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Abstract. Two dimensionalFourier spectraof nearinfrared
imagesof galaxiesprovide a powerful diagnostictool for the
detectionof spiralarm modulationin stellardisks. Spiralarm
modulatiormaybeunderstoodn termsof interferencepatterns
of outgoingandincomingdensitywave packetsor modes.The
brightnessalongaspiralarmwill beincreasedvheretwo wave
crestsmeetandconstructvely interfere,but will be decreased
wherea wave crestanda wave troughdestructvely interfere.
Spiralarmmodulationhashithertoonly beendetectedn grand
designspirals(suchasMessier81). Spiralarmamplitudevari-
ationshave the potentialto becomea powerful constraintfor
thestudyof galacticdynamicsWeillustrateour methodin two
galaxiesNGC4062andNGC 5248.1n bothcaseswe have de-
tectedrailing andleadingm=2 waveswith similarpitchangles.
This suggestshatthe amplificationmechanisnis the WASER
typell. In thismechanismthebulgeregionreflects(ratherthan
refracts)incoming waves with no changeof pitch angle, but
only a changeof their senseof winding. Theratio betweerthe
amplitudesof the leadingandthe trailing waves is about0.5
in both caseswhereinthe higheramplitudeis consistentlyas-
signedto thetrailing (asopposedo leading)mode.Theresults
are particularly significantbecauseNGC 5248is an optically
granddesigngalaxy whereasNGC 4062 is optically floccu-
lent. NGC 4062representtheveryfirst detectiorof spiralarm
modulationin the stellardisk of anoptically flocculentgalaxy
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1. Intr oduction

Within theframework of the DensityWave Theory(Lin & Shu
1964),the spiralarmsof disk galaxiesarethe manifestatiorof
setsof travelling waves. In the presenceof both leadingand
trailing setsof waves,the modaltheoryof galacticspiral struc-
ture (Bertin etal. 1989a,1989b)predictsthatthe amplitudeof
a granddesigntwo-armspiral patternwill oscillatewith radial
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distancefrom the centerbecauseof the interferenceof wave
pacletsor modeswhich are propagatingnward and outward,
beingreflectedoff a centralbulge (Lin 1970;Lau etal. 1976;
Mark 1977;Lin 1983).

The swing amplification mechanism(Toomre 1981) may
beresponsibléor theappearancef themodeghemseles.The
existenceof trailing andleadingwavesisinferredby looking at
the unmistakablénterferencepatternson the densitycontours
along spiral arms(see,e.g., Toomres Figs.10 and 12). The
presencef interferenceatternss betrayedn thediscontinuity
of the contours,or in otherwords, in the modulationof the
density(or surfacebrightnesshlongeacharm. The brightness
alongaspiralarmwill beincreasedvheretwo wave crestaneet
andconstructvely interfere but will bedecreasedhereawave
crestandawave troughdestructvely interfere.

In the swing amplificationmodelsof Toomre (1981),the
absencef abulgeor of acentralconcentratioakesthe mod-
elling unrealistic.The modeswhich grow in Toomres models
arefastevolving. In contrastthe modaltheoryof galacticspi-
ral structureassumeghe presenceof a centralbulge. These
bulgesact as reflectors(often termedthe ‘Q-barrier’), result-
ing in aquasi-stationarynodalpattern(Thomassometal. 1990;
Elmegreen& Thomassorl993; Fuchs1991,2000). Clearly,
suchmodelsaremuchmoreappropriateo thedynamicsof spi-
ral galaxies.

Several mechanismsave beenproposedfor the mainte-
nanceof spiralstructurein galaxiesTheusualprocesof wave
propagationwith feedbackand over-reflection,can maintain
thewave pattern Mechanismsuchasturbulentdissipatiorand
shockformationin thegaseou®opulation componentanalso
play arole in the self-regulationof spiralmodes(Bertin et al.
1989a,1989b).

Symmetricspiralarmamplitudemodulationsindicative of
underlying wave modeshave hitherto only beendetectedin
the granddesigngalaxiesM 51, M 81, M 100 (EImegreenet
al. 1989) andin the multiple arm galaxy M 101 (Elmegreen
1995).Arm variationsin two othergalaxieswerediscussedy
Groshgl(1988).M 81 is oneof the beststudiedspiralgalaxies,
and the amplitudedatais very usefulto constrainthe model
parameterwvithin themodaltheory Themodaltheoryhasbeen
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appliedto M 81 by Lowe et al. (1994),whereinthe obsered
armmodulationwas modeled.

Nearinfraredimagegevealtheold stellarPopulationl disk
componenbf spiral galaxie$, while optical imagesshow the
rich variety of responsesf theyoungPopulationl component
to the underlyingolder stellar populationresponsiblefor the
dynamicsof the galaxies(Frogeletal. 1996). TheyoungPop-
ulation| disk componenmay only constituteb percentof the
dynamicalmassof thedisk of a galaxy For studyingmassdis-
tributions of disk galaxies,nearinfrared imagesare essential
(Block & Wainscoat1991; Block et al. 1994; Quillen et al.
1994,1996;Frogeletal. 1996;Block & Pueraril999;Block et
al. 2000).

Optically thick dusty domainsin galacticdisks cancom-
pletely camouflageor disguiseunderlying stellar structures.
Dustextinctionis highly effective whetheror notthedustliesin
anactualscreeroris well intermixedwith thestars(EImegreen
& Block 1999). The presenceof dustandthe morphologyof
a galaxy areinextricably intertwined:indeed the morphology
of agalaxy cancompletelychangeoncethe Populationl disks
of galaxiesaredustpenetratede.g.,Block & Wainscoatl991;
Block et al. 1994). Dust can completelyobscuretwo armed
grand designstructurein some optically flocculent galaxies
(Thornley 1996;Grosbgk: Patsis1998;Block & Pueraril999;
Elmegreenetal. 1999).

In thispaperwe proposeamorphologicamethod pasedn
thebi-dimensionaFouriertransformto detecthe existenceof
structureswith a differentwinding sensqtrailing andleading
patternsjn thesamegalaxy Thegalaxiesfor which spiralarm
modulation$have hithertobeerdetectede.g.,M 81)arenearby
The Fourier spectraoffer an unambiguousvay of identifying
bothleadingandtrailing wave pacletsin galaxiesvhicharenot
restrictedto be relatively close;the methodcanbe appliedto
ary spiralwhosestellarspiralarmsareresohed.

The Fourier methodis appliedto the nearinfraredimages
of two galaxieswhich optically could not be more different:
oneis flocculent(NGC 4062)whereagheother(NGC 5248)is
granddesignThemorphologicabppearancesf NGC4062and
NGC5248in thedustpenetratedegimearecarefullydiscussed
below.

2. Data and analysis

TheH band(1.65um) imageof NGC 4062is partof the OSU
(Ohio StateUniversity) Bright Spiral GalaxySuney (Frogelet
al. 1996; Eskridgeet al., in prep.).NGC 5248 was obsened
in the infrared (K’ 2.1um) at the Obsenatorio Astrondbmico

1 Obserational astronomersnvariably restrictthe terminologyof
‘Populationll’ for the starsin the halo of a galaxy, andreferto the
‘young Population disk’ andthe‘old Population disk’. Whenmod-
elling the disks of galaxies,however, theoristsfind it corvenientto
distinguishthe two dynamicallydifferentgaseousndstellarcompo-
nentsby ‘gaseoud?opulation disk’ and‘evolvedstellarPopulation|
disk’, andwe retainthatterminologyhere.It must,however, be em-
phasizedhatby an‘old stellarPopulationi| disk’ we arenotreferring
to ary true metalpoorPopulationin the halo.
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Table 1. Parameter®f the galaxies

NGC4062 NGC5248
Type* Sc(s)lI-l She(s)l-ll
M3, —19.44 —21.19
DPclas$ ES EfS
armclass 3 12
PA¢ 100° 110°

w? 64° 43
Filter H (1.65um) K’ (2.1um)

# Sandag& Tammannl987

b Block & Pueraril999

¢ Elmegreen& Elmegreen1987
4 deVaucouleurstal. 1991

NacionalatSanPedrdMartir, Mexico, andformspartof alarger
projecton deepK’ imaging.Detailsof reductionwill begiven
elsavhere.

Sinceour focusis morphology no calibrationframesare
requiredhere.Usingthe IRAF? taskIMEDIT, theimageswere
cleanedf ary foregroundstars.The galaxieswverethendepro-
jectedusingthe IRAF ROTATE andMAGNIFY routines.De-
projectionparameterg§positionanglePA andinclinationw) are
listedin Tablel; alsogiveninthatTablearevan denBerghlumi-
nosity classesandblue absolutemagnitudesaisdeterminedoy
Sandage& Tammann(1987).Morphologicalparametersuch
asDP andarmclassearediscussedbelow.

Oncethe galaxiesare correctedto a ‘face-on’orientation,
we appliedthe program2dfft (seethe appendixof Schibederet
al. 1994),which calculateghefastFouriertransformof agiven
imageusingabasisoflogarithmicspirals As shavnin anexten-
sivework by Darver (1942) logarithmicspiralsappeato bethe
bestmathematicallescriptionfor galacticarms.ln a morere-
centwork, Kennicutt(1981)concludedhatlogarithmic,aswell
ashyperbolicspirals,aregoodrepresentationsf galacticspiral
arms.As discussealsavhere(e.g.,Considre& Athanassoula
1982;Puerari& Dottori 1992) thechoiceof logarithmicspirals
doesnot constrainthe analysis.They only form the basisin a
vectorspacefor thedecompositionlf only afew coeficients—
typically, oneor two — arerequiredto reconstructhe original
imageusinginverseFouriertransformgqasis thecasehere) the
choiceof logarithmicspiralsis indeedappropriate.

The Fourier methodhas beenextensiely discussedn a
numberof papers(e.g.,Kalnajs 1975; Consicre & Athanas-
soula1982; lye et al. 1982; Puerari& Dottori 1992; Puer
ari 1993, amongstothers).In the Fourier method,an image
is decomposedhto a basisof logarithmic spiralsof the form
r=rqexp(—“+6). TheFouriercoeficients A(p, i) canbewrit-
tenas

1 +7  ptoo
A(p,m) = 5 / I(u, 0)exp[—i(m0 + pu)|dudd

2 ThelRAF packageés writtenandsupportedy the|IRAF program-
ming groupattheNationalOptical AstronomyObsenatorie(NOAO)
in Tucson,Arizona. NOAO is operatedby the Associationof Uni-
versitiesfor Researchin Astronomy(AURA), Inc. undercooperatie
agreementvith the NationalScienca~oundation(NSF).



934

Here,u = In r, r andf arethe polarcoordinatesin repre-
sentsthe numberof the arms,p is relatedto the pitch angle P
of thespiralby P=atan(—m/p), andI(u, #) is thedistribution
of light of agivendeprojectedjalaxy ina(ln r, 8) plane.D is
anormalizatiorfactorwritten as

+m +oo
D= / I(u, 0)dud®.

In practice theintegralsin « = In r arecalculatedrom a
minimumradius(selectedo excludethebulgewherethereis no
informationof the arms)to a maximumradius(which extends
to theouterlimits of thearmsin ourimages).

TheinverseFouriertransformcanbewritten as

S(u,0) = Z Sy (u)e™™?

where

P+

D ,
Gm(p)A(p, m)e™" dp

Sm(u) = o2ud 2
andG,, (p) isahighfrequeny filter usedto smooththe A(p, m)
spectraattheinterval ends(seePuerari& Dottori 1992),andit
hastheform

)

1 p— p'rmnaa:
- [
wherep!:  is the value of p for which the amplitudeof the
Fourier coeficients for a given m is maximum. The chosen
interval ends(p.=+50 andp_=-50), aswell asthe step-size
dp=0.25, aresuitablefor theanalysisof galacticspiralarms.

In Table 2, we presentthe valuesfor the dominantm=2
componentsn the Fourier spectra.n thattable, p,,,... is the
valuewherethe spectrumfor m=2 peaks,| A(pmaz,2)| is the
amplitudeof the peak,and|A%|/| AT'| denoteghe correspond-
ing ratio betweenthe leading(L) andthe trailing (1) ampli-
tudes. P is the pitch angle of the spiral, relatedto p,,,.. by
P=atan(—2/pmaz). P is the phaseof the spiral arm, calcu-
latedas®=atan(Im[A]/Re[A]), whereIm[A] and Re[A] are
the imaginaryandthereal partof A(ppq.,2), respectiely. A
diagramexplicitly shaving thedefinitionof trailing asopposed
to leadingspiralarmsmay be seenin Fig. 15 of Athanassoula
(1984),in Fig.2.80f Bertin& Lin (1996)orin Fig. 6.50f Binney
& Tremaine(1987).

It is evidentfrom Table2 thatthepitch anglefor thetrailing
and the leading componentdor eachgalaxy is very similar.
A classificationschemeof spiral galaxiesin the nearinfrared
was recentlyproposedy Block & Puerari(1999).Galaxiesare
binnedinto threegroupsq, 5 and~ basedon the pitch angle
of the arms,robustly determinedrom Fourier spectraEven-
sided(asopposedo lopsided)galaxieshave a dominantm=2
componentn the Fourier spectraandthey are designatedn
this schemeby an‘E’. NGC 4062andNGC 5248bothbelong
to thedustpenetratedts class(Tablel).

The ratio betweenthe amplitudesof the leadingand the
trailing patternsis alsothe samefor the two galaxies.This is
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Table 2. Valuesof them=2 Fourierspectrum

NGC4062 NGC5248

PL e —5.75 —3.75
L s 45 35
|A(pLas,2)|  2.1E-3 1.5E-1
|A(pE s, 2)|  1.2E-3 8.0E-2
|AE|/|AT| 0.54 0.54
pPT 19° 28°
pr —24° -30°
T —3x —87
oL —75° -7

particularlyinteresting sincethereis a large differencein the
linear size of the two galaxies(adoptingH,=50km/sec/Mpc,
thelineardiameterof NGC4062andNGC 5248arel18and42
kpc,respectrely). Notefurthermorehattheratioof amplitudes
doesnotdependntheabsolutanagnitudeof the parentspiral,
neitheronthearmclass(seeTablel).

In thedeterminatiorof Fouriercoeficientsandof pitchan-
gle, carefuldeprojectiongo face-onare of coursenecessary
Meanuncertaintieof positionangleandinclination angleas
a function of inclination are drawn in Fig.2 of Consicre &
Athanassoul#1988).For NGC 4062,we find (usingeightde-
projectedruns,whereininclinationandpositionanglearesys-
tematicallyvaried) that incorrectdeprojectionscan introduce
a maximumdifferenceof 13%in thereported AL|/| AT | ratio
(seeTable?2). For the pitch angle,the maximumdifferencewe
findis only 5°. Thesituationis slightly morecomplex for NGC
5248,becausef its smallerinclination (andhence Jarger un-
certaintiesn thedeprojectiorangleslandits asymmetryFor a
few incorrectdeprojectiongmainly whenwe deprojectheim-
agewith bothanincorrectPA andanincorrectw), theleading
componentloesnotappearclearly. In othercasestheerrorsin
the |A%|/|AT| ratio andin the pitch anglesare of the order of
theerrorslistedfor NGC 4062.Theresultsarefully consistent
with thefindingsof Block etal. (2000)whereindetermination
of pitch anglesfrom Fourier spectraare found to be surpris-
ingly robust; galaxiesdo not move from one dust penetrated
(DP) classto the next. NGC 4062andNGC 5248remaindust
penetrated class.

2.1.NGC4062

Optical imagesof the galaxy NGC 4062 (SandageX Bedke
1994 plate265)revealnumeroupatcheof starformationwith
no granddesignspiral structurefrom a densitywave in theun-
derlyingstellardisk. Suchpatchystructureoccursin over sixty
percentof isolated,non-barredyalaxies giving thema floccu-
lent, fleece-like appearancéEImegreen& Elmegreenl987).A
characteristiof flocculentgalaxiessuchasNGC 4062is that
the optical patchespy definition, spanonly a small rangein
azimuth.

NGC4062belongdo armclass3, describeds'fragmented
arms uniformly distributed aroundthe galactic center’ (see
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Fig. 1. Left: DeprojectedH imageof NGC 4062.The vertical bar represent$ kpc (Ho=50km/sec/Mpc).Right: The contoursof the inverse
Fourier transformfor the m=2 modeare overlayedon the deprojectedmage.The contoursarethe real part of the complex spatialfunction
Sa(u, 0)=S2(u)e?. The lowestand the highestplotted contoursrepresen3% and 30% of the maximumamplitudefor the m=2 mode,

respectiely.
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Fig. 2. Fourierspectraor NGC 4062.Notetheabsencef oddmodes
whichis indicative of a highly bisymmetricalight distribution.

Elmegreen& Elmegreenl1987).Whatis sostriking in thedust
penetratedhearinfraredregimeis thatNGC4062presentsire-
markablepisymmetricabranddesignmorphology(seeFig. 1):

two armsspanningover 90 degreesn azimuth.lt is evidentthat
the young Populationl andold stellar Populationll disks of
NGC 4062actuallydecouplé.

Anothersurpriseis that the Fourier spectraof NGC 4062
do not presenta single peakfor the m=2 mode (Fig.2). The
presenceof two peaksbetraysthe existenceof two different
spirals.Onewould have the form of an‘Z’ (comingfrom the
peakwith maximumatp < 0) andtheotherhavinga‘S’ form.
This situationis exactly whatis expectedwithin theframewvork
of the swing amplificationtheory or in the modal theory of
galacticspiral structure:a strongtrailing patternanda wealer
leadingone.

2.2.NGC5248

Granddesigrspirals(wheretwo dominaniarmsmayspanmary
degreesin azimuth)are completelydifferentfrom flocculent
galaxies.Possiblytwo of the beststudiedgranddesignspirals
areMessier81 (NGC 3031)andM 51 (NGC 5194),wheretwo
long symmetricarmsdominatetheir optical disks. EImegreen
& Elmegreen(1987)devote classe® through12 to the grand
designbin.

3 Whatis meantby decouplingis thata galaxy may shav two dif-
ferentmorphologiesvhenexaminedoptically andin thenearinfrared
regime. For example,NGC 309is classifiedas Scin the optical, but
appearssa SBain thenearinfrared(Block & Wainscoatl991).Two
differentmorphologiesn thesamegalaxymayco-exist via afeedback
mechanisnor dynamicalthermosta{Bertin & Lin 1996).
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Fig. 3. Left: Deprojectedk’ imageof NGC 5248.The vertical bar represent$ kpc (Ho=50km/sec/Mpc) Right: The contoursof theinverse
Fouriertransformfor the m=2 modeare overlayedon the deprojectedmage.The lowestandthe highestplotted contoursrepresenB% and

90% of themaximumamplitudefor the bisymmetricmode,respectiely.
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Fig. 4. Fourier spectrafor NGC 5248. The peakat m=1 represents
the asymmetryof the galaxy(seeFig. 3). Note the striking similarity
betweerthe spectrunfor m=2 in this figureandthatin Fig. 2.

NGC5248is amagnificentgranddesignopticalspecimen.
Its arm classis 12 (the sameclassto which M 81 and M 51
belong).In granddesigngalaxiesdensitywaves arebelieved to

haveorganized/oungstellarassociationto formthesymmetric
optical spiral pattern(Elmegreen1995) and one often finds a
strongcouplingbetweenthe youngPopulationl andthe older
stellarPopulationll disks.Thisis the casefor NGC 5248.

This galaxy however, is not quite as symmetricasNGC
4062isin thenearinfraredK’ image(seeFig. 3). Thetwo trail-
ingarmshaveasmalldifferencen theirwindingangle with one
armbeingslightly moreopenthanthe otherone.In the Fourier
spectram=1 componentsevealthisasymmetryandthisis at-
testedto by therelatively large m=1 componenbf NGC 5248
(Fig.4).

Neverthelessthe Fourierspectran Fig.4 revealsomething
quite remarkablethe old stellarPopulationll disk of an opti-
cally granddesigngalaxy NGC 5248,canbe almostidentical
to thatof an optically flocculent,NGC 4062 (compareFigs.4
and?2). NGC 5248alsohastwo peaksfor the m=2 mode,one
atp < 0 andanotherfor p > 0, which proves the existenceof
two wave-trainswith differentwinding sensesonetrailing, the
otherleading.

2.3. Thetrailing andtheleadingspirals

In orderto shedfurtherinformationaboutthe modeswe have
detectedwe calculatecthe inverseFourier transformin a dif-
ferentway to thatillustratedin Figs.1 and 3. The goalis to
separatehe trailing andthe leadingcomponentsandin order
to studytheirindividual characteristicawe calculatethe Sy (u)
functionsby consideringonly p < 0 or p > 0. In otherwords,
for thetrailing mode,we use
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Fig. 6. SameasFig.5, but for NGC 5248.

b

T (0 —
S () = o2udr2

0
/ G (p) A(p, m)e'™ dp
p_

andfor theleadingone,

P+

D

- m(D)A(p, U 1
e2ug2 o G (p) (p m)c dp

S (u) =

In Figs.5 and6 we plot the S% (u) andthe ST (u) functions
for NGC 4062 and NGC 5248, respectiely. Thesefunctions
peakwherewe find thefirst maximumin thearm/interarnton-
trast(seeFigs.9 and 10 below). Also plottedin Figs.5 and6
is the ratio betweenthe S (u) andthe ST (u) functions.This
ratio is importantfor comparisonsvith theoreticalstudies As
onecansee theratiois of the orderof 0.4-0.5for almostall
the spatialextent of the spiral armsin both galaxies.The ra-
tio shavs anincreaseowardssmallerdistancegnearerto the
bulgesof the galaxies)andalsofor largerradii (probablynear
to the co-rotationradius- seebelow).
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Fig. 7. Thephaseof theleadingandthetrailing modesof NGC 4062.
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Fig. 8. SameasFig. 7, but for NGC 5248.

By usingthe SZ (u) andthe ST (u) functions,we cansepa-
ratetheleadingandthetrailing spiralsof eachgalaxy In Figs.7
and 8 we plot the phaseof eachcomponent(seePuerari&
Dottori 1997)for NGC 4062andNGC 5248, respectiely. The
phaseaepresenttheazimuthalpositionof themaximuminten-
sity of eachspiral. So,whenthe differencebetweerthe phases
of the leadingandthe trailing componentss 0° or 180°, the
spiralpatternof the galaxymustshav amaximum.In contrast,
whenthe phasdlifferenceis 90°, the spiralarmsof the galaxy
mustshav aminimum.For NGC4062,wefind 2.2and3.9kpc
for the positionsof the maxima,and2.9 kpc for the minimum.
Thesevaluesarein completeagreemenwith thepeaksandthe
dip in thearm/interarmcontrast(seeFig. 9, belov). Thesitua-
tionis alittle morecomplex for NGC 5248.For this galaxy the
valuesfor the positionsof themaximaare3.6and8.3kpc, and
for the minimum, we find 5.2 kpc. Thesevaluesdo not fit the
arm/interarmcontrastaswell asdoesthe datafor NGC 4062
(seeFig.10,belaw). Thisdiscrepang couldbeexplainedby the
factthatNGC 5248is not quiteassymmetricasNGC 4062.

Futuremodelamightbeableto usethesdeadingandtrailing
waves to locatethe co-rotationradius.Leadingmodespropa-
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Fig. 9. Arm/interarmcontrasfor theH bandmageof NGC4062.0pen
andfilled squaresarethe measures the two arms.The solid line is
the meanof thetwo valuesat eachradius.

gateoutwardinsideco-rotationandinward outsideco-rotation,
so that a leadingspiral commencingfrom the nuclearregion
would only extend to the co-rotationradius;in otherwords,
co-rotationwould be wherethe leadingspiral ends(C. Yuan,
private communication) The difficulty in the presentstudyin

placingthe co-rotationresonancés thattheleadingarmis not
directly seenin ournearinfraredimagesrather its existences

inferredfrom thearmmodulation.

2.4. Arm/Interarm contrast

It is well known thatthe arm/interarmcontrastin spiralgalax-
ies usually increaseswith radius (ElImegreen& Elmegreen
1984). While someof the galaxiesin their samplerevealed
arm/interarmprofiles with a simple sinusoidalpatternin the
I band(0.85um), alarge percentagef themshaveda chaotic
behaiour. Somegalaxiescanbe optically thick evenat 1. We
have calculatedhearm/interarncontrasfollowing EImegreen
& Elmegreen(1984).We have drawn azimuthalprofilesfor a
numberof radii, andby usinganinteractie plotting program,
we have taken a meanvalue at the maxima(wherethe spiral
armsarelocated)anda meanvalueat the ‘troughs’ (the inter-

armregions).Thefinal valueis calculatedrom intensityvalues
asfollows:

arm/interarm = (arm — interarm)/0.5(arm + interarm).

In Figs.9 and 10 we plot the calculatedarm/interarmcon-
trastfor NGC4062andNGC 5248 respectrely. Themaximum
valuesfor NGC 4062(theflocculentgalaxy)areapproximately
3timeslessthanthosefor NGC5248(granddesign) Asonecan
seethearm/interarmcontrastincreasesvith radius,but notin
amonotonicway. The modulationof theintensityis causedy
theinterferencdetweertheincomingandtheoutgoingdensity
waves andis clearly evidentin our plots. The sinusoidalbe-
haviour is evenmoreremarkablén theflocculentNGC 4062.

It is importantto notethatthe valuesfor the arm/interarm
contrastalculatedor thesewo galaxiesarein completeagree-
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Fig. 10. SameasFig. 9, but for the K’ imageof NGC 5248.

mentwith otherstudies(eg., EImegreenetal. 1996).Valuesof

arm/interarmcontrastas high as 2 are not unreasonablésee
Fig. 6 of EImegreenretal. 1996).A nearinfraredstudyof M 100
by Gnedinet al. (1996)yields an arm/interarmcontrastof 3.

High arm/interarmcontrastgdo notimply unrealistichigh per

turbationsof thevelocityfields.Ratherwhatis importantis the
ratio of the arm massto the enclosedyalaxy massat a given
radius.Thearmis but a smallfraction of the entiremassof the
galaxyinsideary givenradius,so thatthe streamingmotions
aresmall,evenfor high arm/interarncontrasts.

3. Discussion

Theexistenceof leadingspiralpatternsn a differentiallyrotat-
ing diskisacomple issue Questionsuchashow suchpatterns
cansurvive the shearingof a disk differentialrotationcometo
thefore.How canoneinfer the presencef leadingandtrailing
spiralarmsif they arenotbothdirectly seen?

We have constructeda simple model using the valuesof
NGC 4062from Table2. Themodelis very simplein thesense
that we do not give a radial dependencef arm density The
synthetiamagehasadensityequalto unity for themaintrailing
arms andadensityequatlto 0.65for thewealerleadingpatterns
(this was choserto getthesameratio | A%| /| AT)).

The Fourier spectraof thesesyntheticlogarithmic spirals
areshavn in Fig.11. The syntheticspirals,togetherwith the
contoursfor the m=2 componentare shavn in Fig.12. Note
thattheleadingpatterngddo notappeadirectly onthecontours.
Neverthelesstheir existencecanbe inferred fromthe interfer-
encepatterns As expected the contoursshov maximaat the
intersectiorof thetwo (trailing andleading)patterns.

Therefore,if the syntheticspiralsrepresenincomingand
outgoingspiraldensitywaveson an axisymmetrialisk,aninter-
ferencepatternwill be establishedvherestellardensitywill be
largeratlocalesof constructve interferencén ournearinfrared
images.

Although the phasesf the two patternsaredifferent(see
Table 2), the maximaare separatedby approximately90°. To
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Fig. 11. Fourier spectrafor syntheticspiralsconstructedvith the pa-
rametersf NGC 4062 (Table 2). The strongharmonicsat m=4 and
m=6 camebecauseave have no dispersiorof the ‘density’ aroundthe
mathematicalogarithmicspirals(seediscussiorin Puerari& Dottori
1992). The syntheticspiralsare exactly bisymmetrical,and thus the
amplitudeof theoddmodesis zero.

quoteToomre(1981),“The 90° spacingoftheirsuccessivden-
sity maxima[in his models]argueseloquentlyfor the presence
of trailing andleadingwavesof verysimilar wavelengths,”..

4. Conclusions

A two dimensionalFourier analysisprovidesa robust method
for detectingboth trailing and leading spiralsin galaxiesfar
moredistantthanM 51 or M 81.

Wehaveappliedourmethodo nearinfraredimagesof NGC
4062(optically flocculent)andNGC 5248(optically grandde-
sign).In bothcaseswe haveinferredtheexistenceof dominant
m=2 trailing andsecondaryn=2 leadingspiralsin the Fourier
spectraThe consequencef two peakswith differentwinding
sensén them=2 componentirectlyimpliesspiralarmmodu-
lation.

In eachcasethepitchangleof bothtrailing (7") andleading
(L) wavesis almostthesame( P7=19° and P =—24° for NGC
4062,and PT=28° and PX=—-30° for NGC 5248).This was
the casealsofor M 81 (Elmegreenet al. 1989).This is highly
suggestie thattheincomingandthe outgoingwave-trainshave
similar wavelengths.

The amplituderatio |AZ|/| AT| is about0.5 in both NGC
4062andNGC 5248, whereinthe higheramplitudeis consis-
tently assignedo thetrailing mode.The amplituderatio is in-
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Fig. 12. The syntheticlogarithmic spirals,andthe resultingcontours
for them=2 mode.Thegalaxyis assumedo rotatein a clockwisedi-
rection.Thedarkspiralsrepresentrailing armswhile leadingarmsare
indicatedby spiralsin light grey. Notethe striking similarity between
the contoursin this figure andthosein Fig.1. The existenceof the
leadingpatternscanonly indirectly beinferredfrom themodulationin
thespiralarms.

dependentf absolutemagnitude(—19.44for NGC 4062 and
—21.19for NGC5248)andarmclass.

The arm/interarmcontrastincreasesor both galaxies,but
notin amonotonicway. The sinusoidabehaiour (seenin the
modulationof the intensity) betraysthe interferencebetween
incomingandoutgoingdensitywaves.

This study has also demonstratedhe efficiency of near
infrared imagesfor understandinghe massdistributions in
galaxiesvhichappeaguitedis-similaroptically, butwhichhave
muchin commonwhenexaminedin theinfraredregime.

Ourobsenationsof spiralarmamplitudemodulationssup-
portsthe ideaoriginally proposedby Lin (1970)that density
waves turn aroundby reflectionor refractioninside galaxies,
presumablyin the inner regions where the incoming, short-
wavelengthstrailing waves (Toomre1969)meetthe kinemati-
cally hot stellarbulge. In the presentstudy the obsened sym-
metry of the leadingwaves, with pitch anglescomparableo
thoseof the trailing waves, indicatesthat the outgoingwaves
alsohave short-wavelengthsandthisis consistentith the ex-
pectedgroupvelocity of outward-mawing, leadingwaves.This
resultimplies that the bulge region reflectsincoming waves
(no changeof pitch angle),but changegheir senseof wind-
ing. Moreover, the amplificationmechanismyhich is always
at co-rotation,mustbe WASER type Il, ratherthan WASER
type I. The WASER | mechanismnvolves outward-mawing,
long-wavelengthstrailing waves formedby refractionnearthe
bulgeandamplifiedat co-rotationwithouta changen winding
sensei.e. by superreflectiorfMark 1976,1977).
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Modal analysisof the structurefound here,usingalsothe
obsenablevelocity dispersionf the stars,couldin principle
determinethe disk andhalo massdistributionsandthe pattern
speedf thespirals,aswas donefor M 81 (Lowe etal. 1994).
Spiralarmamplitudevariationshave the potentialto becomea
powerful constraintfor the studyof galacticdynamics.

NGC 4062representshe very first detectionof spiralarm
modulationin the evolvedstellardisk of anoptically flocculent
galaxy
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