
19
92

A
J 

 1
03

.1
52

6B
 

THE ASTRONOMICAL JOURNAL VOLUME 103, NUMBER 5 MAY 1992 

THE LEADING ARM, RINGED SPIRAL GALAXY NGC 4622: A DIAGNOSTIC CASE 
OF A RETROGRADE TIDAL ENCOUNTER 

R. Buta,1 D. A. Crocker,1 andG. G. Byrd 
Department of Physics and Astronomy, University of Alabama, Box 870324, Tuscaloosa, Alabama 35487 

Received 11 December 1991; revised 22 January 1992 

ABSTRACT 

The southern galaxy NGC 4622 is a rare example of a spiral with two sets of spiral arms winding in 
opposite senses: A single inner arm which opens counterclockwise, and two outer arms which open 
clockwise. The two sets of arms are linked by a nearly circular, off-centered inner ring of high contrast, 
and the presence of the two opposing senses means that NGC 4622 has at least one leading spiral arm, a 
phenomenon that up until now has never been firmly established in any galaxy. In this paper, we 
describe some of the basic morphologic and photometric properties of this galaxy, which has recently 
been suggested to have experienced a retrograde tidal encounter. Of the three observed arms, the inner 
arm is the prime suspect for the leading sense, based on published «-body models. We establish with 
BVI surface photometry that this arm is present in the stellar disk component and is not an artifact of 
dust absorption. The suspected leading arm begins ^3 kpc from the center and winds more than 360° to 
a radius of ^4.4 kpc. The winding is logarithmic in projection with a pitch angle of only 4°. A substan- 
tial portion of the inner ring may be made of the leading arm. A large variation in B — I color index 
around the ring.is also found. At the average radius of the ring, the phase of the W Fourier component 
in B is shifted ^40° in the direction of rotation relative to that in /. The shift is consistent with the 
hypothesis that part of the ring is a one-armed density wave turning opposite the disk rotation at ~ 1.4 
times the orbital speed. The galaxy may be the most definite case to date demonstrating this density 
wave effect because of the large difference between the leading arm pattern rate and the orbital rate. The 
perturbing companion has not yet been identified. We suspect that a small galaxy 1!85 east, of unknown 
redshift, may be the most promising to explain not only the leading arm, but also the two trailing outer 
arms. 

1. INTRODUCTION 

Kinematic studies of galaxies where the apparent dust dis- 
tribution allows us to unambiguously distinguish the near 
side of the disk have indicated that spiral arms generally trail 
the direction of rotation (de Vaucouleurs 1958, and refer- 
ences therein). However, it is now well known that retro- 
grade tidal encounters between neighboring galaxies can 
generate a leading arm, particularly in the region of the 
+ 1:1 resonance of the disk material’s orbital and epicyclic 
motion with the angular velocity of the companion. The 
forcing can be periodic, as in the case of a companion on 
circular orbit (Athanassoula 1978), or short term, as in an 
unbound encounter (Noguchi & Ishibashi 1986, hereafter 
referred to as NI86; Thomasson et al. 1989, hereafter re- 
ferred to as T89; Thomasson 1990; Athanassoula 1992). A 
leading arm forms in such encounters if the halo-to-disk 
mass ratio within the disk radius is large (T89). Any poten- 
tially genuine case of a leading arm is, then, of great interest 
because even though galaxies with heavy haloes are thought 
to be very common, known cases of leading arms are ex- 
tremely rare. It would also provide an important example to 
compare with models of tidally generated spiral structure. 

The nearly face-on southern spiral galaxy NGC 4622 
( = ESO 322 - 57, MCG - 7 - 26 - 31, AM 1239 - 402, 
Fa33, PGC 42701) provides one of the most convincing 
cases of a leading spiral arm in any galaxy. The feature was 
first recognized by Byrd et al. ( 1989, hereafter referred to as 
B89) on a commercially available, blue-light NOAO photo- 

1 Visiting Astronomer, Cerro Tololo Inter-American Observatory, Nation- 
al Optical Astronomy Observatories, which is operated by the Association 
of Universities for Research in Astronomy, Inc. (AURA), under cooperat- 
ive agreement with the National Science Foundation. 

graph as being located inside an off-centered inner ring. The 
galaxy, which has several nearby disturbed-looking compan- 
ions, also shows two outer spiral arms beginning at the ring 
which wind outward in the opposite sense to the inner arm. 
NGC 4622, therefore, has to have either one leading arm 
inside the ring with the two outside the ring being normal 
trailing arms, or the reverse. There are good reasons, both 
theoretical and observational, to believe that the inner arm is 
the leading one, therefore, we shall refer to it as such 
throughout this paper. The ring and inner arm bear a strik- 
ing resemblance to the T89 and NI86 simulations. Since any 
further evaluation of these simulations required more de- 
tailed data than on the photograph available to B89, follow- 
up work on this galaxy was critically needed. In particular, 
we are concerned about whether the apparent leading arm 
might be an artifact of dust in the galaxy or is truly present in 
the stellar disk component. 

Our main purpose with this paper is to establish the reality 
of the leading arm using multicolor CCD surface photome- 
try. With such photometry, we can deduce the stellar popu- 
lation of the arm compared to its surroundings, and use 
Fourier analysis and photometric decomposition to enhance 
its visibility. The observations are discussed in Sec. 2, and the 
morphology and color distribution in Sec. 3. Surface pho- 
tometry is presented in Secs. 4 and 5, and techniques for 
enhancing the leading arm are presented in Sec. 6. The data 
are discussed in Sec. 7. Conclusions are in Sec. 8. 

2. OBSERVATIONS 

The photometric observations were obtained using the 
No. 3 TI CCD on the 1.5 m telescope of Cerro Tololo Inter- 
American Observatory in 1990 February. A 2x2 on-chip 
binning was used, giving pixels 0"54 by 0"54 in size. The field 
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1527 BUTA ETAL. : RINGED SPIRAL GALAXY NGC 4622 

of view was 3!6 square. Filters which match the Johnson i? F 
and Cousins I systems were used, and the average airmass 
was 1.023. Each exposure was preflashed, therefore, a large 
number of bias frames was combined to enable subtraction of 
this “fat zeroing.” Flatfields consisted of combined dome 
and sky flats. Fringes were observed in the / band at an am- 
plitude of l%-2% of the night sky, and were removed by 
imaging a blank sky field chosen from an unpublished list by 
Graham and Seitzer. Since no single exposure was longer 
than 300 s, no dark frames were needed. All processing of the 
calibration frames and calibration of the images was done 
with standard routines in IRAF.2 

Zero points and transformations to the standard BVI sys- 
tems were obtained from both aperture photometry on the 
galaxy itself and from CCD observations of standard star 
fields. The photoelectric aperture photometry was taken 
from Buta & Crocker ( 1992), who measured the galaxy with 
four apertures ranging from 20" to 116" in diameter. Trans- 
formation of this photometry to the Johnson U® Fand Cou- 
sins RI systems was accomplished with E'-region standards 
(Menzies et al 1980). The standard stars for the CCD pho- 
tometry included only fields from Graham (1982) and Lan- 
dolt (1983), and thus are largely independent of the photo- 
electric calibrations. As a check on the CCD calibration, we 
simulated aperture photometry on the CCD images within 
the four apertures and applied the standard star extinction 
and transformation coefficients and zero points. The results 
were compared with the photoelectric photometry, and 
showed average residuals less than + 0.03 mag in all magni- 
tudes and colors. We feel that the photoelectric photometry 
is more reliable for zero points, therefore, we used the CCD 
standard stars only for extinction and transformation coeffi- 
cients. 

3. MORPHOLOGY AND CLUSTER MEMBERSHIP 

NGC 4622 is a spiral of type SA(r)ab. Our j5-band image 
is displayed in the upper-left panel of Fig. 1 [Plate 88]. The 
morphology is dominated by a large, round bulge and two 
high contrast outer arms which appear to terminate in a 
nearly circular inner ring. The suspected leading arm is lo- 
cated inside of this ring and is prominent west and northwest 
of the bulge (see schematic in Fig. 2). The ring itself is mis- 
centered on the bright nucleus and may be partly made of the 
leading arm. The two bright outer arms do not break from 
the ring at diametrically opposite points, nor do they wind 
symmetrically. 

To demonstrate that the leading arm is not an artifact of 
dust, we illustrate in the upper-right panel of Fig. 1 a i? — / 
color index map. The gray scale is such that the darkest 
features have /? —7^1.75 and the lightest features have 
B — 7^2.75. This map shows no evidence for dust lanes in- 
side the inner ring, even with the large wavelength differ- 
ence. Also, there is no clear color differentiation associated 
with the leading arm, except where it appears to merge with 
the ring due north of the nucleus. The east half of the inner 
ring is barely visible in the color map, while the west half is 
very prominently blue [see Fig. 11(d), Sec. 6, for a quantita- 
tive display of this color variation]. This is very unusual 
compared to most “normal” rings, which are usually sym- 

2 IRAF is distributed by National Optical Astronomy Observatories, which 
is operated by the Association of Universities for Research in Astronomy, 
Inc. (AURA), under cooperative agreement with the National Science 
Foundation. 
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Fig. 2. Schematic of NGC 4622 with major features labeled. Plus 
symbol indicates the nucleus, and filled circles indicate some of the 
brighter foreground stars. 

metric blue enhancements (see, e.g., Buta 1991, and refer- 
ences therein). The two outer arms are much clearer en- 
hancements of bluer colors than the ring. These aspects are 
quantified further in Sec. 5. 

Shu ( 1982) presents NGC 4622 as an example of a classic 
two-armed spiral. Using an excellent, commercially avail- 
able, NOAO 4 m CTIO photograph for an illustration, he 
notes that “strong dust lanes can be readily seen on the inside 
edges of the optical arms.” However, it is noteworthy that 
our B — /map reveals no evidence for such lanes at the reso- 
lution of our images. This shows the importance of obtaining 
multicolor images to better establish the existence of dust 
lanes, which are important in density wave theory. It was the 
illustration in Shu’s book that, in 1987, left Byrd with a 
strong suspicion that there was a leading arm in the inner 
parts of NGC 4622 (B89). 

NGC 4622 is a member of the Centaurus Cluster (see 
Region IV of de Vaucouleurs 1956), and has two nearby 
companions of comparable total magnitude: NGC 4616 and 
NGC 4603D, both at an angular separation of about 7 arc- 
min (see Fig. 3 [Plate 89] ). Only NGC 4616 has a redshift 
similar to NGC 4622:4586 vs 4367 km s “1 (de Vaucouleurs 
et al. 1991, hereafter referred to as RC3 ) ; it is clearly a possi- 
ble suspect for the perturbing companion. However, our 
prime suspect is a smaller galaxy of unknown redshift only 
1!85 to the east (see the object labeled C? in Fig. 3). Our 
reasons for suspecting this galaxy to be the perturber are 
discussed in Sec. 7. 

4. GEOMETRIC AND PHOTOMETRIC PARAMETERS 

The inclination and line of nodes position angle of NGC 
4622 are important for the interpretation of its structure. 
The photometric values of these parameters were derived by 
fitting ellipses to the isophotes in all three filters. In the range 
3" <a< 16", isophote shapes are almost exactly round. In 
the outer regions, the axis ratio and position angle are consis- 
tent among the three filters only near the radius (50"8) of 
the standard isophote where iiB = 25.0 mag arcsec - 2. The 
resulting orientation parameters are given in Table 1. If the 
galaxy is intrinsically circular near the standard isophote, 
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1528 BUTA ETAL. : RINGED SPIRAL GALAXY NGC 4622 1528 

Table 1. Basic parameters. 

Parameter Value 

logD25(0'l) 1.229 

logR25 0.060 

025 174° 

Bt 13.37 

logAe(0n) 0.88 

{B — V)t 0.96 

{V — I)t 1.28 

£(0)c (mag arcsec-2) 21.79 

logr^ (kpc) 0.23 

logr” (kpc) 0.75 

/ig(I) (mag arcsec-2) 22.02 

/ig(II) (mag arcsec“2) 23.61 

Amii^) 1.17 

then the axis ratio oïR^1 — 0.87 corresponds to an inclina- 
tion of about 30°. Owing to the obvious interaction, this as- 
sumption may not be valid and should be confirmed kinema- 
tically. 

A few standard photometric parameters are also compiled 
in Table 1. The integrated magnitude, i?T, and colors, 
(B — V)T and ( K — /)T, were computed by integrating the 
flux in circular apertures after all field stars were removed. 
The removal of these stars was an important task not only for 
this purpose, but also for the analysis discussed in Sec. 6. The 
technique we used, especially for the bright star only 10" 
northeast of the center, is discussed by Crocker & Buta 
( 1992). Both B — Vand V — / reached an asymptote within 
the CCD field, but for the magnitude, we fitted an RC3 stan- 
dard growth curve to account for a small amount of light 
outside the field. Using the redshift as a distance indicator 
and a Hubble constant of 100 km s“1 Mpc~1 (Buta & de 
Vaucouleurs 1983 ), we estimate a distance of 42 Mpc, which 
gives an absolute magnitude of Af ° (U) = — 20.4. This high 
luminosity seems consistent with the sharpness of the spiral 
arms, typical of van den Bergh luminosity class I galaxies. 

The shape of the inner ring of NGC 4622 was mapped in 
all three filters using a cursor on a television display. The 
following mean parameters are based on ellipse fits to 54-58 
visually estimated points: apparent diameter 46"9 + 0"!, ap- 
parent axis ratio 0.90 + 0.01, and major axis position angle 
86° + 2°. The angular diameter corresponds to 9.5 kpc at a 
distance of 42 Mpc. Inner rings in SA galaxies of similar 
Hubble stage to NGC 4622 tend not to be this large on aver- 
age (Buta & de Vaucouleurs 1982). The ellipse fits also 
showed that the center of the ring is displaced 2" 3 west, 1"3 

south of the nucleus, corresponding to a total linear displace- 
ment of about 550 pc. This amounts to 11.5% of the major 
axis radius of the ring. The displacement of the nucleus is not 
along the projected major axis of the ring, but along a posi- 
tion angle of 61° + 2°. 

The shapes of the spiral arms were also mapped visually. 
The leading arm was defined using a l#2?-band Fourier im- 
age (see Sec. 6) and found, within errors, to be logarithmic 
about the nucleus over the radius range 14"5 ^ r ^ 21 "5, with 
a pitch angle of 3°8 [Fig. 4(a) ]. This was found to be true 
only in projection; if the galaxy is inclined 30°, around the 
position angle 174°, then the leading arm is definitely not 
logarithmic and is not otherwise characterized by a mono- 
tonically increasing or decreasing phase with increasing ra- 
dius. The two outer arms were mapped using the F-band 
image and neither was found to be as logarithmic in projec- 
tion, within the errors, as the leading arm. Approximate 
logarithmic fits gave pitch angles of 7° for the east arm [Fig. 
4(b)] and 8° for the west arm [Fig. 4(c)].The east arm 
appears to be slightly better represented by a linear variation 
of the phase angle with increasing radius, with pitch angle 
varying as arccot (4.1/r) in the range 25" 57*545" [Fig. 
4(d) ]. Just as for the leading arm, allowing for the photo- 
metric orientation parameters does not improve the simple 
mathematical representation of the two outer arms. These 
findings imply that the galaxy may be almost exactly face on. 

5. COLORS OF FEATURES 

The fits in Figs. 4(a), 4(c), and 4(d), in addition to the 
ellipse fit to the inner ring, were used to make the schematic 
in Fig. 2. In Fig. 5, we present a more quantitive illustration 
of the color distribution in the main features in NGC 4622 
using a binning technique similar to that employed by 
Schombert et al. (1990). To make the plots in Fig. 5, we 
integrated the intensity arrays within a 3" circular aperture 
positioned along the features using the coordinate mappings 
discussed in Sec. 4. For the outer arms and ring, we used the 
visual point mappings from Fig. 4, while for the leading arm 
we used the logarithmic spiral fit from position angle 90° to 
380° to define a set of coordinates spaced every 10°. The col- 
ors were divided into four intervals oî B — F, and all points 
within each interval are plotted on the same schematic as in 
Fig. 2. 

The leading arm is found entirely within the reddest color 
range illustrated. In the position angle range 9OO<0<36O°, 
corresponding to the part of the leading arm which is con- 
fined within the inner ring, the average colors are 
(B — V) = 1.04 and {V — I) = 1.29, and the average sur- 
face brightness within the 3" apertures is {fiB) =22.7 mag 
arcsec _ 2. To quantify the lack of color contrast between the 
leading arm and its surroundings further, we integrated the 
intensity arrays in two identical logarithmic patterns offset 
by +3" in radius from the leading arm. This gives colors of 
the local underlying background. In the position angle range 
90o<Ö<360°, the regions immediately inside the leading arm 
have colors {B — V) = 1.03, {V— I) = 1.32, while in the 
position angle range 9O°<0<27OO, the regions immediately 
outside the leading arm have (i?—F) = 1.03, 
(V — I) = 1.30. The color contrast is, therefore, negligible. 

Figure 6 shows a color-color diagram for all of the points 
illustrated in Fig. 5. For this plot, the B — V colors were 
corrected for galactic extinction, inclination, and redshift, 
using RC3 procedures. For F — /, we used information from 
Rieke & Lebofsky (1985) and Coleman et al. (1980), in 
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Fig. 4. Dependence of the phase ( 6, measured 
east with respect to north) on radius (r) in arc- 
seconds for the leading arm and the two outer 
trailing arms of NGC 4622. These are based on 
visual judgments of the shapes from images on a 
television display. The east and west outer arms 
are identified in Fig. 2. 

addition to RC3 data. Also displayed in Fig. 6 are the cor- 
rected photoelectric total colors for a sample of 36 ringed 
galaxies in the type range S0+ to She (Buta & Crocker 
1992). In a ( Í7 — 2?, i? — V) color-color plot, these galaxies 
follow the standard galaxy sequence closely (see, e.g., Lar- 
son & Tinsley 1978), suggesting that they should be a good 
comparison sample. The colors of the ring, leading arm, and 
outer arms of NGC 4622 follow closely the color-color rela- 
tion of normal galaxies. 

6. DECOMPOSITION OF THE LUMINOSITY DISTRIBUTION 

In the direct images, the leading arm in NGC 4622 is ap- 
parent but has a low contrast compared to the two outer 
arms. To improve the contrast of the feature, we have used 
two methods to remove the high amount of background light 
of the central disk. In the first method, we use a standard 
bulge/disk decomposition which involves conventional fit- 
ting functions, and then we subtract the combined model 
from the total intensity array. In the second method, we 
derive the seven lowest-order Fourier terms {n = 0-6) in 
the expansion of the luminosity distribution, and use these to 
create images of the main components. This turns out to be a 
powerful way of illustrating the structure of the leading arm, 
and makes no assumptions about the form of the axisymmet- 
ric background. 

Fig. 5. Quantitative distribution of colors of the main features in NGC 
4622 in four ranges oî B — V, superposed on the same schematic as in 
Fig. 2 (see text). The plus symbol indicates the nucleus. 
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1530 BUTA ETAL. : RINGED SPIRAL GALAXY NGC 4622 1530 

Fig. 6. Color-color plot for the arms and ring in NGC 4622, 
based on the points displayed in Fig. 5 (see text). The open 
circles represent these points, while the filled circles repre- 
sent the integrated colors of a sample of normal ringed galax- 
ies in the type range SO + to She. The plus symbols refer to 
the colors of the three main components (bulge, disk, and net 
arms) from Table 3. 

6.1 Standard Profile Decomposition 

The technique of standard profile decomposition has been 
widely applied to galaxies of all types (see review by Oka- 
mura 1988; Knapen & van der Kruit 1991). For the bulge 
component, we use an r1/4 fitting function, 

while for the disk we use an exponential fitting function in 
log units, 

The four parameters to be derived are the effective surface 
brightnesses, [i\ and and the effective radii, and 
The superscripts follow the notation used by Simien & de 
Vaucouleurs (1986). We used nonlinear least-squares rou- 
tines from Press et al. (1988) to fit the above functions and 
solve for these parameters. 

Because NGC 4622 is nearly face on, we used the follow- 
ing combined profile for the fit in each passband. For the 
bulge-dominated region, r< 12", we used a circularly aver- 
aged profile since this characterizes isophote shapes in this 
region. For the disk-dominated region, /*> 58", we used an 
elliptically averaged profile within annuli having an axis ra- 
tio of 0.87 and a position angle of 174°, consistent with iso- 
phote shapes at the standard isophote level. Between these 
two zones the spiral structure is prominent, and the surface 
brightnesses cannot be used in the fits. 

In the actual fits, we tried to account for the effects of 
seeing in the central few arcseconds using a table of convolu- 
tion corrections for the t*174 law (see discussion in Capaccioli 
& de Vaucouleurs 1983 ). The corrections were applied itera- 
tively as described by Tsikoudi ( 1977), and assume that the 
bulge dominates within at least the inner 8". The corrections 
depend on cr*, the Gaussian width of the seeing profile, 
which, following Tsikoudi ( 1977), we approximated by <rf, 
the width of the first and most important gaussian compo- 
nent. The adopted values were <7? = 0.88,0.87, and 0.83 arc- 
sec for the B, V, and / filters, respectively. 

The results of the fits are displayed in Fig. 7 and summar- 
ized in Table 2, which also gives the fractional luminosity, k, 
of each component. For both components the effective radi- 
us increases from B to /, implying color gradients in the sense 
that each component gets redder with increasing radius. 
However, the formal errors on the effective radii are such 
that we cannot be certain that the gradients are real; they 
may be artifacts of the fitting procedure, since the decompo- 
sition assumes that both components coexist at all radii. The 
gradients could also be caused by small sky subtraction er- 
rors. A by-product of our decomposition is that it allows us 
to compare NGC 4622 with other galaxies which have been 
similarly analyzed. Our best-fitting 5-band values for the 
effective radii and surface brightnesses of the bulge and disk 
components lie well within the range found for a large sam- 
ple of galaxies by Simien & de Vaucouleurs ( 1986). Table 1 
gives the values of the corrected disk central surface bright- 
ness, 5(0) c, the fractional contribution of the bulge in mag- 
nitudes, Awj (5), linear values of the effective radii based on 
a distance of 42 Mpc, and corrected effective surface bright- 
nesses, all as defined by Simien & de Vaucouleurs ( 1986). 
Table 3 provides integrated magnitudes and colors of the 
bulge and disk components based on the model parameters, 
both uncorrected and corrected for galactic extinction, incli- 
nation, and redshift. These colors are plotted as plus symbols 
in Fig. 6, which shows that the component colors scatter 
around the normal galaxy relation in a manner which may 
reflect more the uncertainties in the decomposition model 
than any intrinsic departures. The corrected total colors of 
NGC 4622 (last line in Table 3) lie completely within the 
distribution of the comparison galaxies. 

With model bulge and disk parameters, we can now sub- 
tract the sum of these components from the images. For this 
purpose, we assumed apparent flattenings of 1.0 for the 

-60 -40 -20 0 20 40 60 
r (arcseconds) 

Fig. 7. Results of standard bulge/disk decomposition su- 
perposed on a 5 band major axis profile (position an- 
gle = 174°) and the corresponding color index profiles. 
Units are mag arcsec ~ 2. Positive radii extend southward, 
while negative radii extend northward. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
92

A
J 

 1
03

.1
52

6B
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Table 2. Results of profile decompositions. 

Parameter 

(mag arcsec"2) 

Tg (arcseconds) 

¿i*1 (mag arcsec“2) 

r” (arcseconds) 

k\ 

ku 

hu 

22.56 

8.4 

24.00 

27.6 

0.34 

0.45 

0.21 

21.43 

8.5 

23.10 

28.7 

0.41 

0.45 

0.14 

20.11 

9.2 

22.00 

29.3 

0.49 

0.40 

0.11 

bulge and 0.87 for the disk. The residual is the spiral compo- 
nent, whose fraction is given by klu in Table 2. The subtrac- 
tion was performed in all three filters, and the results for B 
and / are displayed in the lower left and right panels, respec- 
tively, of Fig. 1. Removal of the dominant background com- 
ponents (which account for 79% and 89%, respectively, of 
the total B- and /-band luminosities; see Table 2) dramati- 
cally enhances the leading arm as a smooth, curved feature 
which appears to begin near the position of the bright fore- 
ground star close northeast of the nucleus. After winding 
some 360°, it appears to blend into the east half of the inner 
ring, which is also the red half of the ring (see color index 
map, Fig. 1 ). The leading arm also appears not to extend into 
the bulge-dominated region. 

6.2 Fourier Decomposition 

Fourier decomposition has not been widely used in studies 
of nonbarred spiral galaxies but is a potentially powerful way 
of probing the structure of NGC 4622 (see, e.g., Considère & 
Athanassoula 1988). We have decomposed NGC 4622 into 
its first seven components by computing averages of l(r,0) 
X cos n6, and I ( r,6J) sin nO as a function of radius, r, where I 
refers to sky-subtracted and sky-normalized intensities (any 
filter), 0 is the position angle in the galaxy plane, and n is an 
integer. Calculation of these averages at all radii allows us to 
construct images in any individual component or combina- 
tion of components. For example, an « = 1 image will tend 
to emphasize any large-scale asymmetries, such as the lead- 
ing arm and the lopsided part of the outer arms, while the 
« = 2 image will tend to emphasize any large-scale bisym- 
metries, such as the outer arms or a bar or oval, if present. 
Since the galaxy appears to be nearly face on, for the pur- 
poses of the decomposition, we have used circular averages 
( as opposed to elliptical averages ). Even if the galaxy is actu- 
ally inclined up to 30°, our analysis is not seriously compro- 

Table 3. Colors and magnitudes of components. 

Component B B-V V-I M}(B) (B-V)0 (V-I)0 

Bulge 14.55 13.38 11.89 1.18 1.48 -19.2 
Disk 14.25 13.27 12.12 0.98 1.15 -19.5 
Arms 15.08 14.56 13.52 0.52 1.04 -18.7 
Total 13.38 12.41 11.12 0.98 1.28 -20.4 

1531 

mised with circular averages because we are interested in 
simply characterizing the apparent morphology. Reliable es- 
timates of the amplitudes and phases of any nonaxisymme- 
tric component would, of course, require taking into account 
the inclination. We are interested in characterizing the stel- 
lar distribution in the galaxy, therefore, we illustrate our 
main Fourier decomposition results in the / band. 

The axisymmetric, or « = 0, part is illustrated in the up- 
per-right panel of Fig. 8 [Plate 90], which shows a promi- 
nent ring corresponding to the inner ring and several fainter 
rings associated with the outer arms. The largest nonaxisym- 
metric amplitudes are provided by the n = \ and 2 compo- 
nents, which are the only ones we illustrate (see the lower- 
left and lower-right panels of Fig. 8, respectively). The n = \ 
image dramatically illustrates the leading arm, which again 
appears to trace out more than 360°, and may include a sub- 
stantial portion of the inner ring. Structure beyond the lead- 
ing arm reflects mostly the asymmetry associated with the 
two outer arms. The n = 2 component is dominated by the 
two outer arms, but is interesting in the lack of significant 
amplitude within the inner ring. These demonstrate that 
most of the structure of NGC 4622 is adequately represented 
by the lowest-order terms. The upper-left panel of Fig. 8 
shows a reconstructed /-band image (in units of mag arc- 
sec _ 2 ) based on « = 0-6 Fourier amplitudes. 

Figures 9(a) and 9(b) show the n — l and 2 amplitudes 
and phases to a radius of 70" (the limit imposed by the CCD 
field), for all three filters. The radii are normalized to the 
standard isophote, r25 — 50"8 (Table 1 ). The amplitudes are 
normalized to the average intensity, I0, at each radius. The 
most obvious part of the leading arm lies in the range 
0.29<r//*25<0.42 and reaches a maximum relative ampli- 
tude in /-band light of I/Iq = 0.144 at r/r25 = 0.354. The 
dependence of the amplitude on wavelength is smaller than 
in the outer disk, again demonstrating the arm’s rather red 
color. The increase of the phase Oi with increasing radius of 
the leading arm is readily apparent. The phase of the n — 2 
component for r/r25 £ Í scatters around a position angle of 
175°, consistent with the major axis position angle derived 
from ellipse fits. 

We now focus on a few specific aspects of the Fourier 
images needed for the discussion in the next section. In Fig. 
10, we illustrate an isophote map of the « = 1 image dis- 
played in Fig. 8. The leading arm stands out as a continuous 
feature, but more importantly, there are two definite minima 
along the arm (labeled A and C in Fig. 10). The principal 
maximum (labeled B) is the prominent part of the leading 
arm, which, as mentioned above, corresponds to the small 
peak in relative « = 1 amplitude at r/r25 = 0.354 in Fig. 
9(a). The azimuthal surface brightness profiles associated 
with this peak are illustrated in Fig. 11(a); there is only a 
small shift in 61 with filter at this radius. The second princi- 
pal maximum, labeled D in Fig. 10, shows a much larger 
phase shift, Aö1^40°, and is associated with a peak in the 
relative « = 1 amplitude at r/r25 = 0.45. This shift, which is 
illustrated clearly with the corresponding azimuthal profiles 
in Fig. 11(b), has interesting implications for the nature of 
the ring. For comparison, Fig. 11(c) shows an azimuthal 
profile at r/r25 — 0.67, which corresponds to the first major 
peak in the n = 2 relative amplitude shown in Fig. 9(b). No 
shift in phase 62 with filter is associated with this peak. Final- 
ly, Fig. 11(d) shows the variation in i? — / color with phase 
around the inner ring itself (not at a fixed radius). A very 
large amplitude of 0.45 mag is revealed. 
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Fig. 9. Dependence of relative Fourier amplitudes and 
phases (measured eastward with respect to north) on 
radius normalized to the radius of the standard isophote: 
(a) « = 1 term and (b) « = 2 term. In both plots, the 
solid lines refer to the B band, the dotted lines to the V 
band, and the dashed line to the I band. The horizontal 
line in each case refers to the region where the leading 
arm is prominent inside the inner ring. 

7. DISCUSSION 

The observations presented here have confirmed the rea- 
lity of the leading arm and ruled out the possibility that it is 
an artifact of an unusual dust pattern. These observations 
have also quantified some of the feature’s characteristics. 
The effects of a circularly orbiting retrograde companion on 
a disk system were first demonstrated analytically by Athan- 
assoula ( 1978 ). It was found that this circumstance empha- 

sizes a strong one-armed leading spiral component in both 
the stars and gas. NI86 and T89 confirmed the analytic re- 
sults using «-body simulations for a companion on an un- 
bound orbit. The self-gravitating simulations of T89 made 
the interesting finding that tidally generated leading arms 
are favored only when the mass of the halo component is 
greater than or approximately equal to that of the disk com- 
ponent. Low-mass haloes favored trailing spiral patterns 
which are strengthened by Toomre’s (1981) local swing am- 
plification mechanism in the disk. The proximity of the lead- 
ing arm to the bulge region of NGC 4622 is consistent with 
the high halo requirement of T89. 

In spite of extensive searches, leading arms appear to be 
very rare. On the basis of the argument that retrograde com- 
panions should be as common as direct ones, and that en- 
counter orientations are random, T89 suggested that per- 
haps 25% of all spirals with major companions should have 
a leading arm generated via a strong retrograde perturba- 
tion. Recently, Keel ( 1991 ) confirmed that direct and retro- 
grade companions are equally common in a sample of Kara- 
chentsev pairs. However, the observational evidence (T89; 
lye & Sugai 1991 ) favors a much smaller fraction of leading 
arms than expected, indicating either that most galaxies may 
have a halo mass less than or approximately equal to their 
disk mass, or, alternatively, that there are tight constraints 
on companion orbits or masses. If the former is correct, it 
would, of course, have important implications for the gen- 
eral dark matter problem, since it is not consistent with the 
inferences from other indications (see discussion in Val- 
tonen & Byrd 1990). 

It is interesting that both the NI86 and T89 simulations 
generate a leading arm which closes into an off-centered ring 
much like the ring seen in NGC 4622. On the basis of these 
models, we interpret the leading arm and ring as a set of 
m=\ dispersion orbits. Here, we refer only to the portion of 
the disk inside 0.5r25 where the two outer trailing arms are 
not strong. For each dispersion orbit, flp = Í1 — Ac/m, 
where fl is the orbital angular rate of the disk material, /c is 
the epicyclic frequency, m is the multiplicity of the density 
peaks of the dispersion orbit, and ilp is the pattern speed. In 
the case of unbound passages, a +1:1 resonance can occur 
with flp nearly equal to the angular rate of the companion at 
closest approach (Athanassoula 1992). For an m = 1 dis- 
persion orbit, under the reasonable assumption that the cir- 
cular orbital velocity, K, is constant with radius r, and that 
self-gravity is unimportant, the precession angular rate 
would be Í1 — /c = ( 1 — ^2) V/r — — 0.414FA. Note that 
this number is negative at all radii: It corresponds to a mo- 
tion opposite the general direction of the rotation, which we 
infer from the outer arms to be counterclockwise in our illus- 
trations. Since fl — /c is larger at smaller radii, we expect an 
ensemble of the m = \ dispersion orbits to form a leading 
arm, winding outward against the direction of the disk rota- 
tion (compare with the trailing kinematic density waves il- 
lustrated by Kalnajs 1973). The strongest portion of the 
leading arm may be disk material that formed an w = 1ILR 
with the angular rate of motion of a companion at closest 
approach. 

This also implies that there will be a difference between 
the phase, 6V of the n = 1, /- and 5-band peaks in the region 
where gas is abundant that is closely analogous to that ex- 
pected for two-armed density wave patterns (e.g., Roberts 
et al 1975; Schweizer 1976). At a given radius, we expect a 
concentration first of stars and gas (/-band enhancement) as 
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Fig. 10. Contour map of « = 1 sur- 
face brightness in the / band. The 
labels A-D refer to different parts 
of the leading arm (see text). The 
lowest contour is for 10 ADU, and 
each successive contour is spaced 
by 10 ADU. 

the disk material enters the m = 1 density wave. Then at a 
larger 6, there would be a U-band enhancement due to the 
time lag between gas compression, and star formation and 
evolution. These stars will appear predominantly blue via 
the extremely luminous, hot, short-lived, main-sequence 
stars. 

The main part of the leading arm (feature B in Fig. 10) 
has very few blue stars and probably little gas in the region of 
the disk where it occurs. There is also little shift in 6X in this 
region from B to /. However, we found that feature D in Fig. 
10, which is part of the inner ring, displays a 39° phase shift 
whose sense is such that increases from / to 2? [see Fig. 
9(a)]. We indicate the phase of the n = \ component by 
vertical bars in the azimuthal plots in Fig. 11(b), which are 
for the radius where the phase shift is largest, and note how 
the F-band peak is placed nicely between those for B and I. 
The difference is significant, and we suggest that it is an 
indication of the compression, star formation, and disper- 
sion time lag mentioned above, in the expected sense of a 
backwardly precessing m = \ dispersion orbit. 

What time lag, in years, does this difference in position 
angle indicate? Based on the galaxy’s luminosity and type, 
we can reasonably guess the maximum rotation velocity to 
be ^ 250 km s “1. The /-band intensity variation at the aver- 
age radius (4.65 kpc) of the inner ring is only 12% over the 
circular average, so the epicyclic velocity variations are 
small compared to the orbital velocity. The angular speed of 
the compressed gas relative to the m = 1 density peak is the 

difference of the orbital angular rate minus the pattern 
precession angular rate, or Í1 — ilp = 1.4 V/r. This differ- 
ence divided by the observed 0.68 rad difference in position 
angle equals the time lag for star formation. Using the values 
for the various quantities given above, we find a time lag of 
order 107 yr, which is not unreasonable. 

There are other reasons why the inner ring is not likely to 
be the result of a resonance with the pattern speed of a two- 
armed density wave associated with the outer trailing arms, 
as may be the case for some other rings (e.g., NGC 5364, Lin 
1971). Indeed, the outer arms show a significant degree of 
lop-sidedness, and the phase $2 of the n = 2 component dis- 
plays a linear (position angle, radius)-relation characteristic 
of tidal “material” arms created by the close passage of a 
small companion (see, e.g., Howard & Byrd 1990 for a dis- 
cussion of such arms in M51, the prototypical tidally per- 
turbed galaxy). Our images also reveal no evidence for even 
a weak oval in the inner region. One can see in Fig. 9(b) that 
the variation of 62 with radius is mostly independent of filter, 
which is what we expect for short-term tidal material arms 
where the particles stay in the arms as they move with rough- 
ly the orbital angular rate. Note also that the difference be- 
tween the angular rates of the pattern maximum and the 
orbital motion is smaller, ÎÎ — Dp =0.7 F/r, for trailing 
twofold dispersion orbits for a V — constant disk. Thus, a 
phase shift, similar to that found in the inner ring, would be 
more difficult to detect in the outer arms. 

The models in T89 were not designed specifically for 
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Fig. 11. Azimuthal BVI surface brightness 
profiles for three radii: (a) The prominent 
part of the leading arm inside the inner ring 
(feature B in Fig. 10); (b) the average radi- 
us of the inner ring (feature D in Fig. 10; 
vertical bars denote phase of the n=\ Four- 
ier component); and (c) a radius in the re- 
gion ofthe two outer arms. For (a)-(c), the 
filters are I (top profile), V (middle pro- 
file), and B (bottom profile). Different 
symbols had to be used in (c) to prevent 
confusion. Solid curves in (a) and (b) refer 
to « = 0 + 1 components alone, while the 
dotted curves in (a)-(c) show the full 
« = 0-6 sums. Panel (d) displays an azi- 
muthal color index profile around the off- 
centered inner ring, highlighting the large 
amplitude color variation around this fea- 
ture. 

NGC 4622 but were for a general study of leading and trail- 
ing arm formation. Furthermore, those simulations did not 
show the outer trailing arms coexisting with a leading arm as 
seen in NGC 4622. We are currently carrying out a more 
extensive simulation study in an attempt to create the spiral 
arms, both leading and trailing (Freeman et al 1992). In 
this regard, it is interesting that Struck-Marcell ( 1990) has 
proposed a variant on our encounter hypothesis to explain 
the appearance of NGC 4622: He mentions this galaxy as a 
possible example of the creation of a spiral or thick braided 
ring by a slightly off-center, high-velocity, highly tilted colli- 
sion with a small galaxy [ see his Figs. 2 ( b ), 2 ( c ), and 4(b)]. 
The ring could then be related to those seen in collisional 
“ring” galaxies. Unfortunately, the SRC-J photograph of 
NGC 4622 cited by Struck-Marcell (from the Arp & Ma- 
dore 1987 catalog) shows only the outer trailing arms with 
the nucleus overwhelming the leading arm and ring. Struck- 
Marcell’s simulation has a thick braided ring with loops re- 
sembling the outer trailing arms and has no leading arm like 
Byrd saw in the remarkably clear “discovery” photograph 
(see discussion in Sec. 3). 

In our simulations, we are able to reproduce the leading 

arm and pair of trailing arms of NGC 4622 fairly successful- 
ly. Coincidentally, we have found that a very close, plunging 
passage of a small mass companion, like those being consid- 
ered by Struck-Marcell, seems to produce the best match 
rather than the exterior retrograde passages studied by T89. 
However, our orbital parameters are different, with the pas- 
sage being in the disk plane and retrograde rather than being 
highly inclined as in Struck-Marcell’s studies. Since we find 
that the companion must be low mass (as does Struck-Mar- 
cell), the small galaxy 1!85 east of NGC 4622 is a viable 
suspect for the creation of the leading arm and worthy of 
future observation. 

8. CONCLUSIONS 

The southern galaxy NGC 4622 presents one of the most 
convincing cases of a leading arm in a tidally disturbed spi- 
ral. It is not the first galaxy where a leading arm has been 
suggested to exist (see, e.g., Simien et al. 1978; Kormendy & 
Norman 1979; Pasha 1982, for some recent considerations). 
However, the other cases suggested thus far involve either 
purely one-armed spirals (e.g., NGC 4378) with the near 
edge being unknown, or are so highly inclined (e.g., M31 ) 
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that the arm structure is not clear enough to make a defini- 
tive case. In addition, some suggested cases, like NGC 5395 
(Pasha & Smirnov 1982), did not stand up to the test of 
further observation (e.g., Sharp & Keel 1985). In contrast, 
NGC 4622 has two extremely important aspects that make 
for an unambiguous interpretation: ( 1 ) a face-on orienta- 
tion, so that the spiral structure is clear; and (2) the coexis- 
tence of both one and two-armed patterns winding in oppo- 
site senses. If the inner arm is indeed real and not an artifact 
of dust absorption, then we have a definitive case of a leading 
arm spiral, regardless of whether the leading pattern is the 
inner arm or the two outer arms. 

Using BVI surface photometry, we have shown that the 
inner, single arm is real and is not an artifact of an unusual 
dust distribution within an inner ring. Since the feature has 
low contrast, we used two independent techniques to en- 
hance its visibility. Both methods have revealed a feature 
which winds more than 360° beginning ^3 kpc from the 
center and extending to about 4.4 kpc. The pitch angle of the 
arm is low, about 3?8, and it appears to be logarithmic only 
in projection. The arm has fairly red colors consistent with 
that of the surrounding background, and is thus largely a 
stellar-dynamical phenomenon. Other aspects of the galaxy, 
such as disk/bulge properties and colors, appear to be nor- 
mal for the type of Sab. The outer arms and part of the inner 
ring show bluer colors than the inner arm, and appear to 
include gas dynamics. 

The inner ring of NGC 4622 is interesting in that it may be 
partly made of the leading arm and partly of the trailing 
arms, which blend into the ring nearly due east and due 
south of the nucleus. In conjunction with the published mod- 

els, the appearance suggests that the ring is intimately linked 
with the +1:1 resonance with the companion. 

NGC 4622 is a strong case for a system with tidally gener- 
ated spiral structure. The presence of the large difference in 
the phase of the 16 Fourier component between the B and / 
filters in the inner ring region supports the idea that the in- 
ner, single arm is the leading component relative to the disk 
orbital motion. This galaxy may be the clearest case yet de- 
monstrating this expected density wave color phase shift be- 
cause the shift is much larger for a one-armed pattern than 
for a two-armed pattern. In contrast, the outer arms display 
no significant phase shift from B to /, suggesting that they 
are trailing, tidal material arms. It is clear that the kinema- 
tics of the system are needed for a definitive interpretation of 
its structure and history (especially to better establish the 
inclination), and to this end we plan to obtain imaging 
Fabry-Perot interferometry. In a separate paper, we discuss 
our experiments with an improved model of the dynamics. 

Note added in proof. We wish to point out that galaxies of 
the Magellanic Cloud (or SBm) type show “leading spurs” 
as a characteristic part of the structure [de Vaucouleurs & 
Freeman, Vistas in Astron., 14, 163 ( 1972) ]. These features 
are of an entirely different nature than the feature seen in 
NGC 4622 and reflect more the properties of periodic orbits 
in a bar potential. 

We thank C. Struck-Marcell for helpful comments which 
improved the presentation of this paper. This work was sup- 
ported by NSF EPSCoR Grant No. RII 8996152 and by 
NSF Grant No. AST 9014137 to the University of Alabama. 
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Fig. 1. NGC 4622: (upper left) £-band image in intensity units. North is at the top and east is to the left. The two stars labeled 1 and 2 are 106"7 apart and 
can be used for the scale of all four images as well as those in Fig. 8. (Upper right) B — /color index map. The range displayed \§B — I = 1.75 (darkest) to 
2.75 (lightest). (Lower left) Residual Æ image (intensity units) after subtraction of bulge + disk decomposition model. Note the enhanced appearance of 
the leading arm, which begins near the bright foreground star close northeast of the center. (Lower right) Same as at lower left, but for the /band. [Note: 
The illustration of this galaxy in Shu ( 1982) has much better seeing than these images.] 

Buta et al. (see page 1527) 
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Fig. 3. Reproduction of the field of NGC 4622 from SRC-J copy film 322. Several companions are labeled, and the arrow points to a small galaxy (of un- 
known redshift and labeled C for companion) which we suspect to be the perturber. 

Buta, et al. (seepage 1527) 
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Fig. 8. Fourier decomposition of NGC 4622 (/band): (Upper left) Image reconstructed from the 7 lowest-order terms in the expansion {n = 0-6). This 
image is in units of mag arcsec 2. (Upper right) The n — 0 image, also in units of mag arcsec “2. (Lower left) n = \ image, in intensity units. (Lower 
right) n = 2 image, in intensity units. All four of these images are in positive format (as opposed to Fig. 1, where the images are negatives). 

Buta er û/. (seepage 1531) 
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