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Abstract. Gas and stars in spiral galaxies are modelled with a combination of hydrodynamitfaodly techniques. The sim-

ulations reveal morphological fierences mirroring the dual morphologies seeB emdK’ band observations of many spiral
galaxies: gaseous images have tighter pitch angles, are more asymmetric, more flocculent and more likely to have multiple arms.
Morphological decoupling increases as the stellar arm-interarm contrast aQdodrameter fall. The flocculence of a galaxy

is quantified by decomposing the images into logarithmic spirals and defining a parameter closely related to the uniformity of
the resulting 2D Fourier spectrum. Thus, a significant amount of morphological decoupling in spiral galaxies is shown to be
due to the dference in the dynamics of stars and gas, rather than dust, star formation or galaxy interactions.

Key words. hydrodynamics — galaxies: ISM — galaxies: structure — galaxies: spiral — galaxies: fundamental parameters —
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1. Introduction The second component forms the bulk of the mass of the

) o galaxy and is predominantly composed of old K and M dwarf
Des_plte the fact that young and old stars o_rblt in the same @5, (Binney & Merrifield 1998). Itis dynamically “warm” and
tential, the morphology of infrared and optical images can b ce stable, and characterized by a vertical velocity dispersion
uncorrelated (Block & Puerari 1999; Grosbol & Patsis 1998 o0 km st (Dehnen & Binney 1998) and a thicker disk.
Eskridge et al. 2000). In this pap®{AL, a combined hydro- In order to model dual morphology galaxies usMdody
dynqmlc andN-body cod_e Cap?b'e of moqlelllng the 2D dy._and hydrodynamic techniques, it is assumed that the light
namics of gas and stars in a spiral galaxy, is used to try to sim-

ulate the observations of the dual morphologies seen in opti?n K’ band images faithfully traces the underlying mass dis-

[ .
and infrared images, and to discover whether predictions can @)utmn of the galaxy being observed and t@sband obser-

made about the intrinsic characteristics of spiral galaxies from o> do not.

their morphologies. Rhoads (1998) deduce that young red supergiants con-
tribute only ~3% to the globalk’” band flux but upto 33%

Section 2 briefly describes the theoretical motivation for ; . .
this project. In Sects. 3 and 4, details are provided of e local features. And Rix & Zaritsky (1995) cite an upper

models and theDUAL code used to recreate dual morpholl-Imit of 20% for the contamination oK” band luminosity by
ogy galaxies and the various methods used to analyze th&fpnd s_tars. Hencg th'.é{ bgnd IS generall_yagopd trqcer pfthe
nﬁierlylng mass distribution but a possible bias exists in arm-

The results are presented in Sect. 5, and discussed furthellf' {erarm contrast amplitudes and other measurements of galac-
Sect. 6. Conclusions and suggestions for future work are pye- P 9

sented in Sect. 7. Ic su_bstructu_re. )
Rix & Zaritsky (1995) also show that 30% of the luminos-

ity emitted by stars irB band (445 nm) images comes from

a young stellar population (less than a few dynamical periods
old), and 35% from an old population (older than tens of dy-
Spiral galaxy disks can be decomposed into two dynamicaflgmical periods). However, old stars are more evenly spread
distinct Components_ One forms 0n|y a small pa.rﬁ((/o) of around a galaxy disk, hence their contributiorBtband lumi-

the mass of a galaxy disk and is composed of objects tf@sity is global rather than local. But young stars, and the gas
evolve fast: young hot O and B stars, cold interstellar gas, afi@m which they are formed, are concentrated in star forming
dust. Dynamically this part of the disk is “cool”, being charad€gions, and, in the absence of strong shear, these will also be
terized by small random motions efl0 km s thus forming regions of high gas density. Interstellar gas can thus be mod-

2. Theoretical considerations

a thin disk. elled using isothermal hydrodynamics.
The existence of regular one or two armed spiral structures
* e-mail:simon@thphys.ox.ac.uk in the infrared and the multi armed nature of optical spirals, can
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be partly accounted for within the modal theory of spiral struof grid cells to 250x 250. ChoosingN = 2 x 1C° particles
ture of Bertin & Lin (1996). This theory asserts that large scate model the stellar component gives a mean of 3 particles
spiral structure is long lasting and determined by intrinsic proper grid cell.

erties of galaxies (warm or cool stellar disks, gas mass fraction,

etc.) rather than by externatects (mergers, collisions, etc.). 32 The dark halo

The form of the dark halo potential is an isochrone, used be-
cause it has a core rather than a cusp to its density profile,
To model observations of dual morphology galaxies, the gfls to zero density at large radii and its potential and circu-
is represented by an isothermal fluid, the stardNelyody par- |ar speed can be defined using just the halo mMdssnd its
ticles and the background dark halo by an analytic potentigkale lengthR,. The slope of the total rotation curve at four
The stars and gas both feel the potential of the dark halo afigk scale lengths is fixed at zero. Since the disk is already
the stars. The gas is not self gravitating, so the stars do not fgelermined, the halo mass and scale length are both fixed by
the gas. choosing the disk fraction at four disk scale lengths

The units used in this paper are the disk scale leRgtnd Whenfy > 0.4 (true for 9 out of 16 models) the dark matter
the disk massvly with G set equal to unity. Thus the unit ofcontent within one disk scale length is minimall6%) and
time isty = (R/GMa)/. Although all results are presentechence the galaxy model is dominated by the disk. At the lower
in these units, it is sometimes helpful to transform to ke, value offy = 0.3, the halo mass fraction at one disk scale length
and Gyrs. In such cases, the canonical valueBsof 5 kpc rises to 27%.
andMy = 2 x 10 M, are used, which gives a dynamical time
of tg ~ 107 yrs and a velocity oy ~ 420 km s*.

The grid on which both the hydrodynamic aNebody cal-
culations take place is two dimensional and Cartesian, and {1 stellar particles’ initial conditions are drawn from the

shortest distance from the centre to the eBge = 7.5 disk \yarm disk distribution function of Dehnen (1999),
scale lengths.

3. Modelling dual morphology galaxies

3.3. Stellar distribution function

f(E. L) - YReX(Re) exp[sz(RE)[zL L(B)] | @)
3.1. The stellar disk 2r0g(Re) or(Re)
The stars form a one component disk with exponential surfa¢8ereRe andL¢(E) are the radius and angular momentum of
density and radial velocity dispersion profiles, the circular orbit at energ¥, Q is the angular velocity and
v = 2Q/«k. Particles are chosen from this distribution function
Z4(R) = Zqexp(-R/Ry), (1) within radii smaller tharR..: = 5 to ensure that particles stay
or(R) = oreXpR/R,), within the grid. Since an exponential disk extends to infinity,

the mass of the stellar disk on the grid is only 0.96 mass units.
whereRy = 1 andZy = 0.5/x to ensure thaby = 27%4R{ = 1. e distribution functionf (E, L) is sampled using the proce-
For an exponential disk, the maximum circular speed is 0.4 e and accompanying code of Dehnen (1999) to generate ini-

which occurs aR = 2.15. _ tial positions and velocities of the stellar particles with minimal
Although simulations all take place in 2D the stellar paggise.

ticles have an feective scale height due to their velocity
dispersion, the softened gravitational forces which are used
in N-body simulations and theffect of the interpolation of 3.4. Stability and rotation
?r?vna"golrll al forces frgm It(he_ggdsto tTe rigsggor}s of the p?}ﬁ:he stability paramete® (Toomre 1964) determines the re-
Icles. mollowing van der ¥ ruit earle ( ).’ a_lssu_met Sponse of the stellar disk to axisymmetric instabilities. For the
stellar disk to be a locally isothermal sheet, which implies th%Fsk and halo defined above, defini¢R) fixeso(R). In fact,
p(2) = poseci(z/z), choosing the minimum value @(R), Qmin, Will fix or. The
2% = o2/nG Xy, @) left hand pa_nel of Fig. 1 shows the radial profile @fat the
start of a typical simulation.

whereo; ~ 0.60r (Dehnen & Binney 1998) is the vertical  Figure 2 shows the total rotation curve of the model and
velocity dispersion. AdoptindR, = 2 gives a constant scalethe contribution of the stellar and dark components for a typ-
height ofzp = 0.720°3, whereor remains to be determined.ical simulation. The model (dashed) is in reasonable agree-
This is consistent with the scale height of late type galaxiegent with observed rotation curves of low surface brightness
being approximately constant (de Grijs & Peletier 1997).  (dotted) and high surface brightness (solid) late type galaxies

This scale height is equated $gq, the dfective height of (normalized to their rotation velocity at two scale lengths) from
the 2D N-body particle distribution. Restricting thid-body Swaters et al. (2000). The right hand panel of Fig. 1 shows the
softening length to & < s < 2.0 grid cells (Sellwood, angular velocity profile derived from this rotation curve. From
private communication) gives anffective height of 2 < this and the determination of the bar pattern speed from the
Sgiid < 2.3 grid cells, and restricting the scale height th@®< simulation results (see Sect. 4.8), it can be seen that these mod-
Zp < 0.14 (van der Kruit & Searle 1981) limits the numbeels have no Inner Lindblad Resonance.
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Fig. 1. Left panel radial profile ofQ at the start oktal9. Dots showQ values derived from initial particle positions. The solid line is the
theoretical profile based on an exponential disk and isochrone Ragbt panel angular velocity profiles fogas19. The solid line isQ(R),
the dashed lines af(R) + «(R)/2 and the dotted line is the bar pattern sp@gdvhich is determined from the results of the simulations.

3.6. The DUAL code

< DUAL is a combination of the finite-fference hydrodynamic
codeGALAHAD introduced in Berman (2001) and a particle-
meshN-body code written by J. Sellwood. The hydrodynam-
ics solve the isothermal Euler equations with gravitational
source terms, neglecting self-gravity, by use of the FS2 algo-
rithm. TheN-body calculation solves the Poisson equation and
Newton’s second law to give the motion and gravitational po-
Radius (scale lengths) tential of the stellar particles. Both parts of the code operate on

Fig. 2. Rotation curve for a typical simulation showing the total modet 2D Cartesian grid. ThBUAL code provides a powerful and
and the contribution from the stellar disk and dark halo (dashed lineByPlicly availablé tool to investigate many aspects of galaxy
Also shown are observed rotation curves from Swaters et al. (2000) fhamics.

late type HSB and LSB galaxies, normalized to their rotation velocity

at two scale lengths.

v, (normalized)

3.7. Simulation run time

Simulations ran for 160 time units. This can be compared to

the rotation time for a particle & = 2, t,o«(2) = 27R/v(2) =

12.6/vc(2), wherev(2) is the rotation velocity &R = 2 as deter-
3.5. The gaseous disk mined from the rotation curve. For most simulatidpg?2) ~

16-20 and so the simulations run for roughly 8-10 rotation
The response of the gas is governed by the isothermal Eiye¥iods.

equations with gravitational source terms as implemented by

the FS2 algorithm (van Albada & Roberts 1981; van Albada

et al. 1982). In these models there is no fixed pattern speed i.e. . .
simulations take place on the inertial frame. The sound speeéiéa‘n""lys'S techniques
set to 0.025, equal to _10 kmjsassuming the ca_no_ni_c_al values 1. Animating the results
of length and mass given in Sect. 3. The gas is initially set on

circular orbits at a uniform surface densky. To view the simulations, | construct animations consisting
Englmaier & Gerhard (1997) find significantiirences in 0Of 80 time slices taken at intervals of 2 time units. IRAF is
gas shock morpho|ogy when the sound Speed is Changed,l%ed to convertthe 3D ASCII datafiles into FITS format, which
their simulations. To discover whaffect the sound speed hagire then animated using AIPSVIE\WT he animations are used
on these simulations, | ran variations of models with grand d€- determine the largest set of contiguous time slices exhibit-
sign (run19) and multi armed (run6) gas spirals using soundsing two armed spirality within each simulation. Many of the
speeds of 0.01 and 0.05. In both models, the smallest sca@i@phological characteristics defined below are calculated for
structures are wiped out as the sound speed rises. Higher scg@#&h time slice and the mean value over the set of time slices
speeds also lead to lower density contrasts in the gas spir@li¥es the “time average” for the simulation as a whole.
However, the values of pitch angle and flocculence (as defined
in Sect. 4) are unchanged. Hence at sound speeds below 0.G57he pUAL code can be downloaded from
the conclusions of this study remain valid. Above this, the r@ay-thphys.physics.ox.ac.uk/users/SimonBerman
duction in small scale structure would bring the stellar and? available to download atonet.astro.uiuc.edu/aipsview/
gaseous morphologies closer to one another. av.html




390 S. L. Berman: Simulations of dual morphology in spiral galaxies

4.2. Harmonic analysis gaseous image may seem to be a completely flocculent mess,
S . . . . the spectra show that there is a strang 4 structure present
lg:slgaﬁltlegg;g;?n%r:)dsi?il:t%Slgé]r::itsr:rmuicctirpeirlgls galaxy, the 'myilith a similar, but smaller, pitch angle to that of the stgrs. There

is also a lot of other structure in the gas image that is not seen
R = R(0) = Ry exp@ tany), (4) instars.

Lastly, the stellar structure of Fig. 5 is two armed, as can
wherey is the pitch angle, the angle between the normal to the seen from its spectra. However, the gaseous image is now
radius vector and the ridge of the spiral-arm, &3ds a radius completely flocculent and its spectrum is strongly peaked at
at which the spiral passes througk 0. all values ofm. The many interfering spiral waves prevent any

Danver (1942) and Kennicutt (1981) show that Iogarithm?gng|e spiral dominating the image.
spirals can represent real spiral-arms. Hence, much of the struc-a|| of the gaseous images exhibit ring structures near to and
ture in a spiral galaxy image can reconstructed using a smalitside ofRya, due to boundaryféects. Rerunningas19 with
number of components of a 2D Fourier transform with logarithhe gas initially in an exponential disk, removes almost all of

mic spirals as basis functions. For a galaxy image transformg@ ring structures but leaves the rest of the gaseous structure
onto aregular grid in a (IR, §) coordinate system, the complexynchanged.
amplitude of each Fourier component is

Yk Ik expli(mék + @ InRY)] ) 4.3. Flocculence

Zi Ik Grand design spirals have one strong peak in their power spec-
wherel(In R, 6) is the intensity of théth pixel. The azimuthal trum whereas flocculent spirals have multiple peaks. Hence,
wavenumber or number of spiral-armsand the logarithmic flocculent power spectra are more evenly distributed than grand
radial wavenumber are related to the pitch angle by tan=  design power spectra. The best measure of the uniformity of a
-M/a. distribution is the entropys = —Z Pme IN Pre (Jaynes 1958).

To perform a Fourier decomposition in (/6) space a e
minimum and maximum radiuRmin and Rnax, Must be de- This can be used to characterize the flocculence of an image,
fined. These radii need to be chosen with care because thaya couple of issues must be considered first:
can have a significantffiect on the resulting Fourier spectra.
Reducing the minimum radius will increase the value of th(].f'
calculated pitch angle, particularly when a bar is predepix
is fixed at 6 scale lengthBn,, is chosen to exclude the bar from
the calculations whilst including as much of the data set as pos- >, ) .
sible. Since the Fourier compond™i picks out the bar from a which would not be flocculent despite a ”."'“'“p'e peaked
galaxy image, the radius at which the power of Eag compo- spectra. Hence the = 4 and 6 spectra are ignored in cal-

nent first drops below 0.005 is usedRg,. The value of 0.005 culating the flocculence.

is an arbitrary yet consistent one which produces sensible I?E Almost all galaxies havg many weak components in their
sults roughly in line with “by eye” expectations. power spectra — the noise. These components flattens the

The Fourier amplitudes are converted into a normalized d|str|but|on and tends_to blur the distinction between gran_d
power spectrum for the non-axisymmetric pBro.. Since design and flocculent images. Hence c_mly components with
it is unlikely that a single Fourier component will reproduce all  POWe™Pma > 0.25 maxPm,) are considered.

of the spiral structure in a galaxy, even excluding any centiger these considerations, there are an average of 123 compo-

bar, the pitch angle of a particular spiral pattern is given as thgnts remaining. These are renormalized before calculating the
pitch angle of the Fourier component with the largest power.entropy to ensure thiipma -1

Fourier amplitudes are calculated usingDFFT o
(Saraiva Schroeder et al. 1994), a code which utilizes a The entropyS lies in the range 0< S < InNmax
2D discrete Fourier transform in which the amplitudes aighereN.x = 1604 is the number of non zeRy,,, contributing
produced for-50 < @ < 50 and 0< m < 6 whereAa = 0.25 to S. We want flocculencé to be a linear function of de-

Am,a) =

If a galaxy image consists solely of a strong two armed spi-
ral, there will be large contributions from tme = 2 spec-
trum. However, them = 4 and 6 spectra may also be
strongly peaked, creating a narrower spiral-arm, but one

andAm= 1. fined so that & ¥ > 1. We could choos& = S/ In Npay but
this has the drawback th@& depends oMNmax This is avoided
4.2.1. Example power spectra by defining
Figure 3 shows images and spectra of a grand design spirafin- S- Ir}(NlmSS/OlOOO)‘ (6)
n

which both the stars and the gas follow a regular two armed
structure. The spectra corroborate this since the stars andThe maximum entropy would arise from a completely flat dis-
gas are strongly peaked in the= 2 component. The gas alsatribution. Similarly, the entropy of each image can be associ-
possesses significant power in tire= 4 and 6 components, ated with a Fourier spectrum in which a number of the com-
making its arms narrower. ponentsn are equal in power and the rest have zero power.
The stellar image of Fig. 4 is also strongly two armedince the form of the flocculence function is logarithmic rather
and this is verified by the corresponding spectra. Although ttiean linear, an arithmetic increase 9n leads to a geometric
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Fig. 3. Stellar and gaseous density fields and harmonic spectra for the grand desigsispigahndgas19. The dashed lines in the galaxy

images indicate the minimum and maximum radii used in the Fourier analysis. The flocculence, asymmetry and two armed pitch angles are
¥ = 051, A = 0.10 andy = 20.9° for the stars and = 0.53, A = 0.13 andy = 16.5° for the gas. The stellar arm-interarm contrast is

C =248.
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Fig. 4. Stellar and gaseous density fields and harmonic spectra for the multi armedsspitaland gas16. The dashed lines in the galaxy
image indicate the minimum and maximum radii used in the Fourier analysis. The flocculence, asymmetry and pitch affglesO58,

A = 0.13 andy = 20.9° (two arms) for the stars anfi = 0.61, A = 0.22 andy = 17.7° (four arms). The stellar arm-interarm contrast is
C=171
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Fig. 5. Stellar and gaseous density fields and harmonic spectra for the flocculensspitdlandgas44. The dashed lines in the galaxy image
indicate the minimum and maximum radii used in the Fourier analysis. The flocculence, asymmetry and pitch angles04&, A = 0.23
andy = 24.0° (two arms) for the stars anfl = 0.70 andA = 0.54 for the gas. The arm-interarm contrasfis 1.58.

increase im, with & = 1 implying thatn = Nmnaxand# > 0 The above definition produces values $f which are

if N > Nmax/1000. For 1000 components,doubles wherm  roughly in line with “by eye” expectations for the simulation

increases by 0.1. In this sense, an image is twice as flocculiemages and for test cases®f= 0.41 for a grand design spiral,

as another if its flocculencg is higher by 0.1. ¥ = 0.74 for a flocculent galaxy an@ = 0.80 for an image
composed of pure noise.
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Elmegreen & Elmegreen (1982) define a classification sys-
tem for the regularity of spiral-arm structure. Flocculent galax-
ies have arm classes of 1 to 4 and “patchy”, “ragged”, “frag- r
mented” or “fleece-like” spiral arms. Using this definition, °F
gas44 would certainly be called flocculent. However, many .
other images with medium to high valuesffwould probably . , 1
be classified as arm class 5 or 6: two symmetric innerarms and 2 : 7
irregular outer arms. . ) ‘ 1

Mean Q

1L I I |
0 50 100 150
Time

4.4. Asymmetry

The asymmetryA of an image in the azimuthal direction _ _

is defined by lye et al. (1982) to be the fraction of powdrd:6- Evolution of Q(t). The long dashed line shows rurta19

in odd-m components. For the grand design test caise 0.06 v_vh|ch begins with a lowQ value_ but ends_up high. The short dashed
whereas for the flocculent test image = 0.49. Hence, the line showsstal6 which starts higher but rises only gradually.
asymmetry of an image may also be an indication of its floccu-

lence. Asymmetries are calculated for all simulations and they

fall roughly within this range.

4.5. Radial Fourier analysis a simulation. It is important to understand the evolutio®()
The disadvantage of decomposing an image into Iogarithn"i’i?’; it is intimately linked to the formation and maintenance of
g_piral structure. It might be assumed that the valu®gf, at

spirals is that no radial information survives. To derive r tart of the simulati lat itivelv with th
dial variations in morphological characteristics, the data atll?ee start of thé simu’ation correfates positively wi € mean

transformed and interpolated from 250250 (x,y) coordi- value OfQ at th_e end of _thg run. NOt SO Flgu_re 6. Sh‘?@@)
nates to 256« 128 R.6) coordinates and one dimensionaﬁor tvx_/o S|mplat|on§ and is illustrative of the S|tuat|9n in all of
Fourier transforms are performed on the data at each radtﬂgsmulatlons: higher values Qiin lead toQ(t) Wh'Ch rSes
The result is the radial variation of the amplitude and phase3fWlY Whereas lower values @min lead to a rapidly rising
them = 1 — 6 Fourier components. This information is useand fluctuating(t).

in Sect. 4.6 to calculate the arm-interarm contrast and was used

in Sect. 4.2 to calculate the minimum radius. 4.8. Pattern speed and resonances

4.6. Arm-interarm contrast As mentiongd in Segt. 4.2, the Eourier comppﬁ%ﬁpicks up

any bar lurking within a galaxy image. The time averaged pat-
The contrast between the spiral-arms and the space in betwegn speed is calculated as the average rate of change of phas
the arms is not easy to define because it fidlilt to deter- of the bar between the maximum and minimum time slices
mine where the centre of the arm is and what to take as iised. The pattern spe&?), and the bar lengtiRyn are used
interarm region. However, it is worth persevering since high calculate the rotation rati®® = Reo/Rmin, WhereRg, is the
contrast stellar spirals are good candidates for producing graflotation radius. All of the models for which this has been
design gaseous spirals whereas low contrast stellar spiralsgaficulated fall into the generally accepted region for fast bars
ten result in flocculent gaseous spirals. Following Rix (1993)f R = 1.2+ 0.2 except forR;s = 1.5. However, there are large

the simulation images are subjected to radial Fourier analysigors on the calculations & mostly due to the uncertainty in
and the arm-interarm contraStis defined as the ratio of thethe derivation oRmjn.
maximum to the minimum of the evencomponents,

IR(®) = laorl + D laml COSEY + fmr), (7)

=2.4 . .
m=24.68 5. Simulation results

whereanr is themth Fourier component at radii®gand¢mg

is its phase. At each radius, Sixteen simulations have been run and their positions within
_ . the parameter space defined b$2l< Quin < 1.26 and 03 <

Cr = max(r(e))/ min(l=(®)). (8) fy < 0.5 are shown in Fig. 7. Outside of this parameter space

andcC is the mean value betwe&,i» andR = 5. The resulting it was not possible to generate two armed stellar spirals. The

values are generally between 1.5 and 3.0. dashed line in Fig. 7 shows the additional constraint imposed
by demanding that the softening lengsh measured in cell
4.7. Monitoring Q(t) lengths, satisfy ® < s < 2.0. Other parameters have a

changeable canonical value, listed in Table 1. Data describ-
AlthoughQnmin is one of the input parameters to the models, thieg the initial conditions and results of each run are included
way in whichQ varies with time is not known at the outset ofn Appendix A.
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050 T T TR 5.2. Time evolution of simulations
i o o Figure 8 shows representative images and spectra at increas-
€ 045 %8 019 R ing times forsta19 andgas19. After a couple of bar rotation
’é I o3 46 1 periods, the stars settle into a two armed spiral pattern. A sim-
= i 1 ilar pattern can be seen in the gas spectra, in addition to strong
§ 0401 % or3 o1 m = 3 andm = 5 patterns left over from the initial forma-
£ . o2 tion process. The stellar pattern does not change much over the
@ Lo next couple of rotation periods, while the higher order gaseous
o 0351 Lo o o harmonics gradually disappear to leave a grand design spiral in
I Lo the stars and the gas. At later times, the stars become dynami-
03000 oy T ‘ cally hotter causing the spirals to fade somewhat and resulting
112 114 116 1.18 1.20 1.22 1.24 1.26 in a more flocculent stellar distribution. However, the gas has

Initial minimum Q

Fig. 7. Initial conditions for all. The dashed line marks the line of soft

ening lengths = 0.5 grid cells.

Table 1. Canonical parameters.

a stronger memory than the stars and retains its grand design
nature for longer.

This overall scenario is repeated in most simulations.
However, the details vary, in particular how long it takes for
the grand design stellar spirals to form and how soon after-
wards the gas spirals lose their initial flocculence. There are
also diferences in how far the gas moves along the path be-
tween flocculence and grand design structure. In some simula-
tions, multi armed gaseous structures can be observed at points

Number of particles N 2x 10 X
o along this path.
Grid size I x1 250x% 250
Simulation run time t 160 . .
_ ene 5.3. Do these simulations reproduce

Time between data dumps taump 2 the observations?
Courant number C 0.75 ) ) .

) ] i. Stellar and gaseous images can be decoupled. Every sim-
N-body time coéicient ¢ 0.6 ulation has dfering gaseous and stellar spectra, some signifi-
Galaxy radius Rs 7.5 cantly so, and these morphologicaffdrences are borne out in
Sound speéd c 0.025 simulation images.
Gas mass Mg 0.01 ) _ _ o _
Cut off radius for stellar particles  Rey 50 ii. Gasgous pitch ang!es are elthgr 5|m_|lar to or tighter than

_ stellar images. For simulations in which the gaseous images

Rotation curve slope atRy ga 0.0 are two armed, the time averaged gaseous pitch angles are al-
Gas recycling coéicient a 0.0 most always smaller than those of the stellar images as illus-

T Cowie (1980).

5.1. Computational checks

trated in Fig. 9. This is in contrast to Block & Puerari (1999)
who find examples of Sc galaxies with tiglt & 20°) K’ band
spiral-arms. They do not, however, qu&déand pitch angles
which makes comparison felcult, and their calulated angles
depend on both inherent dynamics and dust contamination in
the images.

iii. Stellar images are always grand design, whereas gas im-

Two checks ensure that each simulation behaves reason&9igS can be flocculent. For almost every case in Fig. 9 the
sensibly. The number of particles lost during the simul§t€llar image has a lower value of the flocculentethan
tion Nigst is always less than.B% of the total (1000) in all the gaseous image. No stellar image fias 0.63 whereas the
models and the position of the centre of mass of the stellar pdRS IMages have" up to 0.68 or 1.4 times as flocculent in the
ticles with respect to the grid centre drifts by less than ®48 S€nse of Sect. 4.3. This is borne out in the images, in which
In five runs that no particles left the grid, total angular mgmost all of the stellar models have an obvious two armed

mentum was conserved to better than 0.002%, and the ratid&nd design structure. Although few of the gaseous models
kinetic energy to the virial of Clausisvas unchanged from &€ flocculent in the sense of EImegreen & Elmegreen (1982)
its initial value of 0.5 to better than 1%. i.e. many small scale arms, and many models possess an under-

lying two armed spiral, they also exhibit extra structures that
are not seen in the relevant stellar model. These extra struc-

% For a system of particles of massn at positionsr; and poten- tures take the form of fronds leaving the main spiral or bridges
tial ¢;, the virial of Clausius isn 3; r; - V. between spiral-arms. Sometimes, extra partial spiral-arms can
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also be seen. And in some instances, grand design stellar madStellar images are one or two armed, gaseous images

els do produce gaseous images that are truly multi armedcan be multi armed. This is seen to be true when looking at
the images, and it is also apparent when comparing the power

flocculent. These cases are rare but do arise.
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Fig. 9. The time averaged gaseous and stellar pitch apghad the Fig. 10. Correlation of time averaged arm-interarm contr@stvith

flocculencef” for all simulations. The dashed line is the line of equgl;ceoys flocculencg gy, (left pane) and gaseous asymmetrilyas

pitch angle or flocculence. Error bars show parameters’ valuRg;if (right pane). Asterisks indicate values for real galaxy images.

was changed by one increment. Asterisks indicate real galaxy images.

2.8 2.20 3

261

ths)

of the strongest component from eanlspectrum during every = , |
time slice. Almost all of the stellar spectra are dominated by the

00
3
Stellar arm—interarm contrast

strongestn = 2 component — the strongest componemig 2 £ 22| ° 1.80¢ L
in only 5 out of the 311 time slices analyzed. Many gas spectfa .| 8 180k R
are alsam = 2 dominated but it is less common and the degree ° o
of dominance is generally much less — there are 32 gaseous| 1 oE e L
time slices in which the strongest componenhig 2. 16 ‘ ‘ ‘ 160 Lo ‘
. . 0.30 0.35 0.40 0.45 0.50 1.5 2.0 2.5 3.0 3.5
However, the only model which can truly be called multi Disk mass fraction Meon @

armEd |Sgasl§..F0r the majority Of the time in which the_SteI'Fig.ll. Left panel correlation of disk mass fraction at four scale
lar image exhibits a two armed spiral, the gas spectrum is doghgths f, with the time averaged bar size as defined by the param-
inated by arm = 4 component. It has a similar morphology t@terR,,,.. Right panel correlation of the time averaged mean value
our Galaxy as deduced frokh band and 24@&m observations of Q with time averaged stellar arm-interarm contr@st

by Drimmel & Spergel (2001) i.e. a two armed stellar spiral and

a four armed gaseous spiral. SPH simulations of Englmaier &

Gerhard (1999) and Fux (1999) have also reproduced multiple

arm gaseous spirals for our Galaxy.
This relationship has also been noticed in real galax-
ies. Four galaxies that are obviously flocculent in the optical
v. Decoupling correlates with arm-interarm contrast. If the \yere observed by Thornley (1996) in the infrared. She found
gaseous flocculence is considered, there is a significant COfSod evidence for low amplitude grand design structures
lation with the arm-interarm contrast, (see Fig. 10, correlatigfith K’ band arm-interarm contrasts of just 1.1 to 1.4. In real
codticient—0.77). Since the observations and the simulatiorg%bxies' however, a combination of supernovae afidrein-
show thatk” band and stellar images are generally not floccyjz) rotation can give rise to self-propagating star formation,
lent, there is a good case for using the flocculence of the gagysing flocculence in optical images irrespective of the un-
and hence the arm-interarm contrast, as a guide to the amQﬂJéHying potential (Mueller & Arnett 1976; Gerola & Seiden
of decoupling. 1978).
Itis reasonable to assume that the stellar arm-interarm con-
trast is not only an indicator of decoupling between stellar and ) )
gaseous morphologies but also its cause. This is particulariy?- Can these models predict galactic structure
true of the non self gravitating case, where the driver of mor- parameters?
phological structure within the gas is the non-axisymmetriﬁ'
part of the stellar potential. Hence when the arm-interam con-
trast is low, the noise in the stellar component makes a s(fg]
n|f|ca_nt contnbutlon.to the driving force, leading to many IOV}/S true in my models.
amplitude features in the gas and an overall flocculent struc-
ture. But when the contrast is high, the stellar spiral dominates,
creating a single high amplitude wave in the gas and a grand d&alaxy disk mass correlates with bar size. Figure 11 shows
sign spiral. This can be seen in thaseousarm-interarm con- the strong relationship between the disk mass fraction at four
trasts:C16 = 3.08 for the flocculent simulation ar@hg = 6.13 scale lengthdy and the size of the bar as defined by the param-
for the grand design simulation. eterRmin. The correlation caéicient is 0.80.

e modal theory of spiral structure predicts that galaxy mor-
ology should be directly related to the underlying structure
the galaxy (Bertin et al. 1989). | now examine whether this
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ii. Stellar Q correlates with flocculence. The gaseous floccu- S N L

lence andQ(t) and correlate with a cdigcient of —0.62. This I
is in the opposite direction to the correlation predicted by the 4
modal theory in EImegreen & Thomasson (1993) who state that
flocculent spiral structure arises whén> 2.5. This is proba-
bly due to the fact that, unlike EImegreen & Thomasson (1993),
DUAL has no stellar cooling algorithm. It would be interesting
to compare my results with SO galaxies, since they have very
little gas and hence little chance to cool their stars dynamically.
Q(t) correlates strongly with the time averaged stellar arm-
interarm contrast (cdicient of 0.81) as shown in Fig. 11. This
probably results from the scattering of stellar particles from the
spiral-arms, with higher contrast leading to greater scattering
and dynamically hotter disks.
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5.5. Comparison with observations — ‘ —
-6 -4 =2 0 2 4 6

It is important to compare the simulations with observations of x (disk scale lengths)
real galaxies to ensure that they are not just interesting COPY- 15 position of them

puter simulations but that any conclusions drawn from thel ht grey diamonds mark the stellar maxima, the dark grey diamonds

are relevant to the real universe. mark the gaseous maxima and the black diamonds mark the minima

~ The simulated time averaged arm-interarm contrasts &f&he stellar potential. Diamonds are equally spaced in radius. The
similar to those of real galaxies. From 18 spiral galaxies, Rifashed lines marRy, = 2.6 andRo.r = 4.4.

& Zaritsky (1995) find thaC has an average value o2, with

large variations above and below this value. Rix (1993) finds

that 18 < C < 3.0 for the grand design galaxy M 51. The arm-

interarm contrast is found to be somewhat lower for the floc-

culent galaxies studied by Thornley (1996) who conclud@s1. The pitch angles of gaseous and stellar spirals

that 11 < C < 1.4. My models lie between.& < C < 2.2. ) ] ] ]
Data from Kennicutt (1981) shows that the gaseous stell8 Order to explain the secular evolution of spiral galaxies,

pitch angles in Sc galaxies occupy a similar range to that of thBang (1996) presents a derivation of a phase shifted, self

models, 10 < ygas < 30°. And the rotation curves in Fig. 2 consistent, stellar density and potential pair. Figure 12, which

show that the mass distributions are similar to both disk afgoWs the maxima of the = 2 Fourier components of the gas
halo dominated Sc galaxies. density, stellar density and stgllar po_tennal_, indicates that this
Many of the figures above include observations of six re§P€ of &fect may be at work in my simulations. The gas fol-
galaxies in th&’ andB bands. The parameters associated wi{F]WS the_dlsplaced s_tellar potential ra_lther than the ste_llar den-
these observations have been derived using a similar progd: Particularly outside of the bar region. The gas maxima turn
dure to that used on the models. The galaxies are NGC 2989 the bar region into spirals much later than the stars, possi-
NGC 3223, NGC 5085, NGC 3810, NGC 3893 and NGC 53681y helped byxl orbits inside the bar region, thereby providing
The data for the first three were kindly donated by David BlocRN €xplanation for the lower gaseous pitch angles.
and for the last three by Thilo Kranz. These data show sim-
ilar relationships for pitch angle and flopculence (Fig. 9) 18 2. The flocculence of gaseous and stellar spirals
the models withK” band andB band data in place dfl-body
and hydrodynamical results. The arm-interarm contrasts for tMéich of the diterence in the smaller scale structure between
real galaxies show a correlation with flocculence similar e gaseous and stellar images can be explained in terms of
the models (Fig. 10) but with the arm-interarm contragisas the dynamics of the two components. Structures in the stellar
by AC ~ 0.6. The six galaxies are, however, correctly rankedisk get strongly amplified in the dynamically cold gas, lead-
in order of B band flocculence. ing to shocks. Since the sound speed in the gas is much lower
than the velocity dispersion of the stars, and since gas is colli-
sional, gaseous structures are much sharper and longer lasting
than stellar ones. Hence the history of the simulation is impor-
The simulations in this paper have reproduced many of the ¢@nt as well as any particular snapshot in explainifiigdences
served diferences betweel andK’ band images of galaxies.in morphology. This would not have been apparent if an analyt-
At first glance this seems slightly bizarre, since the motion @fal potential was used in place of an evolving disk of particles
the gas should just follow that of the underlying stellar poteffer the stellar component of the models.
tial. But, due to the long range nature of gravity, the potential When a two armed density wave forms in the stellar disk,
generally does not follow the density which generates it (as déiit is fast and strong enough, it will wipe away the smaller
be seenin Fig. 12). amplitude features in the gas, particularly in the inner regions

= 2 maxima for grand design model. The

6. Discussion
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where it is strongest. The alternative is a low amplitude stelldecoupling in many spiral galaxies may account for thg-di
spiral leading to flocculent gas images. This can be seen in thaty in creating simulations with radicallyfierent morpholo-
gas velocity fields where flocculent models have much wealges in the stellar and gaseous components. It would be very
gas velocity divergences (and hence shocks), particularly obélpful to analyze a statistically meaningful sample of galaxies
side corotation. in B andK’ bands to determine the distribution of decoupling
The systematically high values of stellar arm-interarm com real galaxies, particularly the fiiérences in flocculence and
trast seen in Fig. 10 may be the reason why truly flocculepitch angle.
models have been hard to find. Flocculent structures in real | have introduced a numerical value to characterize the floc-
galaxies are thought to be due to coherent star forming gience of a galaxy, closely related to the uniformity of the
gions (Mueller & Arnett 1976; Gerola & Seiden 1978). Hencerourier spectra. It would be useful to calculate the valug of
star formation algorithms may promote flocculent gas spirdtsr many more real galaxies and compare the results to the arm

in these models. classes of EImegreen & Elmegreen (1982).
Gaseous spirals are shown to have tighter pitch angles than
6.3. Intrinsic characteristics of galaxies stellar spirals. This was tentatively attributed to a phase shift

. between the stellar density and the potential, shown to exist in
It has been shown that decoupling of stellar and gaseous mgrteast one of the models. Is thiffeet present in real galax-
phologies is a function of stellar arm-interarm contrast. Thes with pitch angle dierences? Do the simulations exhibit the

arm-interarm contrast is an observable quantity which, usiBgaracteristic accretion and excretion of stellar particles from
Fig. 11, yields a rough value f@(t). Similarly, the bar length the corotation radius?

correlates with the disk mass. | have shown that morphological decoupling increases as

Before these trends can be applied to real galaxies, ity stellar arm-interarm contrast falls. Hence flocculent galax-
worth considering how they would befected by changes injeg contain low amplitude stellar arms. High arm-interarm con-
the models. Many N-body simulations include techniques {oysts |ead to a hotter disk, so it is possible to make predictions
keep the stellar particles dynamically cooled and hence prolocﬂgbth from the strength of the arms. The second parameter
the life of the spiral structure. From the discussion in Sect. S&mtrolling the models, the disk mass, can be predicted from
it is likely that this would lead to more grand design spirghe size of the stellar bar. However, thebody simulations
structure in the gas. A similafiect may happenif an ILR were poceed in a very non-linear fashion, so it is not possible to

included in the models, perhaps by adding a bulge compongfyy, any conclusions about the initial value@from the end
A bulge may also reduce the strength of the bars and 10W&kte of the run.

the artificially high stellar arm-interarm contrasts in the simu-

: ) . _ To determine the relative importance of star formation, dust
lations. This would provide a good opportunity to search f

Ynd the underlying dynamics in defining the morphology of a
unbarred or weakly barred models. laxy, a better understanding is needed of how simulations re-

Since gas mass discriminates between galaxies anngl & toB band images, or alternativelyitdr CO data. It would

Hubble sequence, it is essential that gaseous self grav'%éshelpful to understand how morphological parameters, par-

added to the current model. Gas with a few per cent of the t '@‘JIarly the pitch angle and the flocculence, respond to the ad-

mass would aid the stellar cooling process since the gas is ttion of dusty structures and star forming knots to the simu-
namically cool. Weak gravitational coupling between the WQieq images

mponen Id | r r similarity in form. However . . .
components could lead to greater similarity in fo owever, The use ofN-body techniques, instead of an analytic po-

local f res woul nhan If grav: L .
ocal gaseous features would be enhanced by gaseous se eantlal, proved to be essential in reproducing the dual nature of

fty, decoupling the morphology. Gas with too much self graVI%"[ellar and gaseous morphologies. However, the self gravity of

(above~10% of the total mass) could become lumps, scatteriﬂge gas and star and dust formation algorithms must be added
the stars and heating the disk (Junqueira & Combes 1996). to make theDUAL code fully self consistent and capable of

_ modelling true spiral galaxies.
7. Conclusions It was expected that not all of the morphological complex-

The DUAL code combinesl-body and finite-derence hydro- 1Y @nd variety of spiral galaxies in th band would be ex-

dynamic technigues to reproduce some of tiféedénces in the Plained by purely dynamical models. However, the similari-

morphology oK’ andB band spiral galaxies. It is assumed thdies between these S|mulat|o.ns gnd the obseryathns imply that

N-body simulations mimic the dynamics of the underlying steffuch of the dual morphologies in spiral galaxies is due to the

lar population seen in th€’ band and that morphologies prodifférence in the dynamics of stars and gas.

duced by hydrodynamic modelling can be directly compared

to B band images. Given this, the simulations have verified

the principle of morphological decoupling and many of the de-

tailed results oK’ andB band galaxy observations. Acknowledgementd. thank James Binney for helpful discussions
At present there are no statistics for how prevalent decdpd advice. Thanks also to Jerry Sellwood for providing me with

pling is in real galaxies. Hence, the extremes of the obsgleN-body code which, inanamended form, is half of [NgAL code.

vations mentioned above should be viewed as instances §tF4\RC generously provided much of the funding for my research.

common, but possibly not dominant, phenomenon. The lack of
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Appendix A: Dual morphology models

Table A.1. Results for every simulation: the disk mass fraction at four scale lerfgtike minimum value of the initia@Q parameteQmin,
the dfective scale height of the stellar particlgsthe time averaged length of the bar used as the minimum radius in Fourier decomposition:
Rmin, the rotation ratioR, the time averaged pitch angle of the stellar spigalg the time averaged pitch angle of the gaseous spjrgls
the time averaged stellar flocculer€g,, the time averaged gaseous flocculefigg and the time averaged stellar arm-interarm contast

Run Ty Qmin ) Rumin R Usta Ygas Fsta Fgas C

13 0.40 1.193 0.120 2.31 1.01 21.0 9.1 0.57 0.66 1.70
16 0.40 1.256 0.133 1.99 1.49 23.1 26.5 0.55 0.68 1.68
17 0.35 1.193 0.108 2.04 1.09 24.9 14.6 0.60 0.64 1.73
19 0.45 1.193 0.131 2.58 0.98 21.4 16.2 0.53 0.53 21.0
21 0.40 1.130 0.108 2.28 1.04 22.0 22.6 0.54 0.54 1.97
26 0.50 1.200 0.144 2.54 1.11 28.8 18.8 0.54 0.56 2.19
28 0.37 1.196 0.114 2.19 1.08 20.3 16.2 0.53 0.57 1.85
30 0.47 1.204 0.138 2.49 1.02 29.6 17.7 0.56 0.56 2.05
36 0.43 1.193 0.126 2.23 1.07 20.5 151 0.53 0.60 1.65
38 0.45 1.170 0.126 2.23 1.07 20.5 14.3 0.51 0.54 1.90
40 0.50 1.170 0.137 2.55 1.02 24.0 16.9 0.53 0.59 1.96
42 0.48 1.182 0.134 2.46 1.06 27.4 20.8 0.54 0.59 2.09
43 0.35 1.170 0.104 2.35 0.98 19.6 14.8 0.53 0.59 2.01
44 0.33 1.194 0.104 1.70 1.24 29.1 19.8 0.63 0.65 1.78
45 0.35 1.225 0.114 1.99 1.04 23.1 16.9 0.60 0.64 1.62
46 0.43 1.225 0.133 2.63 0.99 18.9 14.1 0.53 0.59 1.88

Table A.2. Results for six real galaxies: the length of the bar used &immel, R., & Spergel, D. N. 2001, ApJ, 556, 181

the minimum radius in Fourier decompositioRsi,, the pitch angle Elmegreen, B. G., & Thomasson, M. 1993, A&A, 272, 37

of the stellar spiralg/s, the pitch angle of the gaseous spirélss Elmegreen, D. M., & Elmegreen, B. G. 1982, MNRAS, 201, 1021
the stellar flocculencgs,, the gaseous flocculen@gasand the stellar Englmaier, P., & Gerhard, O. 1997, MNRAS, 287, 57
arm-interarm contrast. Englmaier, P., & Gerhard, O. 1999, MNRAS, 304, 512

Eskridge, P., Frogel, J., Pogge, R., et al. 2000, AJ, 119, 536
NGC 2997 3223 3810 3893 5085 5364 Fux, R. 1999, A&A, 345, 787

Ruin 347 15" 83 10’ 25" 297 Gerola, H., & Seiden, P. E. 1978, ApJ, 223, 129
Rmax 122’ 48’ 116’ 123’ 50" 162’ GI’OSbOl, P. J, & PatSiS, P. A. 1998, A&A, 336, 840
Vs 26.6 0.46 17.1 15.9 38.7 28.1 lye, M., Okamura, S., Hamabe, M., & Watanabe, M. 1982, ApJ, 256,

103
Jaynes, E. T. 1958, Probability theory in science and engineer-
Tsta 044 0.57 0.51 0.52 0.47 0.62 ing, Colloquium Lectures in Pure and Applied Science, 4,
Foas 048 062 052 053 056 0.64 Socony-Mobil Oil Co., Dallas
9 149 111 1384 151 138 131 Junqueira, S., & Combes, F. 1996, A&A, 312, 703
Kennicutt, R. C. 1981, AJ, 86, 1847
Mueller, M. W., & Arnett, W. D. 1976, ApJ, 210, 670

Ugs 140 927 171 149 337 297
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