparke[(1997). Similarly behaving nuclear
ring was also present in the simulations of Friedli & Martinet
(1993) but in their case the nuclear bar is destroyed and the
nuclear ring eventually became perpendicular to the bar. The
next ring in Model V is the inner ring of the main bar compo-
nent. After that comes a ring that is in the distance where one
would expect the outer ring of the main bar to be. However,
this is not an outer ring in this sense: its shape and orientation
with regard to the main bar are changing constantly. The reason
for this is that the ring is affected by two modes with different
pattern speeds. In addition to previously discussed features, the
outermost spiral structure seems to form a pseudoring.

20F
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4, Discussion

Fig. 16.The shape of the dominant mode in Model Il. The resonangge have observed several different situations in our models.
radii are indicated as in Fig.15. There are systems where the spiral structure corotates with the

bar and others where pattern speeds are different. Mode cou-

pling is present in some simulations, especially in systems with
of our simulations. The evolution of gas component in modetsassive halos. The existence of massive halos in the disk areas
I —II, IV =V is shown in Fig.[I7. Because the test particlesf barred galaxies has been questioned by “live halo simula-
are massless they follow the potential due to stellar distributidions” (Debattista & Sellwood 1997) so our halo dominated
The features are sharper in gas component. Due to its dissipativaels may not be realistic. The simulation that Masset & Tag-
nature the gas response lags and the gas component can gageiof1997) give as an example of mode coupled case has the
lose angular momentum. same problem.

In Model | the gas component forms two parts with different  In addition to CR — ILR mode coupling, that seemed to dom-
morphologies. In the inner area, inside the OLR of the bar, thate Masset & Tagger’s (1997) simulation example, we have
gas features are corotating with the bar. Most notable detaihisticed other possibilities. The most common resonance over-
the inner ring surrounding the bar. The outer structure consiktpping is CR — 4/1, which sometimes forms chains of different
of several tightly wound spiral arms. The inner edge of thimodes. For an extreme example, in Modél k= 7.5 Gyrs, there
structure resembles outer pseudorings but does not easily fiite three mode pairs having this connection! Although there is
the observed categories of Buta (1995). no evidence of CR — 4/1 coupling as boosted beat modes, this

The gas morphology of models Il and Il is so similar thabverlapping is so common that we consider unlikely that it is
only Model Il is plotted. In the earlier stages both show corotabtally random, i.e. it is related to some physical process.
ing two armed spiral structure starting from the end of the bar, Masset and Tagger's simulation also had an intermediate
but the radial flow is so strong that most of the gas particles emidde with pattern speed between the pattern speeds of the bar
up either to the nucleus or to the outer part forming a multiarmadd the coupled spiral mode. They suggested that this interme-
figure. diate mode could be the subharmonic of the= 4 beat wave

Model IV has a beautiful nuclear ring that forms before ther in OLR — CR coupling with the bar. The latter explanation
main bar. However it seems to become perpendicular to thauld be true for one of the modes in Model | (S1) but nei-
main bar although there is a nuclear bar with a higher patteher can be true for S2 which amplitude is initially higher than
speed inside the nuclear ring, which in principle might distotihat of the suspected CR — ILR coupled mode. One explanation
its orientation. This model has an inner ring displaying moe»duld be that the bar can feed two modes via CR — ILR cou-
complicated structure than thatin Model I. The spiral arms segating, one with its ILR inside bar's CR and another with ILR
to form an outer pseudoring, however its shape is changing andside it. Although this resonance overlapping is quite distant
the classification is uncertain. (the difference in resonance radii is about 20%), the presence

Model V has many different pattern speeds in its stellar coraf boosted beat modes between the bar and both of the spiral
ponent and hence its gas morphology is very complicated. Tinedes supports mode coupling. Also in Model 1V, there is a
innermost ring is a nuclear ring (actually a double nuclear rirdear CR — ILR mode coupling between the bar and one of the
but the resolution of the figure is not high enough). Althougépiral modes.
it is in the area affected by both the nuclear and main bar com- Besides the previously discussed mode couplings, other res-
ponents its orientation with respect to the main bar is almastance overlappings are also observed, some of which can be
constant, only small swinging motion is seen. However, theperely incidental. The cases where we found further support by
are other simulations where the orientation of the nuclear ripgaked beat modes are OLR —ILR coupling and CR - OLR cou-
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10.0
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125

Fig.17. The evolution of the gas
component in models I-1l and IV-
V. The particle positions are rotated
so that the bar is horizontal. The
width of the frames is 18 disk scale
lengths.

Modsl ¥

pling betweenn = 2 modes, and OLR —ILR coupling betweerstrictly speaking our models are valid only for genuinely isolated
m = 2 andm = 3 modes. In at least one simulation, there wagalaxies. It has been shown that encounters can provoke bar
a temporary double overlapping between two modes (CR — 4étmation (e.g. Noguchi 198[7, 1996; Salo 1991) but their effect
and OLR — CR). Some simulations, e.g. Model Ill, had multen the evolution of a multi patterned system is not clear and
ple pattern speeds without any obvious resonance overlappisgsuld be studied. According to Elmegreen etlal. (1992b) the
between major modes. Furthermore, we did not find any cléateractions can destroy outer rings and in M 51 -type systems
evidence of mode coupling process involvimg= 1 orm = 3 they can be responsible for most of the observed spiral structure
modes with same pattern speeds, as suggested by Elmegre€foeimre & Toomré 1972; Salo & Laurikainén"1993).
al. (19924). Outer ring structures and their resemblance with bar related
The simulations cover the evolution for about one Hubblegeriodic orbits near OLR has been considered a strong evidence
time and different stages can be determined according to whfohcorotating bar and spiral structures. On the other hand it has
modes are dominating in the disk. For example, it takes sevdsakbn suggested that these rings could be transient features (Sell-
gigayears to reach strong mode coupling. This also means tivabd &Wilkinson[1993). The strength of the resonance expla-
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nation weakens when we consider that there are several strorlgig galaxy having a double outer pseudorigr), that is usu-
barred galaxies without these rings. An explanation could be tladlyy thought to form in the OLR of the bar. In the rectified V
the timescale for outer ring formation is relatively long, severaband image in Moore & Gottesméan (1995) one can hardly see
gigayears, or depends on the gas distribution. Another posBi: component; the outermost part of the spiral does not seem
bility is that the formation of resonance rings is inhibited bto form a pseudoring. If the bar reaches close to corotation as
additional non-corotating spiral modes. Moore and Gottesman suggest, then this could be an observed
Inthese simulations the explanation based on long time scal@mple of a galaxy with two different spiral structures resem-
is at least partly valid. The outer rings we get (mainly in the géding thus our simulations. The complicated structure near the
component), formintimescales of more than one gigayear. Wsaggested OLR of the bar (see Figs. 13 and 14 in Moore &
comes to pattern speeds, outer rings habit areas where two @atttesmain_1995) could be related to interaction of two modes.
terns may be present. In simulations where a strong pattern witie gas component of Model V has two outer pseudorings, re-
lower frequency is present, the morphology does not resemlaleed to different modes. This is exactly what is observed in
R, outer rings (which major axis is perpendicular to the bar, sgalaxy NGC 2273 (van Driel & Buta 1991). The coexistence
e.g. Buta & Crocker 1991) and is more open resembling sonoé-several modes with different pattern speeds could also ex-
times R}, pseudorings (which major axis is parallel to the barplain observations of galaxies with misaligned structures like
However, on most occasions the shape does not fit Buta’s outer strange system ESO 565-11 (Buta et al. 1995).
ring morhologies. The formation of outer rings, especially of In addition to bar/spiral pattern speed multiplicity, there can
the R;-type, thus most probably requires that the inner patteloe nuclear bars with higher pattern speeds than the main bars.
is clearly stronger than the outer one in the vicinity of OLR. ThiBhis is strongly supported by the observations: the orientations
means that N-body models are quite different from test partidéthe nuclear bars relative to the main bars seem to be random
simulations (e.g. Schwafz 1981; Byrd et[al. 1994). It is cleéfriedli & Martinet[1993). If they were connected solely to the
that the latter type of simulations with analytical potentials withlLR of the main bar, the orientation would be nearly perpendic-
just one pattern speed present may overestimate the efficienley. When our simulations have nuclear bars they usually form
of the ring formation process. before the main bars. Examples of this kind of behaviour could
A very interesting feature in the gas component of moddie NGC 4553 and NGC 7702, both having a nuclear bar but nota
Il and Il is that the two armed structure starting from the enadear main bar (Bufa1991; Buta & Crocker 1991). If the nuclear
of the bar corotates with the bar whereas the multi-armed shdyae survives the formation of the main bar, it can have a CR-ILR
marks the area where lower mode becomes considerable. Tasonance overlapping with the main bar, but not necessarily: in
is in accordance with the results of EImegreen & Elmegresonme of our simulations there is no clear resonance overlapping
(1995), who found that the size of the bar correlates with the siaetween the bar components. Unlike Friedli & Martinet (1993),
of the domain of the two-armed part of galaxies. It seems tha¢ did not find the presence of massive dissipative component
the radius where two-armed phase ends is roughly twice the hadtessary for the formation of the nuclear bars.
length of the bar. Outside this area, galaxies often have multi-
armed §tructure. The radius whgrt_a the two arme_d spirf_:ll e%qsconclusions
can be interpreted as the outer limit of the corotating spiral. In
systems dominated by one mode this should happen near OORr main conclusions are as follows:

However, when other modes are present, this could happen evemhe relation between the bar and the spiral structure is com-
closer to the ends of the bar. Some systems have different Sqﬂﬁiated and there is probab]y no unique way to exp|ain the
structures: inner and outer ones. When there are several magiegphology of barred spiral galaxies. The spiral arms can coro-
presentatthe same radius, the structure can be very complicaig@, with the bar or have a lower pattern speed. Also mixed
even incoherent. An example of this could be the outer disk @ses where the inner part of the spiral corotates and outer part
ModelI. Such asituation was anticipated by Sygnet etal. (198%) slower may exist.

Examples of real multi-patterned galaxies could be NGg Although mode coupling is presentin many cases, itis hardly
1068 and NGC 1566 (Bosnia 1992). Both of these galaxigsiniversal situation in barred galaxies. Often there are no evi-
have spiral structures in different radial scales. Another intQj'ent resonance Over|appings and Curi0u5|y, the most usual over-
esting case is NGC 1398. Moore & Gottesman (1995) trigghping seems to be CR —inner 4/1, not CR — ILR that has been
several models to fit the observed morphological features Wikeviously proposed. Frequently there are many modes present
specific resonances. They got best fit when the spiral structgfg they can form atemporary chain of CR—inner 4/1 couplings.
(or in this case the outer spiral) had a lower pattern speed thagwever, there is no further evidence for this mode coupling in
the bar so that there was a resonance overlapping in the seAgeform of boosted beat modes. On the other hand, such are
that the corotation of the spiral coincided with the OLR of thgresent in the CR - ILR, CR — OLR and OLR — ILR couplings.
bar. Elmegreen & Elmegreen (1995) list this galaxy of havinphere is also one case with OLR — ILR coupling betwees: 2
smallbar .,/ R25 = 0.21) and give the end of the two- armedandy, = 3 modes. Mode coupling seems to be strongest when
phase of the spiral structure at the distad@3 R5. This cor-  halo contribution to the rotation curve is large. However, ac-

responds with the small inner spiral structure just in the vicinigbrding to Debattista & Sellwood (1997) such models may not
of an inner ring. On the other hand Buta (1995) has classifigé realistic for barred galaxies.
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3) The strong two-armed spirals that begin from the ends of tBembes F., Gerin M., 1985, A&A 150, 327

bar in grand design galaxies and weaker two armed structu@@snbes F., Sanders R.H., 1981, A&A 96, 164

in the central parts of multi-armed barred galaxies are probalBigbattista V.P., Sellwood J.A., 1997, preprint

in most cases corotating with the bar. The end of the two-armé Driel W., Buta R., 1991, A&A 245, 7

structure may happen in the distance where the outer mode Bg¥@l M- F., Athanassoula E., 1983, A&A 121, 297

comes so strong that no coherent pattern can exist. Galaxies Vrifpegreen B.G., 1996, In: Buta R., Cr_ocker D.A., Elmegreen B.G.
. . . (eds.) Barred Galaxies. IAU Colloquium 157, ASP, San Francisco,

prominent outer rings are systems where one mode dommatesp_ 197

over most. of the disk and the outer patlterns do noF mterfere t@ﬁ’negreen B.G., Elmegreen D.M., 1985, ApJ 288, 438

much. This might happen more easily in the galaxies with relggmeqreen B.G., Eimegreen D.M., 1989, ApJ 342, 677

tively large bars and OLR near the edge of the stellar disk. Thignegreen B.G., ElImegreen D.M., Montenegro L., 1992a, ApJS 79,

is the case in our disk dominated models. 37

4) The existence of two or more modes may explain why ma&ymegreen D.M., Elmegreen B.G., 1995, ApJ 445, 591

barred galaxies do not have outer rings or pseudorings. TBRlmegreen D.M., Eimegreen B.G., Combes F., Bellin A.D., 1992b,

can also explain the existence of multi-patterned galaxies. A A&A 257,17

special case of this phenomenon could be the galaxies whfigdli D., Benz W., 1993, A&A 268, 65

misaligned structures. Modeling attempts should be done fgfed!i D-, Benz W., 1995, A&A 301, 649

apparently multi-patterned galaxies to confirm the suspec bed“ D., Martinet L., 1993, A&A 277, 27

h . . riedliD., Wozniak H., Rieke M., Martinet L., BratschiP., 1996, A&AS
existence of separate pattern speeds in these systems. Differen 18 461

pattern speeds may explain difficulties in identifying featur§,ier J.H., Ball R., Huntley J.M., England M.N., Gottesman S.T.,
with certain resonances and might also be responsible for some;9gg apj 324, 721

difficulties in modelling of individual galaxies. Lin C.C., Lowe S.A., 1990, Annals N.Y. Acad. Sciences 596, 80

5) Nuclear bars usually form before the main bar and they havadblad P.A.B., Kristen H., 1996, A&A 313, 733

higher pattern speeds. In some models they slow down and bieeblad P.A.B., Lindblad P.O., Athanassoula E., 1996, A&A 313, 65
come part of the main bar, but there are also models where thé#te B., Carlberg R.G., 1991, MNRAS 250, 161

survive for several gigayears. Maciejewski W., Sparke L.S., 1997, ApJ 484, L117

For the limitations of these models (no 3D evolution, arﬁ'\::;mn P., 1995, AJ 109, 2428

. . asset F., Tagger M., 1997, A&A 322, 442
alytical halo, no self-gravitating gas component), our resulis o« E M. Gottesman S.T.. 1995 ApJ 447, 159
are preliminary. We are going to study the generality of theggguchi M.. 1087, MNRAS 228, 635 '
conclusions by including the effect of the above mentioned prQoguchi M., 1996, ApJ 469, 605
cesses. Norman C.A., Sellwood J.A., Hasan H., 1996, ApJ 462, 114
Ostriker J.P., Peebles P.J.E., 1973, ApJ 186, 467
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