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Abstract. Two dimensionalFourier spectraof near-infrared
images
�

of galaxiesprovide a powerful diagnostictool for the
detection
�

of spiral armmodulationin stellardisks.Spiral arm
modulation� maybeunderstoodin termsof interferencepatterns
of� outgoingandincomingdensitywavepacketsor modes.The
brightness
�

alongaspiralarmwill beincreasedwheretwo wave
crests� meetandconstructively interfere,but will bedecreased
where� a wave crestanda wave troughdestructively interfere.
Spiral
�

armmodulationhashithertoonly beendetectedin grand
design
�

spirals(suchasMessier81).Spiralarmamplitudevari-
ations� have the potentialto becomea powerful constraintfor
the
�

studyof galacticdynamics.Weillustrateourmethodin two
galaxies:� NGC4062andNGC5248.In bothcases,wehavede-
tected
�

trailingandleading� =2waveswith similarpitchangles.
This
�

suggeststhattheamplificationmechanismis theWASER
type
�

II. In thismechanism,thebulgeregionreflects(ratherthan
refracts)� incoming waves with no changeof pitch angle,but
only� a changeof their senseof winding.Theratio betweenthe
amplitudes� of the leadingand the trailing waves is about0.5
in
�

bothcases,whereinthehigheramplitudeis consistentlyas-
signed� to thetrailing (asopposedto leading)mode.Theresults
are� particularlysignificantbecauseNGC 5248is an optically
grand� designgalaxy, whereasNGC 4062 is optically floccu-
lent.
�

NGC4062representstheveryfirst detectionof spiralarm
modulationin thestellardiskof anoptically flocculentgalaxy.

Key words: galaxies:� spiral – galaxies:structure– galaxies:
kinematicsanddynamics– galaxies:individual: NGC 4062–
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1. Intr oduction

W
�

ithin theframework of theDensityWaveTheory(Lin & Shu
1964),thespiralarmsof disk galaxiesarethemanifestationof
sets� of travelling waves. In the presenceof both leadingand
trailing
�

setsof waves,themodaltheoryof galacticspiralstruc-
ture
�

(Bertin et al. 1989a,1989b)predictsthat theamplitudeof
a� granddesigntwo-armspiralpatternwill oscillatewith radial
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distance
�

from the centerbecauseof the interferenceof wave
pack" etsor modeswhich arepropagatinginwardandoutward,
being
�

reflectedoff a centralbulge (Lin 1970;Lau et al. 1976;
Mark
#

1977;Lin 1983).
The swing amplificationmechanism(Toomre1981) may

be
�

responsiblefor theappearanceof themodesthemselves.The
e$ xistenceof trailing andleadingwavesis inferredby lookingat
the
�

unmistakableinterferencepatternson thedensitycontours
along� spiral arms(see,e.g., Toomre’s Figs.10 and 12). The
presence" of interferencepatternsisbetrayedin thediscontinuity
of� the contours,or in other words, in the modulationof the
density
�

(or surfacebrightness)alongeacharm.Thebrightness
along� aspiralarmwill beincreasedwheretwowavecrestsmeet
and� constructively interfere,but will bedecreasedwhereawave
crest� andawave troughdestructively interfere.

In the swing amplificationmodelsof Toomre(1981), the
absence� of abulgeor of acentralconcentrationmakesthemod-
elling$ unrealistic.Themodeswhich grow in Toomre’s models
are� fastevolving. In contrast,themodaltheoryof galacticspi-
ral� structureassumesthe presenceof a centralbulge. These
b
�
ulgesact as reflectors(often termedthe ‘Q-barrier’), result-

ing
�

in aquasi-stationarymodalpattern(Thomassonetal. 1990;
Elmegreen& Thomasson1993; Fuchs1991,2000).Clearly,
such� modelsaremuchmoreappropriateto thedynamicsof spi-
ral galaxies.

Se
�

veral mechanismshave beenproposedfor the mainte-
nanceof spiralstructurein galaxies.Theusualprocessof wave
propagation," with feedbackand over-reflection,can maintain
the
�

wavepattern.Mechanismssuchasturbulentdissipationand
shock� formationin thegaseousPopulationI componentcanalso
play" a role in theself-regulationof spiralmodes(Bertin et al.
1989a,1989b).

Symmetric
�

spiralarmamplitudemodulationsindicative of
underlying% wave modeshave hitherto only beendetectedin
the
�

granddesigngalaxiesM 51, M 81, M 100 (Elmegreenet
al.� 1989) and in the multiple arm galaxy M 101 (Elmegreen
1995).Arm variationsin two othergalaxieswerediscussedby
Grosbøl
&

(1988).M 81 isoneof thebeststudiedspiralgalaxies,
and� the amplitudedatais very useful to constrainthe model
parameters" within themodaltheory. Themodaltheoryhasbeen
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applied� to M 81 by Lowe et al. (1994),whereinthe observed
arm� modulationwas modeled.

Near
'

-infraredimagesrevealtheoldstellarPopulationII disk
component� of spiral galaxies1,( while optical imagesshow the
rich� varietyof responsesof theyoungPopulationI component
to
�

the underlyingolder stellar populationresponsiblefor the
dynamics
�

of thegalaxies(Frogelet al. 1996).TheyoungPop-
ulation% I disk componentmayonly constitute5 percentof the
dynamical
�

massof thediskof agalaxy. For studyingmassdis-
trib
�

utionsof disk galaxies,near-infrared imagesareessential
(Block
)

& Wainscoat1991; Block et al. 1994; Quillen et al.
1994,1996;Frogeletal. 1996;Block & Puerari1999;Block et
al.� 2000).

Optically
*

thick dustydomainsin galacticdiskscancom-
pletely" camouflageor disguiseunderlying stellar structures.
Dust
+

extinctionishighlyeffectivewhetherornotthedustliesin
an� actualscreenor is well intermixedwith thestars(Elmegreen
&
,

Block 1999).The presenceof dustandthe morphologyof
a� galaxyareinextricably intertwined:indeed,themorphology
of� a galaxycancompletelychangeoncethePopulationI disks
of� galaxiesaredustpenetrated(e.g.,Block & Wainscoat1991;
Block et al. 1994). Dust can completelyobscuretwo armed
grand� designstructurein someoptically flocculent galaxies
(Thornle
)

y 1996;Grosbøl& Patsis1998;Block & Puerari1999;
Elme
-

greenetal. 1999).
In thispaper, weproposeamorphologicalmethod,basedon

the
�

bi-dimensionalFouriertransform,to detecttheexistenceof
structures� with a differentwinding sense(trailing andleading
patterns)" in thesamegalaxy. Thegalaxiesfor whichspiralarm
modulations� havehithertobeendetected(e.g.,M 81)arenearby.
The Fourier spectraoffer an unambiguousway of identifying
both
�

leadingandtrailingwavepacketsin galaxieswhicharenot
restrictedto be relatively close;the methodcanbe appliedto
an� y spiralwhosestellarspiralarmsareresolved.

TheFouriermethodis appliedto thenear-infraredimages
of� two galaxieswhich optically could not be more different:
one� is flocculent(NGC4062)whereastheother(NGC5248)is
grand� design.Themorphologicalappearancesof NGC4062and
NGC
'

5248in thedustpenetratedregimearecarefullydiscussed
belo
�

w.

2.
.

Data and analysis

TheH band(1.65/10 )
2

imageof NGC 4062is partof theOSU
(Ohio
)

StateUniversity)Bright SpiralGalaxySurvey (Frogelet
al.� 1996; Eskridgeet al., in prep.).NGC 5248 was observed
in
�

the infrared (K 3 2.1
46517

)
2

at the Observatorio Astrońomico�
1 Observationalastronomersinvariably restrict the terminologyof

‘PopulationII’ for the starsin the halo of a galaxy, andrefer to the
‘youngPopulationI disk’ andthe‘old PopulationI disk’. Whenmod-
elling	 the disks of galaxies,however, theoristsfind it convenientto
distinguish
8

thetwo dynamicallydifferentgaseousandstellarcompo-
nents9 by ‘gaseousPopulationI disk’ and‘evolvedstellarPopulationII
disk’,
8

andwe retainthat terminologyhere.It must,however, be em-
phasized: thatby an‘old stellarPopulationII disk’ wearenotreferring
to
;

any truemetalpoorPopulationin thehalo.

Table1. Parametersof thegalaxies

NGC4062 NGC5248

Type< Sc(s)II-III
=

Sbc(s)I-II
M > ?A@ B 19.44 C 21.19
DP
�

classD E
EGF

E
EGH

armI classJ 3 12
PA
KML

100N 110OPRQ 64S 43T
Filter H (1.65UWV ) K X (2.1

Y ZW[
)\

Sandage& Tammann1987]
Block & Puerari1999^
Elme
E

green& Elmegreen1987_
deVaucouleursetal. 1991

Nacional
'

atSanPedroMartir, Mexico,andformspartof alarger
project" on deepK ` imaging.

�
Detailsof reductionwill begiven

else$ where.
Since
�

our focus is morphology, no calibrationframesare
requiredhere.UsingtheIRAF2 task

�
IMEDIT, theimageswere

cleaned� of any foregroundstars.Thegalaxieswerethendepro-
jected
a

usingtheIRAF ROTATE andMAGNIFY routines.De-
projection" parameters(positionanglePA andinclinationb )

2
are

listed
�

in Table1;alsogiveninthatTablearevandenBerghlumi-
nosityclassesandblueabsolutemagnitudesasdeterminedby
Sandage
�

& Tammann(1987).Morphologicalparameterssuch
as� DPandarmclassesarediscussedbelow.

Once
*

the galaxiesarecorrectedto a ‘ face-on’orientation,
we� appliedtheprogram2dfft (seetheappendixof Schr̈oeder� et
al.� 1994),whichcalculatesthefastFouriertransformof agiven
image
�

usingabasisof logarithmicspirals.Asshownin anexten-
si� veworkbyDanver (1942),logarithmicspiralsappeartobethe
best
�

mathematicalc description
�

for galacticarms.In a morere-
cent� work,Kennicutt(1981)concludedthatlogarithmic,aswell
as� hyperbolicspirals,aregoodrepresentationsof galacticspiral
arms.� As discussedelsewhere(e.g.,Consid̀ere$ & Athanassoula
1982;Puerari& Dottori 1992),thechoiceof logarithmicspirals
does
�

not constraintheanalysis.They only form thebasisin a
vd ectorspacefor thedecomposition.If only a few coefficients–
typically
�

, oneor two – arerequiredto reconstructtheoriginal
imageusinginverseFouriertransforms(asis thecasehere),the
choice� of logarithmicspiralsis indeedappropriate.

The Fourier methodhasbeenextensively discussedin a
numbere of papers(e.g.,Kalnajs1975;Consid̀ere$ & Athanas-
soula� 1982; Iye et al. 1982; Puerari& Dottori 1992; Puer-
ari� 1993, amongstothers).In the Fourier method,an image
is decomposedinto a basisof logarithmicspiralsof the formf =gihkjmlonqpkrts uwvyx . TheFouriercoefficients z|{~}������ can� bewrit-
ten
�

as

�|��������������
���
�W�

���
���

�1���¡ £¢i¤~¥m¦o§©¨ ªR«­¬�®�¯©°²±y³¡´~µ�¶m·¡¶¹¸
2 TheIRAF packageiswrittenandsupportedby theIRAF program-

minggroupattheNationalOpticalAstronomyObservatories(NOAO)
in Tucson,Arizona. NOAO is operatedby the Associationof Uni-
versitiesfor Researchin Astronomy(AURA), Inc. undercooperative
agreementwith theNationalScienceFoundation(NSF).
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Here,»�¼�½¿¾ÁÀ ,(ÃÂ and� Ä are� thepolarcoordinates,Å repre-
sents� thenumberof thearms,Æ is relatedto thepitch angle Ç
of� thespiralby È = ÉËÊÃÉÍÌqÎkÏÑÐ�ÒÍÓ�Ô ,( andÕ1Ö�×¡Ø£ÙiÚ is

�
thedistribution

of� light of agivendeprojectedgalaxy, in a (Û¿ÜÞÝ ,(�ß )2 plane.à is
a� normalizationfactorwrittenas

áãâ ä�å
æWç

è�é
êAë

ì1í~î¡ïmðyñóòmô¡òGõyö

In practice,the integralsin ÷ùøûú¿üþý are� calculatedfrom a
minimum� radius(selectedtoexcludethebulgewherethereisno
informationof thearms)to a maximumradius(which extends
to
�

theouterlimits of thearmsin our images).
TheinverseFouriertransformcanbewrittenas

ÿ��������	��

�


����������������

where�
�������� �! "#%$'&�(	)+*

,.-
/10

243�5�687:9<;�=8>'?A@�B�C�DFEHG�I

and� J4K�L�M8N is
�

ahighfrequency filter usedtosmooththe O4P�Q8RTSVU
spectra� at theinterval ends(seePuerari& Dottori 1992),andit
has
W

theform

X4Y�Z�[8\�]_^�`%a bdce fhgjilkmon�pq	r
s

where� tluv�wyx is the valueof z for which the amplitudeof the
F
{
ourier coefficients for a given | is

�
maximum.The chosen

interval ends(}8~ = ���	� and� ��� = ���	� ),2 aswell asthestep-size���
= �	���	� ,( aresuitablefor theanalysisof galacticspiralarms.
In
�

Table 2, we presentthe valuesfor the dominant � =2
components� in the Fourier spectra.In that table, �l���y� is the
vd aluewherethe spectrumfor � =2 peaks,���<���l���y� ��¡	¢¤£ is

�
the

amplitude� of thepeak,and ¥�¦�§©¨�ª¬«�­o®+¯ denotes
�

thecorrespond-
ing
�

ratio betweenthe leading( ° )
2

and the trailing (± )
2

ampli-
tudes.
� ²

is the pitch angleof the spiral, relatedto ³l´�µy¶ by
�·

= ¸º¹»¸F¼©½¤¾�¿	ÀºÁlÂ�ÃyÄlÅ . Æ is
�

the phaseof the spiral arm, calcu-
latedas Ç = ÈºÉ»ÈºÊÌË�Í¬ÎÐÏ Ñ�Ò'Ó	ÔÖÕ × Ø�Ù'Ú ,( whereÛ%ÜÞÝ ß�à and� áÖâ ã ä�å are�
the
�

imaginaryandtherealpartof æ<ç�èléoê�ëlì�í	î ,( respectively. A
diagram
�

explicitly showing thedefinitionof trailing asopposed
to
�

leadingspiralarmsmaybeseenin Fig.15 of Athanassoula
(1984),
)

in Fig.2.8of Bertin& Lin (1996)or in Fig.6.5of Binney
&
,

Tremaine(1987).
It
�

is evidentfrom Table2 thatthepitchanglefor thetrailing
and� the leadingcomponentsfor eachgalaxy is very similar.
A
ï

classificationschemeof spiral galaxiesin the near-infrared
w� asrecentlyproposedby Block & Puerari(1999).Galaxiesare
binned
�

into threegroups ð ,(lñ and� ò based
�

on the pitch angle
of� the arms,robustly determinedfrom Fourier spectra.Even-
sided� (asopposedto lopsided)galaxieshave a dominantó =2
component� in the Fourier spectra,and they aredesignatedin
this
�

schemeby an‘E’. NGC 4062andNGC 5248bothbelong
to
�

thedustpenetratedEô class� (Table1).
The ratio betweenthe amplitudesof the leadingand the

trailing
�

patternsis alsothe samefor the two galaxies.This is

Table2. V
õ

aluesof the ö =2 Fourierspectrum

NGC
÷

4062 NGC5248ø%ùú+û¤ü ý 5.75
þ ÿ

3.75�������� 4.5 3.5� 	�

����������������
2.1E
� �

3 1.5E� 1 !�"
#�$%�&�'�(�)�*�+ 1.2E, 3 8.0E- 2. /103254�6 798;:
0.54
<

0.54=?>
19@ 28AB�C D
24
�FE G

30HIKJ L
34
MFN O

87PQSR T
75
UFV W

72X

particularly" interesting,sincethereis a large differencein the
linear sizeof the two galaxies(adoptingHY =50km/sec/Mpc,
the
�

lineardiametersof NGC4062andNGC5248are18and42
kpc,respectively).Notefurthermorethattheratioof amplitudes
does
�

notdependontheabsolutemagnitudeof theparentspiral,
neitheron thearmclass(seeTable1).

In thedeterminationof Fouriercoefficientsandof pitchan-
gle,� careful deprojectionsto face-onareof coursenecessary.
Meanuncertaintiesof positionangleandinclination angleas
a� function of inclination are drawn in Fig.2 of Consid̀ere$ &
Athanassoula(1988).For NGC 4062,we find (usingeightde-
projected" runs,whereininclinationandpositionanglearesys-
tematically
�

varied) that incorrectdeprojectionscan introduce
a� maximumdifferenceof 13%in thereportedZ\[^]`_ /acb5d^e�f ratio�
(see
)

Table2). For thepitch angle,themaximumdifferencewe
find
g

is only 5h . Thesituationis slightly morecomplex for NGC
5248,
i

becauseof its smallerinclination(andhence,largerun-
certainties� in thedeprojectionangles)andits asymmetry. For a
fe
j

w incorrectdeprojections(mainlywhenwedeprojecttheim-
age� with bothanincorrectPA andanincorrectk ),

2
the leading

component� doesnotappearclearly. In othercases,theerrorsin
the
� l\mKnpo

/
arq\s^t�u

ratio andin thepitch anglesareof theorderof
the
�

errorslistedfor NGC 4062.Theresultsarefully consistent
with� thefindingsof Block et al. (2000)whereindetermination
of� pitch anglesfrom Fourier spectraare found to be surpris-
ingly
�

robust; galaxiesdo not move from onedustpenetrated
(DP)
)

classto thenext. NGC 4062andNGC 5248remaindust
penetrated" v class.�

2.1.
w

NGC4062

Optical
*

imagesof the galaxy NGC 4062 (Sandage& Bedke
1994,plate265)revealnumerouspatchesof starformationwith
nogranddesignspiralstructurefrom adensitywave in theun-
derlying
�

stellardisk.Suchpatchystructureoccursin over sixty
percent" of isolated,non-barredgalaxies,giving thema floccu-
lent,fleece-likeappearance(Elmegreen& Elmegreen1987).A
characteristic� of flocculentgalaxiessuchasNGC 4062is that
the
�

optical patches,by definition, spanonly a small rangein
azimuth.�

NGC
'

4062belongstoarmclass3,describedas‘fragmented
arms� uniformly distributed around the galactic center’ (see
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Fig
x

. 1. Left: DeprojectedH imageof NGC 4062.The vertical bar represents5 kpc (Hy =50km/sec/Mpc).Right: The contoursof the inverse
Fourier transformfor the z =2 modeareoverlayedon the deprojectedimage.The contoursarethe real part of the complex spatialfunction{}|�~
���r���

= �}���
�}��������� . The lowest and the highestplotted contoursrepresent3% and 30% of the maximumamplitudefor the � =2 mode,
respecti� vely.

Fig
x

. 2. F
�
ourierspectrafor NGC4062.Notetheabsenceof oddmodes

which� is indicativeof ahighly bisymmetricallight distribution.

Elme
-

green& Elmegreen1987).Whatis sostriking in thedust
penetrated," near-infraredregimeis thatNGC4062presentsare-
markable,� bisymmetricalgranddesignmorphology(seeFig.1):

tw
�

o armsspanningover 90 degreesin azimuth.It is evidentthat
the
�

youngPopulationI andold stellarPopulationII disksof
NGC
'

4062actuallydecouple3
�
.

Another
ï

surpriseis that the Fourier spectraof NGC 4062
do
�

not presenta singlepeakfor the � =2 mode(Fig.2). The
presence" of two peaksbetraysthe existenceof two different
spirals.� Onewould have the form of an ‘Z’ (comingfrom the
peak" with maximumat ����� )2 andtheotherhaving a ‘S’ form.
Thissituationis exactlywhatis expectedwithin theframework
of� the swing amplification theory or in the modal theory of
galactic� spiralstructure:a strongtrailing patternanda weaker
leadingone.

2.2. NGC5248

Grand
&

designspirals(wheretwodominantarmsmayspanmany
de
�

greesin azimuth)are completelydifferent from flocculent
galaxies.� Possiblytwo of thebeststudiedgranddesignspirals
are� Messier81 (NGC3031)andM 51 (NGC5194),wheretwo
long symmetricarmsdominatetheir optical disks.Elmegreen
&
,

Elmegreen(1987)devoteclasses9 through12 to thegrand
design
�

bin.

3
�

What
�

is meantby decouplingis thata galaxymayshow two dif-
ferentmorphologieswhenexaminedopticallyandin thenear-infrared
regime.For example,NGC 309 is classifiedasSc in the optical,but
appearsasaSBain thenear-infrared(Block & Wainscoat1991).Two
differentmorphologiesin thesamegalaxymayco-exist via afeedback
mechanismor dynamicalthermostat(Bertin& Lin 1996).
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Fig
x

. 3. Left:
 

DeprojectedK ¡ imageof NGC 5248.Theverticalbar represents5 kpc (H¢ =50km/sec/Mpc).Right: Thecontoursof the inverse
Fourier transformfor the £ =2 modeareoverlayedon thedeprojectedimage.The lowestandthehighestplottedcontoursrepresent8% and
90%
º

of themaximumamplitudefor thebisymmetricmode,respectively.

Fig
x

. 4. F
�
ourier spectrafor NGC 5248.The peakat ¤ =1 represents

the
;

asymmetryof thegalaxy(seeFig.3). Note thestriking similarity
between
¥

thespectrumfor ¦ =2 in this figureandthatin Fig.2.

NGC
'

5248is amagnificent,granddesignopticalspecimen.
Its arm classis 12 (the sameclassto which M 81 and M 51
belong).
�

In granddesigngalaxies,densitywavesarebelieved to

haveorganizedyoungstellarassociationstoformthesymmetric
optical� spiral pattern(Elmegreen1995)andoneoften finds a
strong� couplingbetweentheyoungPopulationI andtheolder
stellar� PopulationII disks.This is thecasefor NGC5248.

This galaxy, however, is not quite as symmetricas NGC
4062
§

is in thenear-infraredK ¨ image(seeFig.3).Thetwo trail-
ing
�

armshaveasmalldifferencein theirwindingangle,with one
arm� beingslightly moreopenthantheotherone.In theFourier
spectra,� © =1 componentsrevealthisasymmetry, andthis is at-
tested
�

to by therelatively large ª =1 componentof NGC 5248
(Fig.
)

4).
Ne
'

vertheless,theFourierspectrain Fig.4 revealsomething
quite« remarkable:theold stellarPopulationII disk of anopti-
cally� granddesigngalaxy, NGC 5248,canbealmostidentical
to
�

that of anoptically flocculent,NGC 4062(compareFigs.4
and� 2). NGC 5248alsohastwo peaksfor the ¬ =2 mode,one
at�®­°¯²± and� anotherfor ³µ´·¶ ,( which proves theexistenceof
tw
�

o wave-trainswith differentwindingsenses:onetrailing, the
other� leading.

2.3. Thetrailing andtheleadingspirals

In
�

orderto shedfurther informationaboutthemodeswe have
detected,
�

we calculatedthe inverseFourier transformin a dif-
ferent
j

way to that illustratedin Figs.1 and 3. The goal is to
separate� the trailing andthe leadingcomponents,andin order
to
�

studytheir individualcharacteristics,wecalculatethe ¸�¹�º¼»p½
functions
j

by consideringonly ¾F¿²À or�ÂÁFÃÅÄ . In otherwords,
for thetrailing mode,weuse
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Fig. 5. Thesurfacedensity Æ�ÇÈ`ÉËÊ�Ì and Í;ÎÏÑÐ
Ò�Ó functionsof NGC4062,
andI theratio Ô�ÕÖ�×�ØÚÙÛ .Ü Thecutsin radiusaretheminimumandmaximum
radii usedin theFourieranalysis.

Fig. 6. Same
=

asFig.5, but for NGC5248.

ÝßÞà�á¼âpãÑä
å

æ�ç�è�éëê�ì
í
î�ï

ð9ñóò¼ôöõ�÷9øúùÚû�üþý¼ÿ��������	�
and� for theleadingone,


��
�������� �
��������� �

!#"
$ %'&�(�)+*-,/.�0+1�243�5 687�9;:	<+=

In Figs.5 and6 weplot the >�?@�A�B�C and� the D�EF G�H�I functions
for
j

NGC 4062andNGC 5248,respectively. Thesefunctions
peak" wherewefind thefirst maximumin thearm/interarmcon-
trast
�

(seeFigs.9 and10 below). Also plottedin Figs.5 and6
is the ratio betweenthe J�KL�M�N�O and� the P�QRTS�U�V functions.This
ratio� is importantfor comparisonswith theoreticalstudies.As
one� cansee,the ratio is of theorderof 0.4W 0.5

X
for almostall

the
�

spatialextent of the spiral armsin both galaxies.The ra-
tio
�

shows an increasetowardssmallerdistances(nearerto the
b
�
ulgesof thegalaxies)andalsofor largerradii (probablynear

to
�

theco-rotationradius- seebelow).

Fig. 7. Thephaseof theleadingandthetrailing modesof NGC4062.

Fig. 8. Same
=

asFig.7, but for NGC5248.

By
Y

usingthe Z�[\�]�^�_ and� the `�abTced�f functions,
j

wecansepa-
ratetheleadingandthetrailing spiralsof eachgalaxy. In Figs.7
and� 8 we plot the phaseof eachcomponent(seePuerari&
Dottori 1997)for NGC4062andNGC5248,respectively. The
phase" representstheazimuthalpositionof themaximuminten-
sity� of eachspiral.So,whenthedifferencebetweenthephases
of� the leadingandthe trailing componentsis 0g or� 180h ,( the
spiral� patternof thegalaxymustshow amaximum.In contrast,
when� thephasedifferenceis 90i ,( thespiralarmsof thegalaxy
must� show aminimum.For NGC4062,wefind 2.2and3.9kpc
for thepositionsof themaxima,and2.9kpc for theminimum.
These
�

valuesarein completeagreementwith thepeaksandthe
dip
�

in thearm/interarmcontrast(seeFig.9, below). Thesitua-
tion
�

is a little morecomplex for NGC5248.For thisgalaxy, the
vd aluesfor thepositionsof themaximaare3.6and8.3kpc,and
for theminimum,we find 5.2 kpc. Thesevaluesdo not fit the
arm/interarm� contrastaswell asdoesthe datafor NGC 4062
(see
)

Fig.10,below). Thisdiscrepancy couldbeexplainedby the
f
j
actthatNGC5248is notquiteassymmetricasNGC4062.

Futuremodelsmightbeabletousetheseleadingandtrailing
w� aves to locatethe co-rotationradius.Leadingmodespropa-
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Fig. 9.Arm/interarmcontrastfor theH bandimageof NGC4062.Open
andI filled squaresarethemeasuresin the two arms.Thesolid line is
the
;

meanof thetwo valuesateachradius.

gate� outwardinsideco-rotationandinwardoutsideco-rotation,
so� that a leadingspiral commencingfrom the nuclearregion
w� ould only extend to the co-rotationradius; in other words,
co-rotation� would be wherethe leadingspiral ends(C. Yuan,
pri" vatecommunication).The difficulty in the presentstudyin
placing" theco-rotationresonanceis thattheleadingarmis not
directly
�

seenin ournear-infraredimages;rather, its existenceis
inferred
�

from thearmmodulation.

2.4.
w

Arm/Interarmcontrast

It is well known that thearm/interarmcontrastin spiralgalax-
ies usually increaseswith radius (Elmegreen & Elmegreen
1984). While someof the galaxiesin their samplerevealed
arm/interarm� profiles with a simple sinusoidalpatternin the
I
�

band(0.85jlk ),
2

a largepercentageof themshowedachaotic
beha
�

viour. Somegalaxiescanbeoptically thick evenat I. We
ha
W

vecalculatedthearm/interarmcontrastfollowing Elmegreen
&
,

Elmegreen(1984).We have drawn azimuthalprofilesfor a
numbere of radii, andby usingan interactive plotting program,
we� have taken a meanvalueat the maxima(wherethe spiral
arms� arelocated)anda meanvalueat the ‘troughs’ (the inter-
arm� regions).Thefinal valueis calculatedfrom intensityvalues
as� follows:monqpsrotvuxwqy	z|{ozq}�~��q���q�����8���q�	�|�o�q�s�q�����v���q�o�q�����v�x�q�	�| o�q¡s¢-£

In Figs.9 and10 we plot thecalculatedarm/interarmcon-
trast
�

for NGC4062andNGC5248,respectively. Themaximum
vd aluesfor NGC4062(theflocculentgalaxy)areapproximately
3
¤

timeslessthanthosefor NGC5248(granddesign).Asonecan
see,� thearm/interarmcontrastincreaseswith radius,but not in
a� monotonicway. Themodulationof theintensityis causedby
the
�

interferencebetweentheincomingandtheoutgoingdensity
w� aves and is clearly evident in our plots. The sinusoidalbe-
ha
W

viour is evenmoreremarkablein theflocculentNGC4062.
It is importantto notethat thevaluesfor thearm/interarm

contrast� calculatedfor thesetwogalaxiesarein completeagree-

Fig. 10.Same
=

asFig.9, but for theK ¥ imageof NGC5248.

mentwith otherstudies(eg., Elmegreenet al. 1996).Valuesof
arm/interarm� contrastas high as 2 are not unreasonable(see
Fig.6of Elmegreenetal.1996).A near-infraredstudyof M 100
by
�

Gnedinet al. (1996)yields an arm/interarmcontrastof 3.
High arm/interarmcontrastsdo not imply unrealistichigh per-
turbations
�

of thevelocityfields.Rather, whatis importantis the
ratio� of the arm massto the enclosedgalaxymassat a given
radius.Thearmis but asmallfractionof theentiremassof the
galaxy� insideany given radius,so that the streamingmotions
are� small,evenfor higharm/interarmcontrasts.

3.
¦

Discussion

The
�

existenceof leadingspiralpatternsin adifferentiallyrotat-
ingdiskisacomplex issue.Questionssuchashow suchpatterns
can� survive theshearingof a disk differentialrotationcometo
the
�

fore.How canoneinfer thepresenceof leadingandtrailing
spiral� armsif they arenotbothdirectly seen?

W
�

e have constructeda simple model using the valuesof
NGC
'

4062from Table2. Themodelis verysimplein thesense
that
�

we do not give a radial dependenceof arm density. The
synthetic� imagehasadensityequaltounity for themaintrailing
arms,� andadensityequalto0.65for theweakerleadingpatterns
(this
)

was chosento getthesameratio §v¨ª©¬«v­¯®v°²± ³ ).2
The
�

Fourier spectraof thesesyntheticlogarithmicspirals
are� shown in Fig.11. The syntheticspirals,togetherwith the
contours� for the ´ =2 componentare shown in Fig.12. Note
that
�

theleadingpatternsdonotappeardirectlyonthecontours.
Ne
µ

vertheless,their existencecanbeinferredfromtheinterfer-
ence¶ patterns. As expected,the contoursshow maximaat the
intersection
�

of thetwo (trailing andleading)patterns.
Therefore,if the syntheticspiralsrepresentincomingand

outgoing� spiraldensitywavesonanaxisymmetricdisk,aninter-
ference
j

patternwill beestablishedwherestellardensitywill be
largeratlocalesof constructiveinterferencein ournear-infrared
images.
�

Although the phasesof the two patternsaredifferent(see
T
�
able2), the maximaareseparatedby approximately90· . To
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Fig
x

. 11. F
�
ourier spectrafor syntheticspiralsconstructedwith thepa-

rameters� of NGC 4062(Table2). The strongharmonicsat ¸ =4 and¹ =6 camebecausewe have no dispersionof the‘density’ aroundthe
mathematicalº logarithmicspirals(seediscussionin Puerari& Dottori
1992).The syntheticspiralsaree» xactly bisymmetrical,

¥
andthus the

amplitudeI of theoddmodesis zero.

quote« Toomre(1981),“The 90 ¼ spacing½ oftheirsuccessiveden-
sity½ maxima[in hismodels]argueseloquentlyfor thepresence
of¾ trailing andleadingwavesof verysimilar wavelengths,...” .

4. Conclusions

A
ï

two dimensionalFourieranalysisprovidesa robustmethod
for detectingboth trailing and leadingspirals in galaxiesfar
more� distantthanM 51 or M 81.

W
�

ehaveappliedourmethodtonear-infraredimagesof NGC
4062(optically flocculent)andNGC5248(opticallygrandde-
sign).� In bothcases,wehaveinferredtheexistenceof dominant¿ =2 trailing andsecondaryÀ =2 leadingspiralsin theFourier
spectra.� Theconsequenceof two peakswith dif

Á
ferentwinding

sense½ in the Â =2 componentdirectly impliesspiralarmmodu-
lation.
�

In eachcase,thepitchangleof bothtrailing (Ã )
2
andleading

(
)-Ä

)
2
wavesis almostthesame( ÅÇÆ = È�É	Ê and� ËÇÌ = ÍÏÎoÐ¯Ñ for

j
NGC

4062,and Ò'Ó = ÔÖÕ	× and� ØÇÙ = ÚÏÛÖÜ	Ý for NGC 5248).This was
the
�

casealsofor M 81 (Elmegreenet al. 1989).This is highly
suggesti� vethattheincomingandtheoutgoingwave-trainshave
similar� wavelengths.

The
�

amplituderatio Þvßªà¬ávâ¯ãvä²å æ is
�

about0.5 in both NGC
4062andNGC 5248,whereinthehigheramplitudeis consis-
tently
�

assignedto thetrailing mode.Theamplituderatio is in-

Fig. 12. The syntheticlogarithmicspirals,andthe resultingcontours
for the ç =2 mode.Thegalaxyis assumedto rotatein a clockwisedi-
rection.Thedarkspiralsrepresenttrailingarms,while leadingarmsare
indicatedby spiralsin light grey. Notethestriking similarity between
the contoursin this figure and thosein Fig.1. The existenceof the
leadingpatternscanonly indirectlybeinferredfrom themodulationin
thespiralarms.

dependent
�

of absolutemagnitude(–19.44for NGC 4062and
–21.19for NGC5248)andarmclass.

The
�

arm/interarmcontrastincreasesfor both galaxies,but
note in a monotonicway. Thesinusoidalbehaviour (seenin the
modulationof the intensity)betraysthe interferencebetween
incoming
�

andoutgoingdensitywaves.
This study hasalso demonstratedthe efficiency of near-

infrared
�

imagesfor understandingthe massdistributions in
galaxies� whichappearquitedis-similaroptically,butwhichhave
much� in commonwhenexaminedin theinfraredregime.

Our
*

observationsof spiralarmamplitudemodulationssup-
ports" the ideaoriginally proposedby Lin (1970) that density
w� aves turn aroundby reflectionor refractioninsidegalaxies,
presumably" in the inner regions where the incoming, short-
w� avelengths,trailing waves (Toomre1969)meetthekinemati-
cally� hot stellarbulge.In thepresentstudy, theobservedsym-
metry� of the leadingwaves,with pitch anglescomparableto
those
�

of the trailing waves,indicatesthat the outgoingwaves
also� haveshort-wavelengths,andthis is consistentwith theex-
pected" groupvelocityof outward-moving, leading

è
w� aves.This

result� implies that the bulge region ré eflectsincoming
�

waves
(no
)

changeof pitch angle),but changestheir senseof wind-
ing. Moreover, the amplificationmechanism,which is always
at� co-rotation,must be WASER type II, ratherthan WASER
type
�

I. The WASER I mechanisminvolves outward-moving,
long
è

-wavelengths,trê ailing w� avesformedby ré efractionneare the
b
�
ulgeandamplifiedatco-rotationwithoutachangein winding

sense,� i.e. by superreflection(Mark 1976,1977).
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Modal analysisof thestructuresfoundhere,usingalsothe
observ� ablevelocity dispersionsof thestars,could in principle
determine
�

thedisk andhalomassdistributionsandthepattern
speeds� of thespirals,aswas donefor M 81 (Lowe et al. 1994).
Spiral
�

armamplitudevariationshave thepotentialto becomea
po" werful constraintfor thestudyof galacticdynamics.

NGC
'

4062representsthevery first detectionof spiralarm
modulationin theevolvedstellardiskof anoptically¾ flocculent
galaxy� .

Acknowledgements.Theauthorsareindebtedto theAnglo-American
Chairman’
ë

s Fund EducationalTrust. A note of deepappreciationis
e	 xpressedto Mrs M. KeetonandtheBoardof Trustees.This research
is
ì

partially supportedby theMexicain FoundationCONACYT under
the
;

grantNo.28507-E.TheOSUBrightSpiralGalaxySurvey hasbeen
supportedí by NSFgrantsAST-9217716andAST-9617006to JAF.

References

Athanassoula
î

E., 1984,TheSpiralStructureof Galaxies,PhysicsRe-
ports114,Nos.5 and6

Bertin
ï

G.,Lin C.C.,1996,SpiralStructurein Galaxies:A DensityWave
Theory, MIT Press

BertinG., Lin C.C.,LoweS.A.,ThurstansR.P., 1989a,ApJ338,78
Bertin
ï

G.,Lin C.C.,LoweS.A.,ThurstansR.P., 1989b,ApJ338,104
Binney J.,TremaineS.,1987,GalacticDynamics,PrincetonUniversity

Press
Block D.L., BertinG.,StocktonA., etal., 1994,A&A 288,365
Block
ï

D.L., PuerariI., 1999,A&A 342,627
Block
ï

D.L., PuerariI., FrogelJ.A.,etal.,2000,in: Block D.L., Puerari
I., StocktonA., FerreiradW. (eds.)A New Millennium in Galaxy
Morphology. Dordrecht:Kluwer, in press

Block D.L., WainscoatR.J.,1991,Nat353,48
Consid
ë

ère	 S.,AthanassoulaE., 1982,A&A 111,28
Consid
ë

ère	 S.,AthanassoulaE., 1988,A&AS 76,365
Danver C.G.,1942,Lund.Obs.Ann.,Vol. 10
de
8

VaucouleursG.,deVaucouleursA., CorwinH.G.,etal.,1991,Third
ReferenceCatalogueof Bright Galaxies.New York: Springer-
Verlag

ElmegreenB.G.,1995,in: FerraraA., McKeeC.F., HellesC.,Shapiro
P.R. (eds.),Physicsof the InterstellarMedium andIntergalactic
Medium,ASPConferenceSeries,80,p. 218

ElmegreenB.G.,Block D.L., 1999,MNRAS 303,133
Elme
E

greenB.G.,ThomassonM., 1993,A&A 272,37
ElmegreenB.G.,ElmegreenD.M., Chromey F.R.,HasselbacherD.A.,

BissellB.A., 1996,AJ 111,2233
ElmegreenB.G.,ElmegreenD.M., SeidenP.E.,1989,ApJ343,602
Elme
E

greenD.M., Chromey F.R., Bissell B.A., CorradoK., 1999,AJ
118,2618

ElmegreenD.M., ElmegreenB.G.,1984,ApJS54,127
ElmegreenD.M., ElmegreenB.G.,1987,ApJ314,3
FrogelJ.A., Quillen A.C., PoggeR.W., 1996,in: Block D.L., Green-

ber
¥

g J.M.(eds.),New ExtragalacticPerspectivesin theNew South
Africa,
î

Dordrecht:Kluwer, p 65
FuchsB., 1991,in: SundeliusB. (ed.),Dynamicsof Disk Galaxies,

Chalmers
ë

Universityof Technology, p. 359
FuchsB., 2000,in: CombesF., MamonG.A., CharmandarisV., Dy-

namicsof Galaxies:from theEarlyUniverseto thePresent,p. 53
GnedinO.Y., GoodmanJ.,RhoadsJ.E.,1996,in: Minnitti D., Rix H.-

W
�

. (eds.),SpiralGalaxiesin theNear-Infrared,Springer, p. 184
GrosbølP., 1988,in: Benney D.,ShuF.,YuanC.(eds.),AppliedMathe-

matics,FluidMechanics,andAstrophysics:A SymposiumtoHon-
our� C.C.Lin. SingaporeWorld ScientificPublishingCo.,p. 345

GrosbølP., PatsisP.A., 1998,A&A 336,840
Iye M., OkamuraS.,HamabeM., WatanabeM., 1982,ApJ256,103
KalnajsA.J.,1975,in: Weliachew L. (ed.),LaDynamiquedesGalaxies

Spirales.
=

ParisEditionsduCNRS,p. 103
KennicuttR.C.,1981,AJ 86,1847
Lau Y.Y., Lin C.C.,Mark J.W.-K., 1976,Proc.Natl. Acad.Sci. USA

73,
U

1379
Lin C.C.,1970,in: BeckerW., ContopoulosG.(eds.),TheSpiralStruc-

ture
;

of OurGalaxy. Dordrecht:Reidel,p. 377
Lin, C.C., 1983, in: AthanassoulaE. (ed.), Internal Kinematicsand

Dynamicsof Galaxies.Dordrecht:Reidel,p. 117
Lin C.C.,ShuF.H., 1964,ApJ140,646
LoweS.A.,RobertsW.W., YangJ.,BertinG.,Lin C.C.,1994,ApJ427,

184
Mark J.W.-K., 1976,ApJ205,363
Mark J.W.-K., 1977,ApJ212,645
PuerariI., 1993,PASP105,1290
PuerariI., Dottori H.A., 1992,A&AS 93,469
PuerariI., Dottori H.A., 1997,ApJ476,L73
QuillenA.C., FrogelJ.A.,GonźalezI R.A., 1994,ApJ437,162
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