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Abstract. Two dimensional Fourier spectra of near-infraredistance from the center because of the interference of wave
images of galaxies provide a powerful diagnostic tool for thgackets or modes which are propagating inward and outward,
detection of spiral arm modulation in stellar disks. Spiral artveing reflected off a central bulge (Lin"1I970; Lau et al. 1976;
modulation may be understood in terms of interference patteiark|[1977; Lin 1983).
of outgoing and incoming density wave packets or modes. The The swing amplification mechanism (Toonre 1981) may
brightness along a spiral arm will be increased where two walve responsible for the appearance of the modes themselves. The
crests meet and constructively interfere, but will be decreasexdstence of trailing and leading waves is inferred by looking at
where a wave crest and a wave trough destructively interfetiee unmistakable interference patterns on the density contours
Spiral arm modulation has hitherto only been detected in graaldng spiral arms (see, e.g., Toomre’s Figs. 10 and 12). The
design spirals (such as Messier 81). Spiral arm amplitude vaiesence of interference patterns is betrayed in the discontinuity
ations have the potential to become a powerful constraint foir the contours, or in other words, in the modulation of the
the study of galactic dynamics. We illustrate our method in twaensity (or surface brightness) along each arm. The brightness
galaxies: NGC 4062 and NGC 5248. In both cases, we have ding a spiral arm will be increased where two wave crests meet
tected trailing and leading=2 waves with similar pitch angles.and constructively interfere, but will be decreased where a wave
This suggests that the amplification mechanism is the WASERst and a wave trough destructively interfere.
type Il. In this mechanism, the bulge region reflects (rather than In the swing amplification models of Toomre (1981), the
refracts) incoming waves with no change of pitch angle, babsence of a bulge or of a central concentration makes the mod-
only a change of their sense of winding. The ratio between thking unrealistic. The modes which grow in Toomre’s models
amplitudes of the leading and the trailing waves is about Gae fast evolving. In contrast, the modal theory of galactic spi-
in both cases, wherein the higher amplitude is consistently aa} structure assumes the presence of a central bulge. These
signed to the trailing (as opposed to leading) mode. The resudtdges act as reflectors (often termed the ‘Q-barrier’), result-
are particularly significant because NGC 5248 is an opticallyg in a quasi-stationary modal pattern (Thomasson gtal.|1990;
grand design galaxy, whereas NGC 4062 is optically floccEimegreen & Thomassdn 1993; Fu¢hs 1991,2000). Clearly,
lent. NGC 4062 represents the very first detection of spiral asach models are much more appropriate to the dynamics of spi-
modulation in the stellar disk of an optically flocculent galaxyal galaxies.

Several mechanisms have been proposed for the mainte-
Key words: galaxies: spiral — galaxies: structure — galaxiesance of spiral structure in galaxies. The usual process of wave
kinematics and dynamics — galaxies: individual: NGC 4062propagation, with feedback and over-reflection, can maintain
galaxies: individual: NGC 5248 — methods: numerical the wave pattern. Mechanisms such as turbulent dissipation and
shock formation in the gaseous Population | component can also
play a role in the self-regulation of spiral modes (Bertin et al.
1. Introduction 19894l 1989b).

Symmetric spiral arm amplitude modulations indicative of
Within the framework of the Density Wave Theory (Lin & Shiynderlying wave modes have hitherto only been detected in
1964), the spiral arms of disk galaxies are the manifestationigg grand design galaxies M51, M81, M 100 (Elmegreen et
sets of travelling waves. In the presence of both leading agd1989) and in the multiple arm galaxy M 101 (Elmegreen
trailing sets of waves, the modal theory of galactic spiral strugggs). Arm variations in two other galaxies were discussed by
ture (Bertin et al. 1989a, 1989b) predicts that the amplitude @foshgl [1988). M 81 is one of the best studied spiral galaxies,
a grand design two-arm spiral pattern will oscillate with radiging the amplitude data is very useful to constrain the model
parameters within the modal theory. The modal theory has been
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applied to M81 by Lowe et al[ (1994), wherein the observekhble 1. Parameters of the galaxies
arm modulation was modeled.

Near-infrared images reveal the old stellar Population Il disk NGC 4062  NGC 5248
component of spiral galax@swhile optical images show the type Sc(s)lI-l1l Sbe(s)l-l
rich variety of responses of the young Population | component, —19.44 —21.19
to the underlying older stellar population responsible for thep class ES ES
dynamics of the galaxies (Frogel etlal. 1996). The young Papm clas$ 3 12
ulation | disk component may only constitute 5 percent of tHA° 100° 110°
dynamical mass of the disk of a galaxy. For studying mass dis? 64° 43
tributions of disk galaxies, near-infrared images are essentiéier H (1.65um) K’ (2.1pm)

(Block & Wainscoat 1991; Block et al._1994; Quillen et al* Sandage & Tammarin 1987
1992 [1996; Frogel et &l 1996; Block & Puefari 1999; Block &tBlock & Puerar{ 1999
al.[2000). ¢ Elmegreen & Elmegreen 1987

. . . . . . d i 1
Optically thick dusty domains in galactic disks can com-de Vaucouleurs etal. 1991

pletely camouflage or disguise underlying stellar SUUCIUr§3, cional at San Pedro Martir, Mexico, and forms part of a larger
Dust extinction is highly effective whether or not the dust lies iBroject on deep Kimaging. Details of reduction will be given
an actual screen or is well intermixed with the stars (Elmegreg ewhere '

& Block [I993). The presence of dust and the morphology o Since our focus is morphology, no calibration frames are

a galaxy are inextricably intertwined: indeed, the mo_rphob%quired here. Using the IRBRask IMEDIT, the images were
ofa gala}xy can completely change once the POP‘,"""“O” : d's&ganed of any foreground stars. The galaxies were then depro-
of galaxies are dust penetrated (e.g., Block & Wainscoat|19 doted using the IRAF ROTATE and MAGNIFY routines. De-

Block et a_l. 1994). DUSt. can comple_tely obscure two arm ojection parameters (position angle PA and inclinatigiare
grand design structure in some optically flocculent galaxigge y in Tabl€ll; also given in that Table are van den Bergh lumi-

(Thornley I99%; Grosbal & Patsis 1998, Block & Puefall 199?\;osity classes and blue absolute magnitudes as determined by
Elmegreen et al. 1999).

Sandage & Tammann_(1987). Morphological parameters such
In this paper, we propose a morphological method, based g ; ) b g P

he bi-di ) | Fouri ¢ q h ' E%;DP and arm classes are discussed below.
the bi-dimensional Fourier transform, to detect the existence o Once the galaxies are corrected to a ‘face-on’ orientation,

structures with a different winding sense (trailing and Ieadiq,ge applied the program 2dfft (see the appendix of Beter et
pattemns) in the same galaxy. The galaxies for which spiral agy 1994), which calculates the fast Fourier transform of a given

modulations have hitherto been detected (e.g., M 81) are neay ge using a basis of logarithmic spirals. As shown in an exten-

The Fourller Spec“"’? _offer an unamblgyous way of 'qent'w'@ve work by Danvei (1942), logarithmic spirals appear to be the
both leading and trailing wave packets in galaxies which are stmathematicablescription for galactic arms. In a more re-

restrlct_edl tohbe relatll;/ely c_IosIe; the methodlca(r; be appIIeOIcté)ntwork, Kennicutt(1981) concluded that logarithmic, as well
any spiral whose stellar spiral arms are resolved. as hyperbolic spirals, are good representations of galactic spiral

The Fourier method is applied to the near-infrared imags;ms_ As discussed elsewhere (e.g., Carsid& Athanassoula

of two galaxies which optically could not be more differen’ri%zn Puerari & Dottoiii 1992), the choice of logarithmic spirals

one is flocculent (NGC 4062) whereas the other (NGC 5248):;;5 not constrain the analysis. They only form the basis in a

grand design. The morphological appearances ofNGC 4062 ¥aCior space for the decomposition. If only a few coefficients —
NGC 5248 in the dust penetrated regime are carefully discus cally, one or two — are required to reconstruct the original

DEl: image using inverse Fourier transforms (as is the case here), the
choice of logarithmic spirals is indeed appropriate.
2. Data and analysis The Fourier method has been extensively discussed in a
] . number of papers (e.g., Kalnajs 1975; Corsad& Athanas-
The H band (1.6%m) image of NGC 4062 is part of the OSUgq 15 198R; lye et a[. 1982; Puerari & Dottori 1992; Puer-
(Ohio State University) Bright Spiral Galaxy Survey (Frogel &}j 1993, amongst others). In the Fourier method, an image

al.|1996; Eskridge et al., in prep.). NGC 5248 was observgdyecomposed into a basis of logarithmic spirals of the form
in the infrared (K 2.1um) at the Observatorio Astr@mico r=ryexp(—20). The Fourier coefficients (p, m) can be writ-

P

1 Observational astronomers invariably restrict the terminology E) nas

‘Population I for the stars in the halo of a galaxy, and refer to the, 1 [tm [t ‘

‘young Population | disk’ and the ‘old Population | disk’. When mod? (P, 1) = D / I(u, O)exp[—i(mb + pu)|dudd
elling the disks of galaxies, however, theorists find it convenient to T
distinguish the two dynamically different gaseous and stellar compo? The IRAF package is written and supported by the IRAF program-
nents by ‘gaseous Population | disk’ and ‘evolved stellar Populationriling group at the National Optical Astronomy Observatories (NOAO)
disk’, and we retain that terminology here. It must, however, be efm Tucson, Arizona. NOAO is operated by the Association of Uni-
phasized that by an ‘old stellar Population Il disk’ we are not referringersities for Research in Astronomy (AURA), Inc. under cooperative
to any true metal poor Population in the halo. agreement with the National Science Foundation (NSF).
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Here,u = In r, » andé are the polar coordinates; repre- Table 2.Values of then=2 Fourier spectrum
sents the number of the armsis related to the pitch angl2

of the spiral byP=atan(—m/p), andI (u, 0) is the distribution NGC 4062 NGC 5248
of light of a given deprojected galaxy, inl(r, 6) plane.Dis 7 _575 _3.75
a normalization factor written as pk 45 35
41 oo |A(pL..,2)  2.1E-3 1.5E-1
D= / I(u, 0)dudo. |A(phas,2)]  1.2E-3 8.0E-2
—m J—co |AL]/|AT) 0.54 0.54
In practice, the integrals in = In r are calculated from a Z 129; 25000

minimum radius (selected to exclude the bulge where there is

information of the arms) to a maximum radius (which extends; :?go :3;:
to the outer limits of the arms in our images).
The inverse Fourier transform can be written as
S(u,0) = Z Sy (u)e™” particularly interesting, since there is a large difference in the
m linear size of the two galaxies (adopting#b0 km/sec/Mpc,

where the linear diameters of NGC 4062 and NGC 5248 are 18 and 42
D P kpc, respectively). Note furthermore that the ratio of amplitudes

S (u) = Ty} Gm(p)A(p,m)e’" dp does not depend on the absolute magnitude of the parent spiral,

neither on the arm class (see Tdble 1).

andG.,,, (p) is a high frequency filter used to smooth thep, ) In the determination of Fourier coefficients and of pitch an-

spectra at the interval ends (see Puerari & Dotfori 1992), an@|f: careful deprojections to face-on are of course necessary.
has the form Mean uncertainties of position angle and inclination angle as

a function of inclination are drawn in Fig.2 of Conéré &
1 /p—p 2 Athanassoula (1988). For NGC 4062, we find (using eight de-
Gm(p) = exp D) (25) projected runs, wherein inclination and position angle are sys-
tematically varied) that incorrect deprojections can introduce
wherep? is the value ofp for which the amplitude of the a maximum difference of 13% in the reported”|/| A”| ratio
Fourier coefficients for a givem is maximum. The chosen (see Tabl€]2). For the pitch angle, the maximum difference we
interval ends %, =+50 andp_=-50), as well as the step-sizefind is only 5. The situation is slightly more complex for NGC
dp=0.25, are suitable for the analysis of galactic spiral arms.5248, because of its smaller inclination (and hence, larger un-
In Table[2, we present the values for the dominart2 certainties in the deprojection angles) and its asymmetry. For a
components in the Fourier spectra. In that tabplg,, is the few incorrect deprojections (mainly when we deproject the im-
value where the spectrum for=2 peaks)A(pmqz,2)| is the age with both an incorrect PA and an incorregt the leading
amplitude of the peak, arjdiZ|/|AT| denotes the correspond-component does not appear clearly. In other cases, the errors in
ing ratio between the leading’) and the trailing {') ampli- the |A%|/|A”| ratio and in the pitch angles are of the order of
tudes. P is the pitch angle of the spiral, related #9,... by the errors listed for NGC 4062. The results are fully consistent
P=atan(—2/pmaz). P is the phase of the spiral arm, calcuwith the findings of Block et al {(2000) wherein determination
lated asb=atan(Im[A]/Re[A]), whereIm[A] andRe[A] are of pitch angles from Fourier spectra are found to be surpris-
the imaginary and the real part df(p,,..., 2), respectively. A ingly robust; galaxies do not move from one dust penetrated
diagram explicitly showing the definition of trailing as oppose(DP) class to the next. NGC 4062 and NGC 5248 remain dust
to leading spiral arms may be seen in Fig. 15 of Athanassoplenetrated? class.
(1984), inFig. 2.8 of Bertin & Lin[(1996) or in Fig. 6.5 of Binney
& Tremaine (19877).
Itis evident from Tabl€R that the pitch angle for the trailin&'l' NGC 4062
and the leading components for each galaxy is very simil@ptical images of the galaxy NGC 4062 (Sandage & Bedke
A classification scheme of spiral galaxies in the near-infrard®94, plate 265) reveal numerous patches of star formation with
was recently proposed by Block & Puerari (1999). Galaxies ame grand design spiral structure from a density wave in the un-
binned into three groups, 8 and~ based on the pitch anglederlying stellar disk. Such patchy structure occurs in over sixty
of the arms, robustly determined from Fourier spectra. Evemercent of isolated, non-barred galaxies, giving them a floccu-
sided (as opposed to lopsided) galaxies have a domina@lt lent, fleece-like appearance (ElImegreen & Elmegreen|1987). A
component in the Fourier spectra, and they are designatedharacteristic of flocculent galaxies such as NGC 4062 is that
this scheme by an ‘E’. NGC 4062 and NGC 5248 both belorige optical patches, by definition, span only a small range in
to the dust penetrated¥class (Tablgl1). azimuth.
The ratio between the amplitudes of the leading and the NGC 4062 belongs to arm class 3, described as ‘fragmented
trailing patterns is also the same for the two galaxies. Thisasms uniformly distributed around the galactic center’ (see
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Fig. 1. Left: Deprojected H image of NGC 4062. The vertical bar represents 5 kge5@km/sec/Mpc). Right: The contours of the inverse
Fourier transform for then=2 mode are overlayed on the deprojected image. The contours are the real part of the complex spatial function
Sa(u, 8)=Ss(u)e?. The lowest and the highest plotted contours represent 3% and 30% of the maximum amplituderfier2timeode,
respectively.

- two arms spanning over 90 degrees in azimuth. Itis evident that

— [ N4082 m=1 T m=2 ] . : X
I the young Population | and old stellar Population Il disks of
i T 1 NGC 4062 actually decoufile

s -+ - Another surprise is that the Fourier spectra of NGC 4062

do not present a single peak for the=2 mode (FiglR2). The
I 1 1 presence of two peaks betrays the existence of two different
fﬂm&ﬂ + ‘ — O spirals. One would have the form of an ‘2’ (coming from the
m=3 | m=4 ] peak with maximum gp < 0) and the other having a ‘S’ form.
1 1 This situation is exactly what is expected within the framework
of the swing amplification theory or in the modal theory of
galactic spiral structure: a strong trailing pattern and a weaker

J\WW leading one.
I M% ; il ‘ % -
T m=5 | m=6 | 2.2. NGC 5248

Grand design spirals (where two dominant arms may span many

NORMALIZED AMPLITUDE
0.5
\
|
\
\

2 B 1 i degrees in azimuth) are completely different from flocculent
I 1 1 galaxies. Possibly two of the best studied grand design spirals
: + 1 are Messier 81 (NGC 3031) and M51 (NGC 5194), where two
ol ™M T DN e long symmetric arms dominate their optical disks. EImegreen
-40-20 0 20 40 -40-20 0 =0 40 & Elmegreen[(1987) devote classes 9 through 12 to the grand
p p design bin.

Fig. 2. Fourier spectra for NGC 4062. Note the absence of odd modes
which is indicative of a highly bisymmetrical light distribution.

3 What is meant by decoupling is that a galaxy may show two dif-
ferent morphologies when examined optically and in the near-infrared
] o regime. For example, NGC 309 is classified as Sc in the optical, but
Elmegreen & Elmegreen 1987). What is so striking in the duggpears as a SBa in the near-infrared (Block & Waingcoati1991). Two
penetrated, near-infrared regime is that NGC 4062 presents aiifferent morphologies in the same galaxy may co-exist via a feedback
markable, bisymmetrical grand design morphology (seéJig. ijechanism or dynamical thermostat (Bertin & Lin 1996).
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Fig. 3. Left: Deprojected Kimage of NGC 5248. The vertical bar represents 5 kpg=890 km/sec/Mpc). Right: The contours of the inverse
Fourier transform for then=2 mode are overlayed on the deprojected image. The lowest and the highest plotted contours represent 8% and
90% of the maximum amplitude for the bisymmetric mode, respectively.

~Frusoas | wmer T g have organized young stellar associations to form the symmetric

I 1 | optical spiral pattern (Elmegreen_1995) and one often finds a

I 1 1 strong coupling between the young Population | and the older

= -+ - stellar Population 1l disks. This is the case for NGC 5248.

I 1 | This galaxy, however, is not quite as symmetric as NGC

I 1 1 4062 is in the near-infrared’Kmage (see Fid]3). The two trail-
et | N LT Wy ing arms have a small difference in their winding angle, with one

m=3 | m=4 ] arm being slightly more open than the other one. In the Fourier

1 1 spectram=1 components reveal this asymmetry, and this is at-

tested to by the relatively large=1 component of NGC 5248

| (Fig.[4).

I 1 1 Nevertheless, the Fourier spectra in Elg. 4 reveal something

F M W\/J\N\/W quite remarkable: the old stellar Population Il disk of an opti-

S L A I P B R A cally grand design galaxy, NGC 5248, can be almost identical
I 1 1 to that of an optically flocculent, NGC 4062 (compare Higs. 4

and2). NGC 5248 also has two peaks for the2 mode, one

B 1 i atp < 0 and another fop > 0, which proves the existence of

I 1 1 two wave-trains with different winding senses: one trailing, the

other leading.

0.5

0.5

NORMALIZED AMPLITUDE

0.5

o LV, ‘ ‘
-40-20 0 20 40 —-40-20 0 20 40

b b

2.3. The trailing and the leading spirals

In order to shed further information about the modes we have
Fig. 4. Fourier spectra for NGC 5248. The peakratl represents detected, we calculated the inverse Fourier transform in a dif-
the asymmetry of the galaxy.(see_ E.S). Note the. strilking similari%rem way to that illustrated in FigE. 1 afH 3. The goal is to
between the spectrum fer=2 in this figure and that in Fig] 2. separate the trailing and the leading components, and in order
to study their individual characteristics, we calculate $héu)
NGC 5248 is a magnificent, grand design optical specimdunctions by considering only < 0 or p > 0. In other words,
Its arm class is 12 (the same class to which M81 and M %dr the trailing mode, we use
belong). In grand design galaxies, density waves are believed to
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Fig. 5. The surface densitg# (r) andS7 (r) functions of NGC 4062, Fig. 7. The phase of the leading and the trailing modes of NGC 4062.

andtheraticZ /ST . The cutsin radius are the minimum and maximum

radii used in the Fourier analysis.
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Fig. 6. Same as Fi@]5, but for NGC 5248.

D
e211471-2

0
ST (u) = | / Gon(p) A(p, m)e™ dp

and for the leading one,

D P+

= G (p)A(p, m)eP® dp.
Fuin? || (p)A(p, m)e™™ dp
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Fig. 8. Same as Fi@l]7, but for NGC 5248.

By using theSZ (u) and theST (u) functions, we can sepa-
rate the leading and the trailing spirals of each galaxy. In Eigs. 7
and[8 we plot the phase of each component (see Puerari &
Dottori[1997) for NGC 4062 and NGC 5248, respectively. The
phase represents the azimuthal position of the maximum inten-
sity of each spiral. So, when the difference between the phases
of the leading and the trailing components fsdr 18C°, the
spiral pattern of the galaxy must show a maximum. In contrast,
when the phase difference is9@he spiral arms of the galaxy
must show a minimum. For NGC 4062, we find 2.2 and 3.9 kpc

In Figs[3 andb we plot theZ (u) and theST (u) functions  for the positions of the maxima, and 2.9 kpc for the minimum.
for NGC 4062 and NGC 5248, respectively. These functioi$ese values are in complete agreement with the peaks and the
peak where we find the first maximum in the arm/interarm codip in the arm/interarm contrast (see [ig. 9, below). The situa-
trast (see FigEl9 aid]10 below). Also plotted in Higs. 5[dndibn is a little more complex for NGC 5248. For this galaxy, the
is the ratio between th&l (u) and theST (u) functions. This values for the positions of the maxima are 3.6 and 8.3 kpc, and
ratio is important for comparisons with theoretical studies. Aer the minimum, we find 5.2 kpc. These values do not fit the
one can see, the ratio is of the order of-045 for almost all arm/interarm contrast as well as does the data for NGC 4062
the spatial extent of the spiral arms in both galaxies. The (@ee Fig_ID, below). This discrepancy could be explained by the
tio shows an increase towards smaller distances (nearer toft that NGC 5248 is not quite as symmetric as NGC 4062.
bulges of the galaxies) and also for larger radii (probably near Future models might be able to use these leading and trailing

to the co-rotation radius - see below).

waves to locate the co-rotation radius. Leading modes propa-
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Fig. 9. Arm/interarm contrast for the H band image of NGC 4062. Opdfig. 10. Same as Fid[]9, but for the’ kmage of NGC 5248.
and filled squares are the measures in the two arms. The solid line is
the mean of the two values at each radius.
ment with other studies (eg., EImegreen et al. 1996). Values of
gate outward inside co-rotation and inward outside co-rotatigdm/interarm contrast as high as 2 are not unreasonable (see
so that a leading spiral commencing from the nuclear regibig. 6 of EImegreen et dl. 1996). A near-infrared study of M 100
would only extend to the co-rotation radius; in other word®y Gnedin et al.[(1996) yields an arm/interarm contrast of 3.
co-rotation would be where the leading spiral ends (C. Yudrigh arm/interarm contrasts do not imply unrealistic high per-
private communication). The difficulty in the present study iflrbations of the velocity fields. Rather, what is important is the
placing the co-rotation resonance is that the leading arm is fiatio of the arm mass to the enclosed galaxy mass at a given
directly seen in our near-infrared images; rather, its existencéaslius. The arm is but a small fraction of the entire mass of the
inferred from the arm modulation. galaxy inside any given radius, so that the streaming motions
are small, even for high arm/interarm contrasts.

2.4. Arm/Interarm contrast

. . . . 3. Discussion
It is well known that the arm/interarm contrast in spiral galax-

ies usually increases with radius (Elmegreen & Elmegre@ihe existence of leading spiral patterns in a differentially rotat-
1984). While some of the galaxies in their sample revealady disk is a complex issue. Questions such as how such patterns
arm/interarm profiles with a simple sinusoidal pattern in th@an survive the shearing of a disk differential rotation come to
| band (0.85um), a large percentage of them showed a chaotite fore. How can one infer the presence of leading and trailing
behaviour. Some galaxies can be optically thick even at I. \§piral arms if they are not both directly seen?
have calculated the arm/interarm contrast following EImegreen We have constructed a simple model using the values of
& Elmegreen[(1984). We have drawn azimuthal profiles forMGC 4062 from TablEl2. The model is very simple in the sense
number of radii, and by using an interactive plotting prograrthat we do not give a radial dependence of arm density. The
we have taken a mean value at the maxima (where the spawhthetic image has a density equal to unity for the main trailing
arms are located) and a mean value at the ‘troughs’ (the intarms, and a density equal to 0.65 for the weaker leading patterns
arm regions). The final value is calculated from intensity valuéthis was chosen to get the same ratid | /| AT).
as follows: The Fourier spectra of these synthetic logarithmic spirals
are shown in Fid.11. The synthetic spirals, together with the
contours for then=2 component are shown in Fig]12. Note

In Figs[9 andTI0 we plot the calculated arm/interarm cothat the leading patterns do not appear directly on the contours.
trast for NGC 4062 and NGC 5248, respectively. The maximuRevertheless, their existence can be inferred from the interfer-
values for NGC 4062 (the flocculent galaxy) are approximatedynce patternsAs expected, the contours show maxima at the
3timesless thanthose for NGC 5248 (grand design). As one @atersection of the two (trailing and leading) patterns.
see, the arm/interarm contrast increases with radius, but not in Therefore, if the synthetic spirals represent incoming and
a monotonic way. The modulation of the intensity is caused lbyitgoing spiral density waves on an axisymmetric disk, an inter-
the interference between the incoming and the outgoing dengayence pattern will be established where stellar density will be
waves and is clearly evident in our plots. The sinusoidal blerger at locales of constructive interference in our near-infrared
haviour is even more remarkable in the flocculent NGC 4062mages.

It is important to note that the values for the arm/interarm Although the phases of the two patterns are different (see
contrast calculated for these two galaxies are in complete agréable[2), the maxima are separated by approximatety B0

arm/interarm = (arm — interarm)/0.5(arm + interarm).
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rection. The dark spirals represent trailing arms, while leading arms are
p p indicated by spirals in light grey. Note the striking similarity between
the contours in this figure and those in fg. 1. The existence of the
leading patterns can only indirectly be inferred from the modulation in
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Fig. 11. Fourier spectra for synthetic spirals constructed with the p

rameters of NGC 4062 (Table 2). The strong harmonicsat and s

m=6 came because we have no dispersion of the ‘density’ around i@ Spiral arms.

mathematical logarithmic spirals (see discussion in Puerari & Dottori

1992). The synthetic spirals aexactlybisymmetrical, and thus the

amplitude of the odd modes is zero. dependent of absolute magnitude (-19.44 for NGC 4062 and
—21.19 for NGC 5248) and arm class.

The arm/interarm contrast increases for both galaxies, but
quote Toomre (1981)The 90° spacing of their successive dennot in a monotonic way. The sinusoidal behaviour (seen in the
sity maxima [in his models] argues eloquently for the presenggodulation of the intensity) betrays the interference between
of trailing and leading waves of very similar wavelengths,..” incoming and outgoing density waves.

This study has also demonstrated the efficiency of near-
infrared images for understanding the mass distributions in
galaxies which appear quite dis-similar optically, but which have
A two dimensional Fourier analysis provides a robust methasuch in common when examined in the infrared regime.
for detecting both trailing and leading spirals in galaxies far Our observations of spiral arm amplitude modulations sup-
more distant than M 51 or M 81. ports the idea originally proposed by Lin (1970) that density

We have applied our method to near-infrared images of NG@ves turn around by reflection or refraction inside galaxies,
4062 (optically flocculent) and NGC 5248 (optically grand dgsresumably in the inner regions where the incoming, short-
sign). In both cases, we have inferred the existence of dominamtvelengths, trailing waves (Toonire 1969) meet the kinemati-
m=2 trailing and secondany,=2 leading spirals in the Fouriercally hot stellar bulge. In the present study, the observed sym-
spectra. The consequence of two peaks wifferent winding metry of the leading waves, with pitch angles comparable to
sensen them=2 component directly implies spiral arm moduthose of the trailing waves, indicates that the outgoing waves
lation. also have short-wavelengths, and this is consistent with the ex-

In each case, the pitch angle of both trailifij @nd leading pected group velocity of outward-movinigadingwaves. This
(L) waves is almost the samB{=19° andPL=—24° for NGC result implies that the bulge regiaeflectsincoming waves
4062, andPT=28° and P*=—30° for NGC 5248). This was (no change of pitch angle), but changes their sense of wind-
the case also for M 81 (Elmegreen et[al. 1989). This is highlyg. Moreover, the amplification mechanism, which is always
suggestive that the incoming and the outgoing wave-trains hateco-rotation, must be WASER type Il, rather than WASER
similar wavelengths. type I. The WASER | mechanism involves outward-moving,

The amplitude ratigA~L|/|AT| is about 0.5 in both NGC long-wavelengthstrailing waves formed byefractionnear the
4062 and NGC 5248, wherein the higher amplitude is conslamilge and amplified at co-rotation without a change in winding
tently assigned to the trailing mode. The amplitude ratio is isense, i.e. by superreflection (Mark 1976, 1977).

4. Conclusions
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Modal analysis of the structures found here, using also tBenegreen D.M., Elmegreen B.G., 1984, ApJS 54, 127
observable velocity dispersions of the stars, could in principidmegreen D.M., EImegreen B.G., 1987, ApJ 314, 3
determine the disk and halo mass distributions and the pattérpgel J.A., Quillen A.C., Pogge R.W., 1996, in: Block D.L., Green-
speeds of the spirals, as was done for M 81 (Lowe &t al.[1994). ber.g J.M. (eds.), New Extragalactic Perspectives in the New South
Spiral arm amplitude variations have the potential to become a Affica, Dordrecht: Kluwer, p 65 _ _ _
powerful constraint for the study of galactic dynamics. Fucgi BI" 1996‘ n- S_und?;_us :" (Ied.), Dénsaém'cs of Disk Galaxies,
NGC 4062 represents the very first detection of spiral arm . amers University of Technology, p.

dulation in th ved lar disk of ically fi | hs B., 2000, in: Combes F., Mamon G.A., Charmandaris V., Dy-
modulation in the evolved stellar disk of aptically flocculent namics of Galaxies: from the Early Universe to the Present, p. 53

galaxy. Gnedin O.Y., Goodman J., Rhoads J.E., 1996, in: Minnitti D., Rix H.-

. . W. (eds.), Spiral Galaxies in the Near-Infrared, Springer, p. 184
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