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ABSTRACT 

The southern galaxy NGC 1433 is one of the nearest examples of a ringed, barTed spiral. It is the prototype of 
revised Hubble type (R')SB(r)ab, and it includes the three main ring types possible in a normal galaxy: a nuclear 
ring/lens 0'.3 in diameter, an inner ring 3'.0 in diameter, and an outer pseudoring 5'.8 in diameter. In addition to 
these rings, the galaxy possesses a remarkable set of "plumes," or short feather-like spiral arcs symmetrically 
leading the bar. This paper explores the photometric and kinematic properties of this galaxy by means of 
UBVRI photographic surface photometry and Ha interferometry. Basic photometric parameters defined by 
de Vaucouleurs are first derived to demonstrate that the object is fairly normal for its type. From detailed ellipse 
fits, it is shown that isophote eccentricities and orientations vary in a complicated manner with increasing 
radius, mainly because of the misalignment of the major axes of the three rings. The inner ring is almost exactly 
aligned parallel to the strong bar, while the nuclear and outer rings are misaligned with the bar by 62° and 79°, 
respectively, in projection. Each ring is found to be a zone of enhanced blue colors relative to its surroundings, 
consistent with the presence of active star formation. Recent star formation is also found in the "plumes." 
Subtle azimuthal variations in color index are detected along the inner ring, in the sense that that structure is 
reddest in those regions immediately trailing the bar. Both the nuclear and the inner rings are found to consist of 
two components: a blue, narTow component composed of young associations and H II regions, and a red, broad 
component composed of much older stars. The broad component of the inner ring is in the form of a lens, and 
its significant intrinsic eccentricity leads to both radial and azimuthal terms in the color gradient. Bar-interbar 
amplitudes are found to reach a maximum of 2.5 mag in the I band, which is larger than for other barred spirals 
with recently published data. 

A Fourier analysis is used to study the azimuthal variations in the light distribution in some detail. Near the 
ends of the bar, 20 and 40 components are of major importance. These are found to contribute 33% of the total 
near-infrared light within the standard isophotal radius. 

The kinematics of the inner ring confirm that its apparent alignment along the bar is not an artifact of 
projection effects. The line of nodes appears to be virtually along the major axis of the outer pseudoring, 
implying that the intrinsic axis ratio of the inner ring is 0.65 ± 0.03 depending on the inclination. If the inner 
ring represents a naturally outlined view of a periodic orbit in the bar field, then the variation of radial velocity 
as a function of position angle around the ring favors a model where motion is in the forward direction (i.e. , the 
ring is within corotation). 

The major conclusion of this paper is that most of the observed properties of NGC 1433 favor the hypothesis 
that the rings have originated near orbital resonances with the bar, specifically the inner Lindblad resonance for 
the nuclear ring/lens, the inner second harmonic resonance for the inner ring, and the outer Lindblad resonance 
for the outer ring. Pure gasdynamical models provide the best account of the properties of the rings, but are 
nevertheless incomplete since each ring is largely stellar. The origin of the stellar components is uncertain, but 
the new photometry suggests that the inner lens has not originated from some kind of ongoing dissolution of the 
bar, but rather could be just an "old ring." The new data also suggest that the disk of the galaxy has been 
significantly restructured by the bar, and that the "gap" between the inner and outer rings, together with the 
"plumes," is a signature of orbital instability in the vicinity of corotation. 

Subject headings: galaxies: individual - galaxies: internal motions - galaxies: photometry -
galaxies: stellar content- galaxies: structure 

I. INTRODUCTION 

Ring structures are prominent features in the light distribu
tions of many normal disk galaxies (Curtis 1918; Sandage 

1 Visiting Astronomer, Cerro Tololo Inter-American Observatory and 
Anglo-Australian Observatory. 
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1961; de Vaucouleurs 1956, 1959, 1963; de Vaucouleurs 
and de Vaucouleurs 1964; Kormendy 1979, 1981, 1982a; 
de Vaucouleurs and Buta 1980a, b; Gallagher and Wirth 
1980; Athanassoula 1983; Buta 1984a). The rings occur in a 
variety of forms, ranging from closed continuous enhance
ments to partially open, pseudoring-like spiral patterns, and 
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~ normally fall into only three subclasses: (1) nuclear rings, (2) 
inner rings, and (3) outer rings. Statistical studies ( de 

~ Vaucouleurs 1963; Kormendy 1979; de Vaucouleurs and Buta 
f? 1980 b) have demonstrated how - 50% of disk galaxies of 
~ early to intermediate type have at least one of these types of 
,-; rings, and Kormendy (1979) has stressed the special impor-

tance of the rings as major components of barred galaxies. 
Dynamical models published over the last 10 years have 

made it increasingly clear that these rings are probably a 
natural consequence of the response of the disk material to 
the perturbing influence of a bar or barlike perturbation in 
the mass distribution. Gas in the disk can respond to a bar by 
forming spiral shock fronts whose forms slowly change as the 
result of torques exerted by the bar. In time, gas can gather 
into ringlike patterns near a principal orbital resonance and 
take on a form which can closely resemble one of the families 
of periodic orbits near the resonance. The detailed under
standing of ring formation has been especially well illustrated 
by then-body models of Schwarz (1981), and other aspects of 
bar-forcing models of spiral structure and rings are sum
marized in the excellent reviews of Kormendy (1982a) and 
Athanassoula and Bosma (1985). 

In spite of the theoretical progress, data on rings are sorely 
lacking. In order to confront the theory, it is necessary to 
explore the morphologic, metric, photometric, and kinematic 
properties of rings of all types. In the first paper of this series 
(Buta 1986, hereafter Paper I), the systematics of the apparent 
shapes, relative sizes, and apparent orientations of inner and 
outer galaxy rings were used to deduce the intrinsic shapes 
and orientations of the structures with respect to bars. This 
study confirmed previous indications that the rings have a 
wide range of intrinsic ellipticities, and was able to establish 
with a larger data base than before the existence of certain 
preferred alignments between bars and rings which strongly 
link them to the orbit-particle resonances. However, statistics 
alone cannot firmly establish the nature of the rings but can 
only provide tantalizing hints. Detailed studies of individual 
cases are needed in order to bring the dynamical models into 
their proper focus (see, for example, Elmegreen and Elmegreen 
1985). 

The purpose of this paper is to further explore the nature of 
rings using detailed photometry and spectroscopy of an excel
lent individual case, NGC 1433, one of the nearest and largest 
examples of a ringed, barred spiral. UBVRI photographic 
surface photometry and Ha interferometry are presented for 
this object, a classic "theta" spiral, and compared with the 
theory of resonance rings and barred spirals. Successive papers 
will deal with a "nonbarred" ringed system (NGC 7531), a 
different kind of barred spiral (NGC 6300), and several 
"Saturn" lenticulars (e.g., NGC 7702) discussed by Buta 
(1984a ). Section II describes the morphology of NGC 1433 in 
some detail, § III the observations, and § IV the analysis. The 
possible dynamics of the galaxy are described in § V. Conclu
sions are presented in § VI. 

II. MORPHOLOGY 

NGC 1433 is an extremely interesting case, as shown by the 
several reproductions in Figure 1 (Plate 44), which are based 
on the prime-focus plates used for the photometry (details of 
the plates are given in § III). The classification for the galaxy 
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in the Second Reference Catalogue of Bright Galaxies 
(de Vaucouleurs, de Vaucouleurs, and Corwin 1976~ hereafter 
RC2) is SB(r)a, but the new plate material together with the 
findings in Paper I leads me to reclassify it as (R'1)SB(r,nl)ab. 
A number of basic parameters of the galaxy are compiled in 
Table 1. 

The six photographs in Figure 1 illustrate the structure of 
NGC 1433 at three exposure levels and in two passbands, the 
photographic B band and a photographic I band which 
closely approximates the Kron-Cousins I photoelectric system 
(Bessel! 1979). Reference should be made to the schematic in 
Figure 2 as an aid in recognizing the main features. Figures 
la and lb show only the nuclear region, where it is seen that 
the nucleus ( n) is surrounded by a small oval region (n 1 , n 2 ) 

which has a fairly sharp edge and which contains a few 
patches. This structure will be referred to as the nuclear lens 
(nl) of the galaxy (see also Sersic and Pastoriza 1965); it is 
probably linked to the nuclear rings observed in better de
fined objects, such as NGC 1097 (Sersic 1958), because in 
color maps (§ III) it has a strong annular character. Of great 
interest is the fact that the near-infrared image of this region 
shows that a small bar crosses the nuclear lens, which places 
NGC 1433 into the class of barred spirals possessing sec
ondary or nuclear bars (Kormendy 1982b), of which NGC 
1291 (de Vaucouleurs 1974, 1975) is the best known example. 
Emerging from near the minor axis of the nuclear lens are two 

TABLE! 

BASIC PARAMETERS FOR NGC 1433 

Parameter Value Notes 

Right ascension (1950) ... . 03h40~45 1 
Declination (1950) . . . . . . . . -47°22'.8 1 
l,b .. . . ...... . ............ . 255?7,-51?2 1 
SGL, SGB. ... . . .. . .... . . .. 247?4, - 39?3 1 
RC2 Hubble type . . . . . . . . . SB(r)a 1 
RSA Hubble type and 

luminosity class ........ SBb(s) 1-11 2 
SGC Hubble type . .. .. .. .. (R')SB(r)ab 3 
Adopted type .. . .......... (R'1 )SB(r,nl)ab 4 
log A e .. . .. .. .. . .. .. . . .. .. . 1.43 ± 0.02 
log D25 .. .. .. • .. .. . . .. .. .. .. 1.81 ± 0.01 
log R 25 .... .. . . .. . .. .. .... 0.07±0.01 
log D0 .. .... . ..... .. .. ..... 1.82 
D0 (kpc) .. .. .. .. . . .. .. . .. . 26.0 (µ0 = 30.64), 5 

20.4 (µ0 = 30.12) 
00 (1950) ...... ...... ...... 17° ±2° 6 
Br, Br ..... .. .. .. .. .. . .. .. 10. 70 ± 0.02, 10.40 
(B-V)r , (B-V)i .. ...... 0.79±0.02,0.72 
(U-B)r, (U-B)i .. .. ... . 0.18±0.02, 0.12 
M~(B).. .. ......... .. .. .. .. -20.2 (µ 0 = 30.64), 5 

-19.7 (µ 0 = 30.12) 
C21 (B) ... ............ .. .. .. 2.12 7 
C32 (B) ... .. ... . .. .. . . .... .. 1.73 7 
C31 (B) .... . ..... .... .. .. ... 3.67 7 
V0 (km s - 1) .. .. .. .. .... .. 1079±2 8 

NoTES.-(1) From RC2. (2) Notes-variety classification. 
(3) From Corwin, de Vaucouleurs, and de Vaucouleurs 
1985. (4) See text for discussion of this type. (5) The two 
distance moduli µ 0 are due to different assumptions used 
to obtain the inclination (see text and Table 7). (6) Based 
on ellipse fits to outer isophotes in range 3'.0 5; a 5; 3'.7. (7) 
See de Vaucouleurs 1977 for definitions of these concentra
tion indices. (8) See § IV; this value is ~ 100 km s- 1 larger 
than that given in RC2. 
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FIG. 1. - Photographs of NGC 1433: (a) nucleus from B-band Plate SS 02; (b) nucleus from /-band AAT Plate 2337; (c) inner ring and bar region 
from B-band CTIO Plate 5362; (d) inner ring and bar region from /-band AAT Plate 2336; (e) outer pseudoring and plumes from B-band CTIO plate 
5362; (/) outer pseudoring and plumes from /-band AAT Plate 2336. Details on each plate can be found in Table 2. Refer to Table 6 for the size of each 
ring. North is at top, and east is to left. 

BuTA (see page 632) 
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FIG. 2.-Schematic diagram to aid in recognizing the main features 
illustrated in the photographs. 

dust lanes (d1 ,d 2 ) which continue on the leading edges of the 
primary bar (b1 , b2 ) . These features are shown best in the 
photographs of Figures le and ld. The inner ring (r) of the 
galaxy wraps around the bar and can, at least in one interpre
tation, be thought of as consisting of four parts (r1 ,r2 ,r3 ,r4 ) . 

(This notation should not be confused with similar notation 
used for another purpose in Paper I.) At opposite ends of the 

bar, a spiral arc (r1 or r2 ) emerges almost perpendicularly and 
appears to wind completely to the other side, except for the 
splitting near the apparent minor axis of the inner ring. Since 
the parts of the inner ring do not match exactly at its minor 
axis, the arcs (r3 , r4 ) are singled out as the continuation of the 
structure, each of which "overshoots" the bar slightly to form 
stubby spiral arms. Each arc is patchy in the B-band image, 
and each is still plainly visible in the /-band image. Parallel to 
and outside the arcs (r3 ,r4 ) are two striking "plumes" (p1 ,p2 ) 

symmetrically located with respect to the nucleus. These are 
rare features of barred galaxies (Buta 1984b) and are best 
illustrated in the long-exposure photographs in Figures le 
and 1/, which show that the features are like island feathers 
in the sense that they do not appear connected in any way to 
the two main outer arms (a1,a2 ) . Each plume includes a 
bright "knot" (k1 ,k 2 ), and each is plainly visible in the 
/-band image. The outer arms are of very low surface bright
ness and are not symmetrical in the sense that the northern 
arm (ai) is better defined than the southern arm (a2 ). Both 
arms emerge from near the ends of the bar and wind nearly to 
the opposite side, almost touching the plumes and appearing 
to form an outer pseudoring of the R'1 type (see Fig. 2, Paper 
I). 

III . OBSERVATIONS 

a) Surf ace Photometry 

Plates for the surface photometry of NGC 1433 were 
obtained from four sources. The first is a set of four plates, 
chosen to match the Johnson UBVR photoelectric system, 
taken in 1981 October at the prime focus of the 4 m telescope 
of Cerro Tololo Inter-American Observatory (CTIO). The 
photometric quality of these plates was judged to be good, 
and all were taken under good seeing conditions ( < 2"). The 
second source consists of three short-exposure BVR plates 

TABLE2 

PLATE MATERIAL FOR SURFACE PHOTOMETRY 

Exposure Plate 
Plate Time Aerr a Scale Seeing 

Number Emulsion Filter (minutes) C1 CKc (A) (arcsec mm - 1 ) (arcsec) 

A. CTIO Observations 

5359 .... . . Ila-D GG495 30 21.04 5500 18.62 1-2 
5361. ..... 098-04 RG610 25 20.21 20.51 6400 18.62 1-2 
5362 .. .... Ila-O GG385 25 22.60 4360 18.62 1-2 
5363 .. .... Ila-O UG2 66 21.57 3520 18.62 1-2 

B. SSO 1.0 m Observations 

ss 02 .. . . Ila-O GG13 30 22.09 4360 24.99 <l 
ss 10 .... Ila-D GG14 30 21.55 5500 24.99 <l 
ss 11 .... 098-04 RG2 30 19.28 19.58 6400 24.99 <l 

C. AA T Observations 

2336 ...... IV-N RG695 90 19.28 19.58 7780 16.40 <l 
2337 . ... . . IV-N RG695 15 19.33 19.63 7780 16.40 - 0.5 

D. UK Schmidt Observations 

19577 .... IV-N RG715 180 18.87 19.17 7880 67.12 <l 

•From Elmegreen 1980 or Carignan 1983. 
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'"' taken with the Siding Spring Observatory (SSO) 1.0 m tele-
scope. These were obtained under excellent seeing conditions 

~ and were needed to complement the CTIO plates, which were 
~ overexposed in the bulge. The third source consists of two 
~ near-infrared (IV-N emulsion) plates taken at the prime focus 
,-; of the 3.9 m Anglo-Australian telescope (AAT) in 1984 Oc-

tober. The final source is a copy of an infrared plate taken 
with the United Kingdom Schmidt (UKS) telescope at SSO. 
Details of all of the plates are compiled in Table 2. 

The surface photometry was performed using the numerical 
mapping technique of Jones et al. (1967). Details of the 
reductions are given by Buta (1984a). The accuracy of the 
density-to-intensity conversions as well as the absolute zero 
points of the plates were determined using three sets of 
photoelectric calibration data. The first consists of nearly 30 
centered multiaperature measurements covering a range 
10" :s; A :s; 4'.5, 18 of which were measured by the author 
using either the CTIO 0.91 m telescope or the SSO 0.4 and 1.0 
m telescopes (see Table 3). Other published measurements are 
compiled by Longo and de Vaucouleurs (1983). The R and / 
measurements for this set are mainly in the Johnson system, 
and were calibrated using standards given by Moffett and 
Barnes (1979). The combination of the long and short ex
posure plates was found to produce a zero-point constant 
independent of aperture diameter to within ± 0.03 mag for 
each passband (Fig. 3a). 

The second set of calibration data consists of 60 B-band 
drift scans obtained with the SSO 0.6 m telescope and 30 V-, 
25 R-, and 30 /-band drift scans obtained with the SSO 1.0 m 
telescope (see Table 4). These were taken in the east-west 
direction on a line passing through the nucleus and were 
calibrated using E-region standards (Menzies, Banfield, and 
Laing 1980). This means that the R and / measurements are 
in the Kron-Cousins system (Bessell 1979). The scans were 
made in apertures ranging from 33'.'2 to 40'!0 and hence are of 
fairly low resolution. In order to properly compare them with 

TABLE3 

UBVRl PHOTOELECTRIC MULTIAPEF:TURE PHOTOMETRY OF NGC 1433• 

Aperture V B-V U-B V-R R-l 

9':6 . . .... . . 13.05 0.91 0.42 (0.58) (0.59) 
15.4 .. ... .... 12.47 0.86 0.43 0.79 
23.5 . . ... .. . . 12.14 0.86 0.37 (0.55) (0.58) 
33.3 ...... . .. 11.91 0.87 0.38 0.84 0.66 
33.3 ... . ..... 11.91 0.88 0.37 0.83 0.66 
53.5 ... ... ... 11.56 0.88 0.37 0.82 
56.3 ..... . .. . 11.54 0.89 0.36 0.86 
65.8 . ... .. ... ll.40 0.89 0.40 0.84 0.66 
65.8 ........ . 11.40 0.89 0.39 0.83 0.67 
74.1 . . . . . ... . 11.31 0.87 0.41 0.82 
98.8 ......... 11.08 0.87 0.42 0.84 0.66 
98.8 ....... .. 11.08 0.87 0.36 0.83 0.65 
98.8 ..... . ... 11.09 0.87 0.37 0.83 

131.1 ... . .... . 10.82 0.87 0.38 0.81 0.61 
131.1 . .. .. . ... 10.81 0.87 0.35 0.79 
207.8 .... . .. .. 10.41 0.81 0.59: 0.86 
252.8 . . .. . . . .. 10.27 0.80 0.22 0.79 
252.8 ...... ... 10.23 0.81 0.12 0.91 

•Values in parentheses are measured in the Kron-Cousins RI system. 
All other values are in the Johnson UBVRI system. 
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FIG. 3.-Zero-point residuals for plate calibrations from (a) multi
aperture photometry and ( b) east-west drift scans. 

the photographic photometry, a program was written to 
simulate the scans exactly for the chosen aperture. Figure 3b 
shows the residuals between the simulated scans and the 
measured scans and demonstrates that no large systematic 
errors are present in the new photographic photometry, at 
least to within a few percent of the night-sky brightness. 

The final set of photoelectric data consists of four measure
ments made at points well off the center of the galaxy (Table 
5). These were fixed using an offset guider. The measurements 
provided useful checks on the other two approaches, and 
yielded results in good agreement with them. The adopted 
zero points, given in Table 2, generally have mean errors less 
than ± 0.02 mag. Since the photoelectric data include both 
Johnson and Kron-Cousins RI measurements, the zero points 
in each system could be deduced and are also given in 
Table 2. 

The plate/filter combinations in Table 2 have been widely 
used and the effective wavelengths given there were taken 
from the literature (Elmegreen 1980; Carignan 1983). The R 
and / combinations are poor approximations to the Johnson 
R and / photoelectric systems, but are actually quite good 
approximations to the Kron-Cousins R and / systems. For 
V, B - V, and U - B, I have transformed the photographic 
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TABLE4 

BVRJ EAST-WEST PHOTOELECTRIC DRIFT SCANS OF NGC 1433a 

r µB u µv u µRK c u µ[KC u 
(") {39."2) (mag) {33."2) (mag) {33."2) (mag) {40."0) (mag) 

-183.71 25.47 0.183 25.19 0.328 24.61 0.377 
-173.50 25.15 0.137 24.58 0.188 24.27 0.277 
-163.30 24.80 0.102 24.11 0.123 23.72 0.160 23.09 0.337 
-153.09 24.22 0.059 23.90 0.102 23 .50 0.139 22.56 0.196 
-142.88 24.08 0.051 23.41 0.066 23.04 0.085 22.42 0.169 
-132.68 24.02 0.050 23.36 0.063 22.98 0.085 22.28 0.157 
- 122.47 23.81 0.042 23.10 0.051 22.61 0.062 21.88 0.110 
-112.27 23.26 0.027 22.77 0.038 22.23 0.047 21.55 0.085 
- 102.06 22.71 0.017 22.18 0.024 21.68 0.029 21.14 0.058 
-91.85 22.39 0.013 21.78 0.017 21.27 0.020 20.81 0.043 
-81.65 22.24 0.012 21.53 0.014 21.02 0.017 20.52 0.034 
-71.44 22.14 0.011 21.40 0.013 20.85 0.015 20.32 0.028 
-61.24 22.07 0.010 21.28 0.012 20.77 0.014 20.19 0.025 
-51.03 22.03 0.010 21.17 0.011 20.62 0.012 20.09 0.Q23 
-40.82 21.96 0.010 21.04 0.010 20.51 0.011 19.94 0.021 
-30.62 21.71 0.008 20.85 0.009 20.28 0.010 19.61 0.017 
-20.41 21.05 0.005 20.27 0.006 19.70 0.007 18.97 0.011 
-10.21 20.37 0.004 19.37 0.004 18.87 0.004 18.39 0.007 

0.00 20.28 0.003 19.19 0.003 18.67 0.004 18.25 0.006 
10.21 20.36 0.003 19.31 0.003 18.83 0.004 18.36 0.006 
20.41 20.85 0.004 20.13 0.006 19.47 0.005 18.82 0.009 
30.62 21.67 0.008 20.80 0.009 20.15 0.009 19.52 0.015 
40.82 21.90 0.009 21.01 0.010 20.46 0.011 19.89 0.019 
51.03 21.98 0.010 21.12 0.011 20.62 0.012 20.03 0.022 
61.24 22.08 0.010 21.22 0.011 20.72 0.013 20.13 0.024 
71.44 22.11 0.010 21.34 0.012 20.85 0.014 20.24 0.025 
81.65 22.29 0.012 21.57 0.Ql5 21.08 0.016 20.51 0.031 
91.85 22.55 0.014 21.87 0.Ql8 21.42 0.021 20.83 0.040 

102.06 22.98 0.020 22.31 0.026 21.85 0.029 21.21 0.054 
112.27 23.41 0.028 22.80 0.039 22.36 0.046 21.71 0.083 
122.4 7 23.81 0.040 23.14 0.053 22.65 0.060 22 .21 0.132 
132.68 24.00 0.048 23.44 0.068 22.82 0.071 22.52 0.194 
142.88 24.06 0.050 23.59 0.078 23 .08 0.087 22.40 0.163 
153.09 24.32 0.061 23.94 0.106 23.34 0.112 22.58 0.195 
163.30 24.87 0.097 24.29 0.144 23.55 0.135 22.82 0.221 
173.50 25.51 0.177 24.76 0.221 23.91 0.187 
183.71 25.80 0.253 24.96 0.265 24.45 0.287 

•surface brigh.tnesses are in mag s- 2 within the indicated aperture sizes. Negative radii are 
west, and positive radii are east. Errors are statistical. 

TABLES 

UBVRJ PHOTOELECTRIC POINT PHOTOMETRY OF NGC 1433• 

X y Aperture V 8-V U-B (V-R)Kc (R-l)KC 

O':O -149':9 33':22 17.10 0.99 0.47 0.60 0.58 
-76.3 -115.0 33.22 16.39 0.89 0.18 0.39 0.65 
-76.3 0.0 33.22 14.17 0.72 0.13 0.51 0.59 

84.4 0.0 33.22 14.33 0.73 0.01 0.48 0.55 

• Coordinates are with respect to the nucleus; X increases to the east; y 
increases to the north. 

surface brightnesses to the Johnson system using relations 
similar to those of Talbot, Jensen, and Dufour (1979). For R 
and /, only the zero points in the Kron-Cousins system are 
used and should be adequate. 

The surface photometry is reliable to sufficiently faint levels 
that we can use the data to derive a number of useful 
photometric parameters of NGC 1433. The definitions of 
these parameters are given by de Vaucouleurs (1948, 1953, 
1977) and are compiled for NGC 1433 in Table 1. While such 

parameters may not tell us much about the dynamics of the 
system, they are nevertheless needed in order to demonstrate 
that NGC 1433 is a fairly normal object for its type, and also 
to evaluate the system's distance. All parameters are corrected 
for Galactic extinction, inclination, and redshift according to 
procedures outlined in RC2. 

Mean luminosity profiles, relative integrated luminosity 
curves, color-aperture relations, and magnitude-aperture rela
tions were extracted from the intensity arrays. The total 
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~ magnitude is easily derived from these relations and is found 
to be Br=l0.70±0.02, or Bi=l0.40. The corrected in-

~ tegrated colors, (B - V)i = 0.72, (U - B)i = 0.12, are con-
~ sistent with a Hubble type of Sab-Sb according to the mean 
'"' ~ color-color relation derived by de Vaucouleurs (1977). The 
,-; concentration indices, C21 , C32 , and C31 , defined by the ratios 

of equivalent radii enclosing one-fourth, one-half, and 
three-fourths of the total light, respectively, are useful 
quantitative measures of the light concentration which have 
been estimated for many galaxies. For a pure spheroidal 
system obeying an , 114 law in projection, they would have the 
values 2.74, 2.55, and 6.99, respectively, while for a pure 
exponential system the values would be 1.75, 1.61, and 2.82 
(de Vaucouleurs and Aguero 1973). For NGC 1433 the values 
C21 (B) = 2.12, C32 (B) =l.73, and C31 (B) = 3.67 indicate a 
mixed system with a moderate degree of central concentra
tion. These values are typical for a spiral having a stage 
Sa-Sab (de Vaucouleurs 1977). 

Isophote maps of NGC 1433 at two levels of resolution are 
shown in Figures 4a and 4b. The first plot is at low resolu
tion and illustrates the large-scale structure to µ, 8 = 26.5 
mag s- 2• The second shows high-resolution B-band isophotes 
of the nuclear lens. The variation of the major-axis orienta
tion and axis ratio of the isophotes was derived for each 
passband from ellipse fits using a program described by 
Carter (1978). Results are illustrated in Figure 5, and several 
fitted isophotes (in the R band) are shown in Figure 6. The 
orientations are defined by a 1950 coordinate system which 
was determined from reference to local SAO catalog stars. 
The isophotes of NGC 1433 make almost stepwise changes in 
position angle with increasing radius (Fig. 5b ). The axis ratios 
of the isophotes also show a complicated variation with 
radius, being most elongated in the bar and least elongated in 
the transition region just beyond the nuclear ring. The ellipse 
fits break down in the zones of large changes in axis ratio and 
orientation, because ellipses are a poor approximation to 
isophote shapes in these zones (see Fig. 6d). However, be
yond the outer pseudoring the isophotes were found to be 
well represented by ellipses in all five passbands (Fig. 6 e ). 
The CTIO B, V, and R plates give the mean axis ratio in this 
region to be 0.85 ± 0.01. 

Table 6 lists the geometric parameters of the various com
ponents of NGC 1433. This shows that the different rings in 
the galaxy have neither the same apparent shape nor the same 
orientation. The nuclear lens is elongated in an angle M = 62° 
relative to the bar and inner ring, while the outer (R') is 
elongated at ll.0 = 79° relative to these structures. The pho
tometric major axis is well determined at the position angle 
00 = 17° ± 2° (1950.0). 

Figures 7a-7d (Plate 45) show the global B - V, U - B, 
U - V, and U - I color distributions in NGC 1433. The maps 
are coded to emphasize "blue" features, which are dark, as 
opposed to " red" features, which are light. These maps dem
onstrate that each ring in NGC 1433 is a zone of enhanced 
blue colors. At the center a partial ring of blue colors includ
ing two "knots" is plainly visible; it is shown at much higher 
resolution in Figures 7e and 7/, for B - V and B - I. This 
suggests that the nuclear lens really is a nuclear ring, and that 
the lack of a ringlike character in blue light is due to the fact 

BUTA 
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b 

FIG. 4.-(a) Low-resolution B-band isophotes of NGC 1433 based 
on CTIO Plate 5362. ( b) High-resolution B-band isophotes of the nuclear 
region from a Siding Spring plate. 

that it is superposed on the steeply declining surface bright
ness background of the bulge. A similar case where a nuclear 
structure appears ringlike only in color distributions is NGC 
4314 (Benedict 1980). 

In contrast to the nuclear ring, the dust lanes in the bar are 
visible as red features (B - V"' 1.0) emerging from opposite 
sides of the ring. The lane on the west side is best defined and 
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PLATE 45 

FIG. 7.-Detailed maps of the large-scale color distribu tion within NGC 1433. The maps are coded to emphasize "blue" features, which are dark, over 
" red" features, which are light. The maps are (a) B - V, ( b) U- B, ( c) U - V, ( d) U - I, ( e) B - V (nuclear region only), and (/) B - I (nuclear region 
only). The gray scales are such that the sense dark to light corresponds to the sense blue to red . The scales are (leftmost value, increment): (a) (0.3,0.1) ; 
( b) ( -0.6,0.2); ( c) ( - 0.3,0.2) ; (d) (0.9,0.2) ; ( e) (0.3,0.1) ; (/) (1.1,0.2). Note striking blue color ( B - V"" 0.6) of the inner ring, and the red dust lanes 
( B - V ""1.0) on the leading edges of the bar which wrap around the nuclear ring. Note also the partial arc of enhanced blue colors in the nucleus, 
suggesting that the "nuclear lens" is really a nuclear ring. Maps in panels e and / are on slightly different scales (refer to Table 6 for the ring sizes). 
Bu TA ( see ___page 636) 
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FIG. 5.-(a) Ax.is ratios of isophotes of NGC 1433 based on ellipse fits. The fits are uncertain in transition zones. The parameter a is the 

semi major-axis radius. ( b) Sarne as (a), but for the orientations of the isophotes. 

seems not to extend all the way to the inner ring, but instead 
sharply changes direction at about three-quarters of the radius 
to the ring. This occurs where the bar appears to end abruptly 
on this side (see Fig. 1). On the leading edge of the western 
dust lane, a zone of enhanced blue colors is visible in all of 
the color maps, especially those involving the U band. If the 
dust lane marks the location of a shock, as was suggested 
many years ago by Prendergast (1962) then this relation 
between star-forming region, dust lane, and bar is expected 
according to the hydrodynamical models of Roberts, Huntley, 

and van Albada (1979). It suggests that the interior region of 
the inner ring lies within corotation, and some kinematic 
evidence to support this will be given in§ IV. However, there 
is no significant star-forming zone on the leading edge of the 
eastern dust lane. 

In all maps the inner ring represents a sharp change in 
color, and it is very knotty, especially in the maps involving 
the U band. Of interest is how the "plumes" of NGC 1433 
are visible as blue arcs also including a few discrete knots. 
There is a suggestion, mostly from the B - V map, of a 
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a 
A 

C 

E 

B 

D 

ELLIPSE FIT$ TO R-aAND lsOPHOTES 

ISO. µ a q p . a . 

a 17 . l 3~3 0.68 26° 
b 19 . l 9 . 8 1.00 

C 20 . 7 59 . 8 0.38 96 

d 23 . l 161. l 0 . 70 107 

e 24 . 3 214.6 0.85 15 

connection between the west plume p2 and a point close to 
the minor axis of the inner ring. Beyond the inner ring/plume 
regions the colors are more poorly determined because of the 
very low surface brightnesses. This is especially true for the 
U - I map. In spite of this, the B - V and U - V maps 
clearly indicate that the northern arm is a blue feature 
compared to the "gap." The southern arm provides only a 
subtle contrast of color by comparison. 

b) Ha Fabry-Perot Interferometry 

The velocity field of the ionized gas in NGC 1433 was 
measured using the TAURUS Fabry-Perot interferometer 
(Taylor and Atherton 1980; Atherton et al. 1982) attached to 
the 3.9 m telescope of the Anglo-Australian Observatory. The 
observations were made by K. Taylor, P. Atherton, and 
myself on 1982 November 8, and data were collected in a 
three-dimensional cube of 250 X 250 X 100 elements consisting 
of spatial coordinates (x, y) and frame number (z). The latter 
is linearly related to etalon spacing /, and, once corrected for 
instrumental effects, directly yields radial velocities. An inter
ference filter having a bandwidth of 15 A and a central 
wavelength appropriate to the redshift of the galaxy was used 
to isolate the Ha line. 

Each frame was integrated in a rapid scan mode to reduce 
the fluctuations due to seeing and transparency variations. 
The velocity resolution achieved was approximately 10.5 
km s- 1 per frame over a free spectral range of about 900 
km s - I. Only about 45 minutes total integration time was 
obtained, owing to poor sky conditions at the time of the 
observations. 

All the observations were made with the f/8 Cassegrain 
option of the AA T. This yielded a spatial resolution of 
l ':30 ± 0'.'01 per pixel. The usable field was 5'.4 X 5'.4. 

FIG. 6. - Illustrations of several fitted ellipses to isophotes in RKc 
band light. Note rectangular shape of the isophote (d), which occurs in 
the region of the plumes just beyond the inner ring. 

In addition to the galaxy observations, scans were made of 
a calibration source in order to derive the etalon constants 
and make a phase mapping that removes the spatial depen-

TABLE6 

GEOMETRIC PARAMETERS OF NGC 1433 

A. APPARENT SIZES, SHAPES, AND ORIENTATIONS 

Diameter Axis Ratio 
Major Axis 

p.a. 
(1950) Structure d q 

Outer pseudoring . ..... . 5'.8 0.85 
Inner ring . .. . .. .. . . . . . . 2.96 0.72 
Nuclear ring/lens . . .... 0.31 0.80 
Plumes . . .... .. .... . . ... 4.6 
Bar .. . . . . . . . . . .. . . . . . . . . 2.4 0.2: 

B. INTRINSIC SIZES, SHAPES, AND ORIENTATIONS 

i=20° 

Diameter Axis Diameter 
STRUCTURE (kpc) Ratio OB. ring (kpc) 

Outer pseudoring . .. . . .. 22.7 0.90 900: 17.8 
Inner ring ...... . . . . .. .. 12.3 0.68 1 10.8 
Nuclear ringj1ens . . .... 1.2 0.84: 57 1.0 
Plumes ····· ·· ··· · ··· ·· · 18.8 20 16.1 
Bar . .. . ..... . ... . . . . . . . . 9.8 0.2: 8.7 

17° 
93 
34 
75: 
96 

i = 33° 

Axis 
Ratio 

1.00: 
0.61 
0.88 : 

0.2: 

OB.ring 

oo 
38 
18 
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~ dence of the frame number on wavelength. The calibration 
scans were made before and after each set of galaxy scans. 

~ Any additional wavelength-independent sensitivity variations 
f? were removed via standard flat-fielding techniques. 
~ A Gaussian fitting program was used to find the frame 
~ number of the emission in the spectrum at each ( x, y) pixel. 

Since the observations were obtained under poor trans
parency conditions, a smoothing process was applied to the 
entire three-dimensional array. Radial velocities were finally 
derived through the equation v = a + bz , where z is the 
phase-corrected frame number and a and b are constants. 
These constants are derived from a special analysis of two 
monochromatic calibration sources. The procedure is de
scribed in detail by Atherton et al. (1982), and the constants 
employed here were supplied to the author by K. Taylor. 

Unpublished radial velocities in NGC 1433 based on slit 
spectra obtained with the image-tube spectrograph of Cerro 
Tololo Inter-American Observatory were kindly communi
cated to the author by C. J. Peterson and provide a useful 
check on the precision of the TAURUS observations. To 
make the comparison, the data were divided into 10" X 10" 
cells. The mean difference in zero point was found to be 
( VT - Vp) = + 5.1 ± 3.2 km s- 1, with a(TP) =12.3 km s- 1 for 
15 cells containing an average of 10 points per cell. The 
standard deviation per point in each data set was determined 
by computing individual residuals between pairs of points in 
each individual cell (excluding the nucleus). This led to a(TP) 
= 24. 7 km s- 1. The fairly large error is probably due to the 
faintness of the emission, and it indicates external errors on 
the order of 15 km s- 1 per velocity point for each data set. 

Figure 8a shows the distribution of the velocity data points 
obtained from the TAURUS and Peterson data. Since 
TAURUS is capable of providing a complete two-dimen
sional mapping of the distribution of emission regions in a 
galaxy, then Figure 8a also shows the distribution of H II 

regions in NGC 1433. It is obvious that this distribution 
possesses quite localized properties, because the emission is 
found to be concentrated mostly within the inner ring around 
the bar and in a clump at the center. There is no strong 
emission in the bar region, and only one H II region ( associ
ated with blue knot k1 in the plume p1) was detected beyond 
the inner ring. 

The global velocity field of NGC 1433 is shown in Figure 
8b. The coverage for this plot is sparse, but it confirms what 
one would already suspect from the morphology: the velocity 
gradient is steepest along the photometric major axis of the 
outer pseudoring. The inner ring is therefore without a doubt 
a highly elongated oval which is aligned along the bar axis. 

The nuclear region velocity field is shown at high resolution 
in Figure 8c. The distribution of Ha emission in this region is 
not centered on the nucleus and shows a complicated velocity 
field. The degree of miscentering is actually uncertain be
cause, although TAURUS also yields information on the 
continuum distribution within the passband, this was weak 
and rather broad in the central region. The nuclear position 
could not be established to better than 2". However, the sense 
of the displacement of the center of the emission toward the 
southwest is confirmed by the Peterson observations. In spite 
of the uncertain nuclear position, it is obvious that there is a 
steep velocity gradient in this region. Very peculiar is the way 

the gradient in the southwest quadrant is nearly perpendicular 
to the major axis of the disk, which is a sure sign that 
significant noncircular motions must be present. The form of 
the velocity field does not seem consistent simply with gas 
flowing in the forward direction along highly oval streamlines 
having the shape of the nuclear lens. Also perplexing about 
this map is the lack of a ringlike character to the gas distribu
tion. While the light distribution in blue light is more like a 
lens than a ring, the nuclear structure shows a partial arc of 
enhanced blue colors on its west side in the color maps. A 
similar barred spiral, NGC 1512, shows a well-defined nuclear 
ring where the gas distribution is definitely ringlike in a 
TAURUS map (Buta 1984a). 

IV. ANALYSIS 

a) Spatial Orientation and Distance 

In order to deduce the intrinsic shapes and orientations of 
the rings in NGC 1433, we need to know the inclination and 
line of nodes. Both the photometry and the kinematics are in 
good agreement that the line of nodes is close to 00 = 17° , but 
the inclination presents a more difficult question. Normally, 
the shape of the outer isophotes of a galaxy near the µ, 8 = 25.0 
mag s - 2 level is used for deriving the inclination (Bottinelli 
eta/. 1983), but for NGC 1433 this is not reliable because this 
isophote is affected by the faint outer arms. Moreover, these 
outer arms form an outer pseudoring of the R'1 type, which 
statistics in Paper I suggested on average is a type which is 
oriented perpendicular to bars. For this reason we need to 
consider carefully the inclination in the context of the kine
matics as well as the photometry. 

Several approaches can be used to deduce the inclination of 
NGC 1433. The first is to assume that the outer disk is 
circularly symmetric, in which case the inclination can be 
calculated from 

cos2 i = ( q2 - q,2 ) /( 1- qf), (1) 

where q = b / a is the apparent axis ratio and q, is the true 
flattening, c / a, of the disk (Hubble 1926). The true flattening 
is well known to be a function of Hubble type (Heidmann, 
Heidmann, and de Vaucouleurs 1971), and Bottinelli et al. 
(1983) have shown that a simple representation of this depen
dence is given by 

- log q1 = 0.60 + 0.045T, (2) 

where T is the stage in RC2 numerical units. This is strictly 
valid for the µ, 8 = 25.0 mags- 2 isophote. Since this isophote 
is not reliable for NGC 1433, I use the disk shape at the 
fainter isophote levels, which are well-defined ellipses having 
q = 0.85. For NGC 1433, equation (2) yields q1 = 0.20, and by 
equation (1) the inclination is 33°. In the second approach the 
true major axis of the outer pseudoring is assumed to be 
intrinsically oriented perpendicular to the bar. This orienta
tion is consistent with the statistics of R'1 pseudorings de
scribed in Paper I, but those statistics favored a mean axis 
ratio of 0.85 for SB outer rings. That in NGC 1433 cannot be 
this elongated because of the significant measurable velocity 
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FIG. 8.-(a) Distribution of velocity points from TAURUS Fabry-Perot interferometry and slit spectroscopy by C. J. Peterson. (b) Global velocity 
field at the indicated resolution. (c) Velocity field of the nuclear region at high resolution. Note the concentration of Ha emission within the inner ring 
and in a clump at the center. Note also how the line of nodes is nearly along the apparent minor axis of the inner ring, indicating that that structure must 
be intrinsically elongated along the bar. A steep velocity gradient is apparent in the nuclear region, as well as some signs of noncircular motions. 
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FIG. 8- Continued 

gradient nearly along the major axis of the ring. A more 
reasonable estimate is 0.90, which is certainly within the range 
of possibilities for R'1 pseudorings. In this case the inclination 
would be only - 20° because the line of nodes is already 
nearly orthogonal to the bar in projection. 

Using these values of the inclination, we can make rough 
estimates of the maximum rotation velocity in NGC 1433. 
From the inner-ring region alone, the velocities along the 
photometric major axis give Vm = 165 km s- 1 for i = 33° or 
261 km s- 1 for i = 20°. Rubin et al. (1982, hereafter RFTB) 
have presented rotation curves for many Sb galaxies covering 
a range of masses and luminosities that could allow us to 
decide between the two values. Because the TAURUS inter
ferometry detected only emission within the inner ring and 
the nucleus, I cannot derive a reliable optical rotation curve to 
compare with RFTB's sample, but it is clear from the velocity 
field that the rotation in NGC 1433 rises quickly to near the 
maximum within the nucleus. According to RFTB, this type 
of behavior is typical of the highest luminosity Sb galaxies, 
for which maximum rotation velocities of - 250 km s- 1 are 
observed. The comparison favors the inclination of 20°, and 
suggests that the outer pseudoring is slightly oval and is 
oriented very nearly perpendicular to the bar. 

Independent of which of the two values of i is correct, the 
inner ring is intrinsically aligned almost exactly parallel to the 
bar as long as the line of nodes is close to 00 = 17° (see Table 

6B). The apparent axis ratio is 0.72, which implies that the 
true axis ratio is 0.61 for i = 33° or 0.68 for i = 20°. Statistics 
in Paper I indicated that SB inner rings have intrinsic axis 
ratios probably nearly uniformly distributed within the range 
0.60-0.95, so that in NGC 1433 would be among the most 
eccentric. 

The distance of NGC 1433 is needed for evaluating its true 
properties. Table 7 lists six estimates based on two distance
independent indices of absolute magnitude: the luminosity 
index (de Vaucouleurs 1979a) and the 21 cm line width (Tully 
and Fisher 1977; Bottinelli et al. 1983). The luminosity index 
is defined as 

Ac= (T+ Lc)/10, (3) 

where T is the stage and Lc is the van den Bergh luminosity 
class on the RC2 numerical scale (de Vaucouleurs 1977), 
corrected for a small effect of inclination ( de Vaucouleurs, 
de Vaucouleurs, and Corwin 1978). For NGC 1433, no 
van den Bergh estimate of L is available, but the Revised 
Shapley-Ames Catalog of Bright Galaxies (Sandage and 
Tammann 1981, hereafter RSA) includes an estimate of I-II 
or L = 2. It has been found (G. de Vaucouleurs 1983, pri
vate communication) that there is a slight systematic dif
ference between the RSA luminosity classes and those of 
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TABLE 7 

DISTANCE MODULUS OF NGC 1433 

Method 

A. Luminosity Index Moduli 

Total corrected blue light magnitude Bi . . . . . . . 31.07 
Corrected blue light isophotal diameter D0 . . . . 31.00 
Effective aperture A, . . . . . . . . . . . . . . . . . . . . . . . . . . . 30.32 
Inner-ring diameter d, . . . . . . . . . . . . . . . . . . . . . . . . . . 30.19 

Weighted mean (A) 
Internal mean error ....... . ... . .. .... .... . ... . . . 

30.70 
0.23 

B. 21 cm Line-Width Moduli 

Total corrected magnitude Bi 
i = 20° ....... · · ··· .... . ........ .. ... ·· · · · ·· . . 30.64 
i = 33° ... .. . . .. .... . . .. . . ................ ... . 29.61 

Corrected diameter D0 

i = 20° ... ....... . ......... .. .. . .... ········· 30.42 
i = 33° . .... . . . .. . . . . ....... . ..... . .. . .. . . ... . 29.39 

Weighted mean : 
B. i = 20° ... . ........... .. .... . .. .. ... . .. . .... . 30.57 
C. i = 33° ............... . ........ . . ... .. . . . ... . 29.54 

Unweighted mean of A and B . . . . . . . . . . . . . . . . . 30.64 
Average deviation.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.07 

Unweighted mean of A and C... . . . ... . . . . ... . . 30.12 
Average deviation . . . ... ... ...... .. .. ... ......... 0.58 

w 

1.0 
0.5 
0.7 
0.5 

1.0 
1.0 

0.5 
0.5 

Notes 

1 
1 
1 
2 

3 
4 

3 
4 

NoTEs.-(1) Based on revised type T= 2, reduced RSA luminosity 
class L = 2.7 (see text), photometric parameters in Table 1, and calibra
tion formulae derived by de Vaucouleurs 1979a, b. (2) Based on mean 
inner-ring diameter, d, = 2'.9 (from de Vaucouleurs and Buta 1980a; 
Pedreros and Madore 1981; and CTIO prime-focus plate 5362) in con
junction with three-parameter calibration formula derived by Buta and 
de Vaucouleurs 1982. (3) Based on H I line width and Tully-Fisher 
relation derived by Bottinelli et al. 1980, 1983. The inclination of 20° is 
derived from the apparent axis ratio of the outer isophotes under the 
assumption that the intrinsic axis ratio of the outer pseudoring is 0.9 (see 
text). (4) Same as (3), except that the outer disk is assumed to be 
intrinsically round to obtain the inclination. 

van den Bergh, L(RC2) = 0.3 + l.18L(RSA); hence I will 
adopt L = 2.7 for NGC 1433. With the correction described 
by de Vaucouleurs, de V aucouleurs, and Corwin (1978), this 
yields Ac= 0.49 and allows the distance to be evaluated using 
the four methods listed in Table 7. The four luminosity index 
moduli are in fair agreement, and a weighted · mean of their 
values (with weights based on the quoted errors from the 
sources of the calibrations) is (µ0(Ac)) = 30.70±0.23 (inter
nal mean error). 

The 21 cm line width of NGC 1433 has been measured by 
Bottinelli et al. (1983), and distance moduli derived in con
junction with this quantity are nearly independent of those 
derived from the luminosity index. However, at least for NGC 
1433 the 21 cm distances are more uncertain because of the 
critical dependence of the corrected line width on the inclina
tion. Table 7 shows that the 21 cm line width gives distance 
moduli in very good agreement with the luminosity index 
moduli if the inclination is 20°, but not if i = 33°. This could 
be further evidence in support of the former value. The mean 
values, 30.64 (i = 20°) or 30.12 (i = 33°), will be adopted 
here. 

BUTA Vol. 61 

b) Interpretation of the Luminosity and Color Data 

Figure 9 shows profiles along and perpendicular to the bar 
axis of NGC 1433 in all five passbands. Those in Figure 9a 
(p.a. 96 °) show that the bar has a shallow luminosity gradient 
that becomes more constant as the passband changes from I 
to U. Elmegreen and Elmegreen (1985) have measured bar 
luminosity profiles in 15 other spirals and found that two 
types exist: a "flat" type prominent among early spirals where 
the bar has a nearly constant luminosity and an "exponential" 
type prominent among later spirals where the bar decreases 
exponentially in surface brightness. NGC 1433 appears to fit 
into their "flat" category. Probably the increasing dominance 
of the spheroidal component in the redder passbands causes 
the bar profile to become less uniform with increasing effec
tive wavelength. At a radius of about 100" the profiles all 
change slope, marking the edge of the inner-ring zone. 

In Figures 9b and 9c the profiles perpendicular to the bar 
are shown, while Figure 9d shows the profiles along the major 
axis (p.a.= 34°) of the nucleus. These highlight the "three
zone" photometric structure of this galaxy which is typical of 
many barred galaxies (Kormendy 1982a). The first shows the 
inner ring and nucleus region only, while the second shows a 
folded profile along this axis to improve the signal-to-noise 
ratio in the very faint outer ring. The inner ring is visible at a 
radius of about 70" along this axis and is clearly enhanced in 
the bluer passbands, but note how it still produces a visible 
bump in the I passband. Since the inner ring is a plateau in 
the near-infrared, it could be referred to as a "lens." This 
interesting observation highlights the intimate connection be
tween rings and lenses. It suggests that the inner ring has a 
two-component nature: a narrow blue component comprised 
of young stars and Hn regions, superposed on a somewhat 
broader, redder component comprised of older stars. Lenses 
are further discussed in§ Vb. 

Figure 9c also shows that the outer ring produces a visible 
bump in all five passbands. There is only a very subtle "gap" 
in surface brightness between the inner and outer rings, with a 
minimum surface brightness being achieved at a radius (re
duced to the major axis) of - 133". Beyond the outer ring the 
U, B, V, and R passbands all suggest that the decline is 
exponential, which seems to be a typical property of barred 
galaxies as suggested by previous, albeit limited studies 
(de Vaucouleurs 1975; Blackman 1983). The profiles have the 
same character in all of the passbands, suggesting that the 
outer pseudoring is largely a stellar density enhancement. 

The profile in Figure 9d highlights how the nucleus pro
duces a conspicuous bump or "sloping shoulder" at a radius 
of - 7" that is most prominent in the bluer passbands. It is 
obviously not flat enough to satisfy rigorously the definition 
of a lens, but the feature is superposed on a very steeply 
declining background and still constitutes a significant en
hancement. The greater prominence in B light is also in
fluenced by dust, which partly causes the luminosity profile to 
be very steep just outside the nuclear structure. 

The color profiles along the bar and antibar axes are shown 
in Figure 10. To improve signal-to-noise ratio, these were 
constructed by integrating the photographic photometry at 
equally spaced positions within a circular aperture of diame
ter 10" for r > 10", or diameter 2" for r:,; 10". Since the dust 
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FIG. 9.-Luminosity profiles of NGC 1433: (a) along the projected bar axis (p.a.= 96°); (b) along the projected antibar axis (p.a. = 6°); (c) along 
the same axis as ( b ), but folded to improve the signal-to-noise ratio in the faint outer ring; ( d) along the projected major axis of the nuclear "lens" 
(p.a.= 34°). 

lanes are on the leading edge of the bar, they do not seriously 
affect the profiles. Except for V - R, all color indices indicate 
a significant color gradient along the bar, a minimum being 
reached where the inner ring and nuclear lens are crossed. 
Table 8 compiles parameters of the gradient in all the colors 
along the projected bar and antibar axes. The gradients have 
been corrected for inclination, and values for both of the 
possible inclinations are given. Solutions were made to rela
tions of the form CJ.= a+ bs, where s is the radius in the 
galaxy plane. Along the bar axis, the range 18" ~ s ~ 71" was 
used, while along the antibar axis the range 15" ~ s ~ 68" was 

used. Over these ranges the color variations are very nearly 
linear (Fig. 10). 

The gradients are seen to be steepest along the antibar axis, 
which is closer to the major axis and line of nodes (17°) of 
the galaxy than the bar axis. If this color gradient were purely 
radial, then the gradient should be steepest along the minor 
axis of the galaxy. This implies that the color gradient in NGC 
1433 is nonaxisymmetric, i.e., has both radial and azimuthal 
terms. To illustrate this characteristic better, Figure 11 shows 
three B - V isochromes in this region together with fitted 
ellipses. These strikingly demonstrate that the azimuthal de-

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



O'.l 
.-; 
(") 

"' 
.-; 

"' 
(/J 

t-o 
0.. ,,: 
"' ro 
°' .-; 

644 BUTA Vol. 61 

..... 
' ::> 

> 
I 

aJ 

(D 
I 

::> 

..... 
I m 

.... 
I 

> 

IC 
I 

> 

3 

2 

0 

3 

2 

0 

0 

BAR Axrs p . a . = 96° 

/Yy 
y V 

y y y 
y 

y 
y 

y y V 
y 

y y y 
y y 

y 
y 

.... + + + ... ♦ + ... 
♦ .. 

+ • ♦ .. ++. ♦ .. 
'ilfX ,c ,c ,c ,c XX X 

lC 
X 

X lC lC 
lC 

I( 
lC X 

IC 
X IC 

X 
a 

i'AAAx1s p. a. = 96° 

••••••••••••••••• ♦ ♦ ♦ ♦ ♦ ♦ 

• 

b 

50 100 150 0 
r(") 

ANTI-BAA Axis p. a. = 5° 

y 

-r,:, y 

-i 
y .. .,. y y 

y 
y,, 

y y V y,, y y y y 

y 
y y 

.. 
+ + + + .. 

.. + .. .. + .. + + 
X ,c X XX 

lC X X lC lC 
XX X lC lC XX lC ,c IC 

X IC 

C 

IWTI-BAA Axis p. a. = 6° 

z 

•• 
•••••••••• ♦ ••••• 

♦• 
•• 

d 

so 100 150 
r(") 

FIG. 10.-Observed color index profiles along and perpendicular to the bar axis of NGC 1433 

pendence of the color gradient is well represented by an oval 
whose shape and orientation change with increasing (geomet
ric) mean radius. Figure 12 shows the variation in the axis 
ratio and major-axis position angle of the oval based on 
ellipse fits to isochromes in all of·the colors, including B - I 
and V - I . Also shown on these plots are the axis ratio and 
major-axis position angle of the ridgeline of the inner ring 
(horizontal bars). Figure 12a shows that the axis ratios of 
isochromes gradually increase from q = 0.55 to q = 0.10 over 
a range 40" - 70" in mean radius. The inner ring has a mean 
radius of 75" and an axis ratio of 0.72, so the isochromes are 
gradually approaching the shape of the ridgeline of the ring. 
The orientation of the isochromes (Fig. 12b) appears to 
increase from p.a. = 90° to p.a. = 105° over a range 40" -60" 
in mean radius, and then decreases to about 100°. The 
major-axis position angle of the inner ring is 93°, so the 
isochromes are slightly offset to an orientation trailing the 
bar. 

Along the inner ring itself there is a subtle azimuthal color 
variation. To illustrate this, a cursor was used with a TV 
display to select 66 points along the ridgeline of the ring. The 

flux in each passband was integrated at these points within a 
circular aperture of diameter 7':5, which included 16-20 pixels 
to provide fairly precise colors. Figure 13 shows the variation 
in the B - V, V - B, V - I, V - R, V - I, and B - I colors 
versus position angle around the ring (see Table 9). The 
position angles of the ends of the bar are also indicated. 
These demonstrate that the inner ring is reddest in those 
regions immediately trailing the bar. A test of the reddening
free parameter, Q, suggests that the trailing zones are not 
preferentially reddened by dust. The effect is largest in those 
colors involving the V band, suggesting that it is due to a 
change in the number of luminous, young stars. Such a 
change could imply that compression is not uniform around 
this ring but is enhanced in the zones leading the bar. 

The age of the stellar population in the ring can be ex
plored with a color-color diagram. Figure 14 shows the plot 
based on the data in Table 9, and in addition data were 
extracted from the intensity arrays for the following: (a) two 
zones in the bar which are just outside the nuclear lens but 
which avoid the dust lanes; ( b) several positions within the 
bar dust lanes; ( c) several bright individual blue knots in the 
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TABLES 

COLOR GRADIENTS IN NGC 1433 

Index a hss CJ33 (50") h20 C/20(50") 
m.e. m.e. s.d. m.e. s.d. 

1 2 3 4 5 6 

(a) p. a. (1950) = 96° 

U-I 2.649 -0.0049 2.40 -0.0055 2.37 
0.025 0.0005 0.03 0.0006 0.Q3 

B-V 0.975 -0.0017 0.89 -0.0019 0.88 
0.009 0.0002 0.01 0.0002 0.Ql 

U-B 0.444 -0.0014 0.38 -0.0015 0.37 
0.010 0.0002 0.Ql 0.0002 0.Ql 

B-I 2.211 -0.0036 2.03 -0.0041 2.01 
0.023 .0.0005 0.02 0.0005 0.Q2 

V-I 1.226 -0.0017 1.14 - 0.0019 1.13 
0.013 0.0003 0.01 0.0003 0.01 

V-R 0.480 +0.0003 0.50 +0.0003 0.50 
0.004 0.0001 0.00 0.0001 0.00 

(b) p. a. (1950) = 6° 

U-I 2.848 -0.0161 2.04 -0.0161 2.04 
0.052 0.0012 0.06 0.0012 0.06 

B-V 1.041 -0.0051 0.79 -0.0051 0.79 
0.016 0.0004 0.02 0.0004 0.Q2 

U-B 0.522 -0.0063 0.21 - 0.0063 0.21 
0.045 0.0010 0.05 0.0010 0.05 

B-I 2.334 -0.0100 1.84 -0.0099 1.84 
0.025 0.0006 0.03 0.0006 0.03 

V-1 1.273 -0.0042 1.06 -0.0042 1.06 
0.012 0.0003 0.01 0.0003 0.Ql 

V-R 0.505 +0.0003 0.52 +0.0003 0.52 
0.024 0.0005 0.03 0.0005 0.03 

Col. (1).-Color index. 
Col. (2).-Zero point of color gradient (same for both values of inclination). 
Col. (3).-Slope of color gradient in galaxy plane for i = 33° (radius in 

arcseconds). 
Col. (4). - Color index interpolated at a radius of 50" in galaxy plane ; error 

based on standard deviation of solution for gradient. 
Col. (5). - Same as col. (3), for i = 20°. 
Col. (6).-Same as col. (4), for i = 20°. Position angle (p.a.)= 96° refers to the 

projected bar axis; p.a. = 6 ° is the projected antibar axis. 

-0.75 30" 

FIG. 11.-Isochromes in the bar region for three different values of 
B - V. Also shown are ellipses fitted to these isochromes. Note the oval 
shape of these isochromes, and their changing orientation. In order to 
show such behavior, the color gradient must have both radial and 
azimuthal terms. 

inner ring and plumes; (d) several positions within the two 
plumes; and ( e) the ridgeline of the nuclear ring. Each point 
in Figure 14 has been corrected for Galactic extinction, 
inclination, and redshift according to RC2 procedures. [The 
corrections amount to E(B- V) = 0.07 and E(U- B) = 
0.06.) Also shown in Figure 14 are the standard RC2 galaxy 
color-color relation from de Vaucouleurs (1977) and a theoret
ical cluster track from Searle, Sargent, and Bagnuolo (1973) 
which assumes a= 2.45 for the initial mass function (IMF). 
The ages corresponding to the points on this track are also 
indicated. Figure 14b shows that colors in the inner ring and 
bar region follow the standard RC2 galaxy sequence very 
closely. The colors within the bar are very similar to the 
integrated colors of SO galaxies, and these points lie very 
nearly on the point on the theoretical cluster track where the 
age is 1010 years. Hence, the bar is made of a very old stellar 
population. Points in the inner ring, however, spread along 
the upper part of the galaxy sequence and are well separated 
from the bar points. More than 80% of the inner-ring points 
lie virtually exactly in the zone occupied by the integrated 
colors of Sb-Scd galaxies. Searle, Sargent, and Bagnuolo 
(1973) showed that the spread in the colors of late-type 
galaxies along the color-color sequence to the right of a 
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cluster track is due to different star-forming histories rather 
than to significant differences in the ages of such galaxies. For 
Sb-Scd galaxies, their models require a gradually declining 
star formation rate where the IMF decay parameter /J is equal 
to 1-3. Averaged over the whole of NGC 1433, the decay 
parameter would be /J = 4 according to the integrated colors 
in Table 1. The spread of the inner-ring points along the same 
sequence as Sb-Scd galaxies must mean that the stars in the 
ring have a wide range of ages superposed on an old back
ground and that star formation in the ring may have been 
more vigorous in the past. The same interpretation applies to 
the plumes, which, according to Figure 14a, occupy nearly 
the same part of the galaxy sequence. The plumes and the 
inner ring must have similar stellar populations. 

Points in the inner ring and plumes which depart signifi
cantly above the observed galaxy sequence are influenced by 

bright associations, and their U light is dominated by the 
high-mass stars in these associations. That some of these 
associations are very young is illustrated by the seven objects 
in the upper part of Figure 14b. The magnitudes of these 
objects were computed by integrating the flux through a 10" 
aperture, and then correcting for the "background" by mea
suring the flux in one or two neighboring regions located 
approximately on the same isophote as the knot. This has the 
advantage that the light from the knot is corrected for all 
underlying components independent of any model. The data 
for the seven chosen objects are compiled by Buta (1984a). 
The mean colors, ((B- V) 0 ) = -0.04, ((U - B)0 ) = -0.96, 
are very similar to those observed by Bok and Bok (1962) for 
bright associations in the Large Magellanic Cloud, and to 
those observed at McDonald Observatory for bright "super
associations" in several nearly face-on late-type spirals (Wray 
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FIG. 13.-Azimuthal color index profiles along the ridgeline of the 
inner ring of NGC 1433. These show that the ring is reddest in those 
regions immediately trailing the bar. 

and de Vaucouleurs 1980). The seven objects lie very close to 
the part of the theoretical cluster track where the age is 107 

years or less. All nevertheless lie slightly to the right of the 
cluster track, which may signify that the RC2 procedures have 
undercorrected these colors for internal reddening, or that the 
IMF of these clusters is not consistent with the Searle et al. 
model. 

The color-color diagram for 22 individual l':5 square pixels 
along the ridgeline of the nuclear ring and within 5" of the 
nucleus alone is shown in Figure 14a. As with the inner ring 
and plumes, most points in the nuclear ring lie close to the 
galaxy sequence, but in this case the points occupy the lower 
part of the sequence, presumably because the light in each 

pixel is dominated by the old population in the bulge. There 
is only one prominent "knot" in this region, which is plainly 
visible in the color index maps (Fig. 7) - 7" southwest of the 
center; it has colors (B- V) 0 = 0.47, (U - B) 0 = -0.20 that 
closely match those of an Scd galaxy. However, most points 
in the nuclear ring fall slightly to the left of the galaxy 
sequence, while the nucleus lies on the sequence and shows 
colors typical of late SO galaxies. The displacement is prob
ably not an artifact of misregistration of the intensity arrays 
(very important for colors in this region), since great care was 
taken to ensure that the registration is as reliable as possible. 
One physical interpretation of it is that the nucleus is only 
now recovering from a recent "burst" of star formation . 
According to models of Searle, Sargent, and Bagnuolo (1973), 
Biermann and Fricke (1977), and Larson and Tinsley (1978), 
a burst of star formation in a region already composed of 
stars 1010 years old would, depending on the strength of the 
"flash," cause the colors to become very much bluer. As the 
affected region aged the former colors would be recovered, 
but the colors would evolve back to the galaxy sequence from 
the left in the color-color diagram. Alloin and Kunth (1979) 
have measured the spectra of several nuclear-ringed or nuclear 
"hot-spot" systems, including NGC 1433. Of eight objects, 
only NGC 1433 was found to have fairly normal colors in the 
central region. All the rest were suggested to have suffered 
from recent bursts, and NGC 1433 differs from most of them 
in that the nuclear "hot spots" are relatively weak. 

c) Bar-Interbar Amplitudes and a Fourier Analysis of the 
Light Distribution 

We have seen that the color gradient in NGC 1433 is oval 
in the galaxy plane, which is probably a direct result of the 
influence of the bar. How is the nonaxisymmetric component 
distributed within this galaxy, and what is its amplitude? 
These questions can be answered by comparing the light 
amplitude along the bar and antibar axes in the galaxy plane, 
and by Fourier analyzing the light into its main components. 

Figure 15 shows plots of azimuthal I-band surface bright
ness profiles against the angle (J with respect to the line of 
nodes (17°) in the plane of the galaxy. The inclination 
assumed is 33°. In the radius range 20" ::;; r::;; 120", the pro
files show two fairly symmetrical peaks corresponding to the 
position angle of the primary bar. The peaks are sharp within 
the inner ring (which in these profiles affects the interbar 
regions most seriously at r = 60" - 70"), but their maximum 
amplitude is not achieved until r ~ 120". This is shown more 
clearly in Figure 16a, which plots the quantity A= I maxi I min 

(I= intensity) as a function of radius in all five passbands 
(see Table 10). This amplitude steadily increases to a broad 
maximum at r = 115", where the surface brightness variation 
around a circle in the galaxy plane reaches nearly 2.5 mag in 
the I band. Comparison with similar data derived by 
Elmegreen and Elmegreen (1985) for 15 other barred spirals 
shows that NGC 1433 is close to the extremes, because this 
variation is larger than measured in any of their objects. 
Figure 16 also demonstrates the great sensitivity of the bar
interbar amplitude to passband. It increases from I to U, 
where it reaches 3.1 mag. 
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,-; 79.58 115.04 21.79 0.27 0.69 0.54 1.08 1.74 2.01 
77.94 119.48 21.84 0.26 0.74 0.48 1.04 1.75 2.02 
75.36 126.35 21.86 0.14 0.69 0.53 1.07 1.73 1.88 
72.86 131.13 21.86 0.14 0.70 0.52 1.03 1.70 1.84 
72.04 136.98 21.99 0.09 0.60 0.57 1.06 1.62 1.72 
72.83 141.94 21.92 -0.02 0.64 0.47 0.95 1.56 1.54 
71.60 145.55 21.89 -0.22 0.53 0.59 0.97 1.45 1.25 
72.65 151.41 22.07 0.15 0.71 0.51 0.90 1.59 1.74 
73.04 156.65 22.30 0.20 0.69 0.54 1.05 1.71 1.92 
73.46 159.23 22.30 0.08 0.70 0.51 1.01 1.69 1.77 
71.84 163.76 22.10 0.00 0.59 0.50 0.91 1.45 1.46 
70.93 167.27 22.19 0.17 0.56 0.53 0.98 1.49 1.67 
70.14 172.07 22.25 0.12 0.69 0.47 0.96 1.62 1.74 
69.85 176.94 22.21 -0.02 0.56 0.53 0.97 1.48 1.47 
70.07 181.82 22.14 -0.08 0.58 0.47 0.86 1.40 1.33 
72.26 186.44 22.22 -0.05 0.58 0.44 0.87 1.41 1.37 
72.78 193.59 22.51 0.17 0.66 0.48 0.96 1.59 1.77 
72.30 202.55 22.47 0.17 0.64 0.56 0.99 1.59 1.76 
75.67 211.71 22.48 0.08 0.63 0.54 1.04 1.63 1.72 
77 .82 217.49 22.07 -0.49 0.43 0.78 0.90 1.26 0.78 
79.67 223.66 22.34 0.04 0.65 0.52 0.97 1.58 1.63 
81.24 228.85 22.41 0.06 0.56 0.65 1.10 1.61 1.68 
82.20 233.23 22.40 0.09 0.67 0.54 1.11 1.75 1.84 
84.21 238.87 22.13 -0.11 0.54 0.51 0.97 1.46 1.36 
87.00 244.20 22.26 -0.05 0.59 0.56 1.05 1.60 1.55 
89.07 248.85 22.19 -0.07 0.60 0.61 1.03 1.59 1.52 
92.48 255.29 21.61 -0.43 0.40 0.49 0.84 1.18 0.75 
97 .33 259.45 21.87 -0.33 0.48 0.60 0.90 1.32 1.00 
98 .30 262.15 22.02 -0.22 0.55 0.64 0.95 1.46 1.24 

100.90 266.52 22.28 0.02 0.63 0.58 1.02 1.61 1.64 
101.80 274.93 21.93 -0.15 0.58 0.56 0.95 1.48 1.34 
97 .23 279.75 21.66 -0.26 0.54 0.54 0.91 1.40 1.16 
92.97 284.14 21.72 -0.10 0.65 0.57 1.02 1.64 1.54 
88 .77 288.02 21.69 0.12 0.70 0.56 1.03 1.71 1.83 
86.37 291.84 21.76 0.16 0.72 0.48 0.99 1.69 1.85 
85.09 296.75 21.83 0.15 0.68 0.51 1.02 1.66 1.82 
82.39 301.50 22.02 0.17 0.74 0.54 1.05 1. 76 1.93 
79.35 305.70 22.05 0.21 0.76 0.56 1.06 1.80 2.01 
76.73 311.78 22.09 0.18 0.67 0.60 1.09 1.73 1.90 
75.81 315.76 22.11 0.13 0.64 0.58 1.07 1.67 1.81 

73.49 321.66 22.22 0.19 0.74 0.54 1.06 1.78 1.98 

70.19 325.61 22.14 0.14 0.73 0.52 1.01 1.72 1.86 

68.58 330.51 22.11 0.00 0.68 0.52 1.00 1.65 1.65 

67.29 332.78 22.03 0.00 0.67 0.46 0.94 1.58 1.58 

65.98 339.21 22.28 O.o7 0.73 0.51 1.03 1.74 1.81 

64.38 344.26 22.39 0.21 0.71 0.56 1.09 1.78 1.99 

63.52 348.19 22.15 0.21 0.83 0.55 0.89 1.71 1.92 

61.25 356.25 22.37 0.11 0.66 0.54 1.13 1.77 1.88 

61.57 3.20 22 .36 0.10 0.71 0.56 1.05 1.74 1.84 

59.55 9.21 22.18 0.01 0.70 0.54 1.01 1.69 1.70 

59.20 13.74 22.07 -0.29 0.57 0.67 1.03 1.55 1.27 

60.97 22.23 22.10 0.06 0.65 0.54 1.06 1.67 1.74 

60.68 30.41 22.05 0.06 0.71 0.56 1.07 1.75 1.82 

60.87 35.47 22 .02 0.06 0.65 0.54 1.06 1.68 1.74 

62.55 41.46 22.00 0.11 0.63 0.56 1.08 1.67 1.78 

64.88 47.08 21.95 0.02 0.65 0.53 1.03 1.65 1.68 

67.38 55.06 21.93 0.04 0.56 0.58 1.10 1.61 1.66 

71.08 62.34 21.86 0.08 0.72 0.49 1.00 1.70 1.78 

75.34 69.89 21.80 -0.07 0.60 0.57 1.03 1.59 1.52 

75.24 74.56 21.75 0.05 0.64 0.53 1.08 1.68 1.73 

76.91 80.47 21.54 -0.17 0.62 0.57 1.02 1.60 1.44 

77.88 86.05 21.53 -0.09 0.68 0.57 1.07 1.72 1.63 

82.53 91.30 21.37 -0.23 0.64 0.56 0.99 1.59 1.36 

83.64 97.42 21.60 0.18 0.77 0.57 1.09 1.83 2.01 

86.34 101.14 21.62 0.04 0.66 0.56 1.05 1.67 1.71 

•These are based on integrations within a circular aperture of diameter 1':5. 
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FIG. 14.-Color-color diagrams for selected features in NGC 1433. The labeled curve shows a theoretical evolving "cluster" track from Searle, Sargent, 
and Bagnuolo (1973) (labels in years), while the nearly straight line shows the observed color-color sequence for the integrated light of galaxies of all types 
from de Vaucouleurs (1977). The NGC 1433 points have been corrected for Galactic extinction, inclination, and redshift according to RC2 procedures. 
The plots show that colors within the inner ring, nuclear ring, and plumes follow the galaxy sequence very closely. Colors within the inner ring and plumes 
are the same as those of Sb-Sd galaxies, and hence the features are zones of active star formation. Colors within the bar are indicative of a much older 
population. Some blue knots are close to the part of the theoretical cluster track where the age is 107 years or less. 

The form of these amplitude vanations underscores the 
complicated structure of this galaxy. Within a radius of 75", 
the amplitudes increase only slowly, and in the U and B 
bands they also decrease slightly near r = 65". This is due to 
the influence of the very blue inner ring on the interbar 
surface brightnesses. At radii larger then 75", the interbar 
region lies in the "gap" between the inner and outer rings. 
Maximum amplitude is achieved when the radius crosses the 
ends of the major axis of the inner ring, where star formation 

causes the surface brightness to be very high compared with 
the "gap." Even in the near-infrared, the gap has a much 
lower surface brightness than at the major axis of the inner 
ring. 

Figure 16b shows a plot of the amplitude ratio, A8 /A 1 , 

against the near-infrared amplitude, A 1 , for the radius range 
4":;; r:;; 200" (see also Table 10). Elmegreen and Elmegreen 
(1984, 1985) give such plots (known as color-amplitude di
agrams) for barred and nonbarred spirals that provide a 
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FIG. 15.-Azimuthal surface brightness profiles in the near-infrared. These are profiles taken along circles in the plane of the galaxy assuming an 
inclination of 33°. The primary bar produces the large peaks near 8 = 80° and 8 = 260° and is detectable over the radius range 20" ~ r ~ 180". 

useful comparison. In agreement with their conclusions for 
other barred galaxies, the fact that the amplitude ratio re
mains very close to unity independent of AI for NGC 1433 
means that the bar is a purely stellar density enhancement. 
For r ~ 115", star formation in the nuclear ringjlens and 
near the ends of the bar causes A 8 /AI to be slightly larger 
than unity, while star formation near the minor axis of the 
inner ring causes A8 / AI to be slightly less than unity. The 
fact that the star formation in the rings has very little effect 
on the amplitude ratios means that each must be a largely 
stellar density enhancement as well. 

A Fourier analysis could give us more information on the 
nature of the nonaxisymmetric component in NGC 1433. To 
examine this, I average the light distribution within circular 
annuli in the plane of the galaxy. For this analysis an inclina
tion of 33° is used, so these annuli, in projection, appear as 
ellipses having an axis ratio of 0.85 and major-axis position 
angle 17° . The analysis therefore assumes that the disk is 
axisymmetric. The moments are defined as 

l 0(r) = (J(r,O)), 

lmc(r) = 2(/{r,0) COS m0), 

Im,(r) = 2(/(r,0) sin m0), 

(4a) 

(4b) 

(4c) 

where O is the angle (in the plane) with respect to the line of 
nodes, I is meant to represent intensity (not to be confused 
with I-band surface brightness), and m is an integer. The 

Fourier amplitudes follow from these: 

(5) 

Table 11 gives the variation of the / 0 term (converted to 
surface brightness in mag s- 2 ) for all passbands, including 
two near-infrared profiles based on the AA T and UK Schmidt 
plates described in § IIIa. Figure 17 shows the luminosity 
profiles as well as the color index profiles these imply. Except 
at the radii influenced by the bar and the inner ring, the 
profiles in all passbands are very similar. The disk colors are 
nearly constant at the values B - V = 0.66, U - B = 0.06, 
(V- R)Kc = 0.49, and (V- /)Kc =l.04 for r > 100". 

Figure 18 shows the variation of the relative Fourier ampli
tudes (i.e., Im/I0 ) form =1-6 with radius for the B and I 
passbands only (those for the I band are compiled in Table 
12). These first six terms adequately describe the light distri
bution in NGC 1433. What is obvious first from these plots is 
the remarkable symmetry of this galaxy. In the radius range 
0" ~ r ~ 210" only the even components are important. The 
odd components in both passbands are very small by com
parison. The m = 2 component is nonzero even at very small 
radii owing to the influence of the nuclear bar and lens, and 
rapidly increases outside this region, where a plateau is 
reached at r = 50" in the near-infrared. (If the bulge of the 
galaxy is spherical, it will contribute false Fourier terms in the 
inner regions, since this analysis assumes a thin disk, but 
these terms are probably small compared with the real effects 
of the other components.) The inner ring reduces the m = 2 
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component at r = 10" but produces a peak in the m = 6 
component. The m = 2 component reaches a maximum of 
/ 2 = 0.95/0 in the / band at the radius 113", the same point 
where the bar-interbar amplitude reaches a maximum in all 
passbands (Fig. 16). The m = 4 and m = 6 components are 
also peaked near this radius, but clearly the m = 2 term 
dominates. Both the m = 2 and m = 6 components remain 
important to r == 200", while the m = 4 term decreases sharply 
past 140". The Fourier amplitudes past 200" are very sensi
tive to noise and irregularities in the plate background (espe
cially for the /-band photometry) and are not shown. 

The Fourier amplitudes measured by Elmegreen and 
Elmegreen (1985) for 12 other barred spirals show trends 
similar to those observed here for NGC 1433. Three of their 

objects where the m = 2 component reaches a similar relative 
amplitude are NGC 4314, NGC 5383, and NGC 7479. More 
detailed comparisons cannot be made because these authors 
could make their analyses only over a very limited range of 
radii. 

The significance of the nonaxisymmetric components in 
NGC 1433 can be assessed by summing their contributions 
above the "interbar" luminosities. If the bar is defined purely 
by the / 2 and / 4 components, then the variation of the 
parameter, 

:E( 12 - /4) A.a 
F24 = Lio A.a ' (6) 

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



Ol 
,-; 
(Y) 

'"' TABLE 10 

,-; BAR-INTERBAR AMPLITUDES 

'"' 

Ci) r Au As Av AR A1 t!.m1 As / A1 
t-:, 
Pa 

00: 
'"' co 4."0 1.86 1.48 1.58 1.78 0.62 1.05 
a-, 

6.0 1.65 1.87 1.61 1.62 1.56 0.49 1.19 ,-; 

8.0 2.02 2.56 1.64 1.55 1.46 0.41 1.76 
10.0 3.22 1.79 1.67 2.18 1.51 0.45 1.18 
12.0 1.84 1.69 1.58 1.53 1.36 0.34 1.24 
14.0 1.63 1.65 1.48 1.55 1.36 0.34 1.21 
16.0 1.69 1.59 1.40 1.66 1.43 0.39 1.11 
20.0 1.71 1.67 1.57 · 1.56 1.59 0.50 1.06 
25.0 1.96 1.89 1.93 1.84 1.91 0.70 0.99 
30.0 2.40 2.24 2.31 2.20 2.35 0.93 0.95 
35.0 2.37 2.58 2.79 2.66 2.80 1.12 0.92 
40.0 2.80 2.96 3.20 2.94 3.18 1.25 0.93 
45 .0 2.88 3.26 3.58 3.40 3.69 1.42 0.88 
50.0 3.08 3.33 3.70 3.60 3.87 1.47 0.86 
55.0 2.91 3.46 3.72 3.71 3.84 1.46 0.90 
60.0 2.92 3.50 3.75 3.55 3'.85 1.46 0.91 
65.0 2.83 3.35 3.65 3.53 4.03 1.51 0.83 
70.0 2.56 3.00 3.68 3.48 3.98 1.50 0.76 
75.0 2.78 3.22 3.79 3.90 4.31 1.59 0.75 
80.0 3.88 3.76 4.05 4.06 4.45 1.62 0.85 
85.0 6.67 5.40 5.05 4.59 5.36 1.82 1.01 
90.0 7.91 6.09 5.78 6.09 6.37 2.01 0.96 
95.0 12.47 8.42 6.87 7.87 7.29 2.16 1.16 

100.0 12.85 9.09 8.51 8.32 8.42 2.31 1.08 
105.0 13.32 9.74 8.58 8.93 8.53 2.33 1.14 
110.0 16.60 12.50 9.47 10.18 8.64 2.34 1.45 
115.0 17.24 12.39 10.18 10.72 9.66 2.46 1.28 
120.0 14.24 12.43 8.97 9.32 9.43 2.44 1.32 
130.0 10.42 7.05 6.12 6.03 6.25 1.99 1.13 
140.0 5.14 4.35 3.83 3.98 4.36 1.60 1.00 
150.0 5.30 3.90 3.35 3.03 3.85 1.46 1.01 
160.0 3.28 2.93 2.56 2.64 3.00 1.19 0.98 
170.0 3.62 2.45 2.31 2.69 2.53 1.01 0.97 
180.0 2.09 2.03 1.99 1.96 0.73 1.07 
200.0 1.53 1.56 1.58 1.52 0.46 1.01 

TABLEll 

AZIMUTHALLY AVERAGED UBVR[ PHOTOGRAPHIC SURFACE 
PHOTOMETRY OF NGC 1433• 

r µu µs µv µRKc µrKc µI,cc 

(") CTIQ CTIO,SSO CTIO,SSO CTIO,SSO AAT UK Sch. 

0.00 18.17 17.26 16.30 15.75 14.84 
0.89 18.53 17.65 16.75 16.18 15.28 
1.65 18.59 17.98 17.03 16.53 15.81 
2.43 18.90 18.32 17.37 16.95 16.26 
3.22 19.10 18.60 17.65 17.20 16.58 
4.02 19.34 18.84 17.92 17.45 16.85 
4.82 19.47 19.05 18.16 17.70 17.11 
5.61 19.62 19.24 18.39 17.86 17.29 
6.41 19.76 19.36 18.55 18.02 17.45 
7.21 19.93 19.47 18.70 18.17 17.59 
8.01 20.15 19.65 18.86 18.33 17.75 
8.81 20.41 19.91 19.12 18.54 17.97 
9.61 20.68 20.24 19.41 18.80 18.21 

10.41 20.94 20.54 19.67 19.04 18.46 
11.21 21.17 20.78 19.90 19.25 18.63 
12.01 21.37 20.95 20.04 19.39 18.82 
12.81 21.52 21.07 20.14 19.50 18.90 
13.61 21.60 21.18 20.21 19.67 18.94 
14.41 21.69 21.23 20.27 19.72 19.00 
15.21 21.73 21.25 20.33 19.74 19.07 
16.00 21.79 21.29 20.37 19.80 19.13 
16.81 21.81 21.34 20.40 19.88 19.20 
17.60 21.85 21.38 20.44 19.91 19.25 
18.40 21.89 21.43 20.50 20.01 19.31 
19.20 21.93 21.46 20.55 20.07 19.36 
20.00 21.98 21.52 20.60 20.06 19.42 
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'"' TABLE 11-Continued 

,-; 

'"' r µu µB µv µRKc µ/Kc µIKc 
(") CTIO CTIO,SSO CTIO,SSO CTIO,SSO AAT UK Sch. 

Ci) 
t-:, 
Pa 20.80 22 .02 21.55 20.64 20.10 19.47 00: 

2i.60 '"' 22.07 21.62 20.71 20.19 19.52 co 
22.40 22.12 21.65 O', 20.75 20.18 19.57 

,-; 
23.20 22.15 21.70 20.78 20.22 19.62 
24.00 22.19 21.74 20.83 20.33 19.66 
24.80 22.22 21.79 20.88 20.35 19.71 
25.54 22.25 21.85 20.92 20.36 19.75 19.76 
28.54 22.36 21.98 21.06 20.51 19.90 19.92 
31.54 22.47 22 .09 21.18 20.64 20.03 20.08 
34.53 22.57 22.20 21.31 20.79 20.16 20 .21 
37.53 22.67 22.31 21.42 20.91 20.29 20.32 
40.53 22.75 22.41 21.54 21.03 20.41 20.47 
43.53 22.85 22.52 21.65 21.14 20.51 20.57 
46.52 22.92 22.59 21.73 21.22 20.60 20.66 
49.52 22.95 22.63 21.79 21.28 20.67 20.72 
52.52 22.94 22.66 21.84 21.34 20.71 20.78 
55.52 22.95 22.69 21.87 21.37 20.76 20.78 
58.52 22.91 22.68 21.88 21.40 20.78 20.81 
61.52 22.93 22.70 21.91 21.41 20.80 20.85 
64.52 22.93 22.71 21.92 21.42 20.82 20.88 
67.52 22 .89 22 .69 21.91 21.42 20.83 20.85 
70.52 22.87 22.69 21.92 21.43 20.85 20.85 
73.52 22.88 22.70 21.96 21.47 20.89 20.90 
76.52 22.89 22.74 22 .00 21.51 20.94 20.93 
79.51 22 .89 22.80 22.06 21.56 21.00 21.01 
82.51 22 .98 22.86 22.13 21.65 21.07 21.08 
85.51 23 .06 22.93 22 .22 21.73 21.14 21.19 
88.51 23.14 23 .01 22.28 21.81 21.22 21.26 
91.51 23.15 23 .07 22.35 21.86 21.29 21.32 
94.51 23.20 23.12 22.42 21.91 21.36 21.35 
97.51 23.25 23.19 22.49 22 .01 21.43 21.43 

100.51 23.32 23.24 22.55 22.07 21.52 21.47 
103.51 23.35 23.31 22.63 22.14 21.59 21.57 
106.51 23.43 23.40 22 .73 22.23 21.68 21.67 
109.51 23.48 23.47 22.79 22.30 21.76 21.76 
112.51 23.55 23.53 22.86 22.37 21.83 21.83 
115.51 23.63 23.61 22.94 22.47 21.92 21.88 
118.51 23.74 23.69 23.03 22.55 22 .01 21.96 
121.51 23.84 23 .78 23 .13 22.66 22 .11 22.09 
124.51 23.98 23.90 23.23 22.75 22.21 22.17 
129.04 24 .11 24.05 23.37 22.88 22.34 22.30 

135.03 24.27 24.18 23.49 23.02 22.46 22.37 

141.03 24.41 24.29 23.61 23.12 22.56 22.46 
147.03 24.47 24.34 23.67 23.17 22.63 22.55 
153.03 24.43 24.36 23.67 23.20 22 .66 22.59 
159.03 24.48 24.39 23.74 23.25 22.70 22.59 
165.03 · 24.50 24.43 23.76 23.29 22.76 22.65 
171.03 24.57 24.49 23.83 23.37 22.83 22.77 
177.02 24.67 24.58 23.92 23.46 22.93 22.82 
183.02 24.77 24.69 24.03 23.57 23.06 23.01 
189.02 24.91 24.83 24.17 23.72 23.20 23.14 
195.02 25.04 24.98 24.34 23.88 23.37 23.25 
201.02 25.26 25.18 24.55 24.06 23.55 23.47 

207.02 25.50 25.39 24 .77 24.31 23.77 23.67 
213.02 25.67 25.60 24.99 24.49 23.97 23 .79 

219.02 25.83 25.81 25.21 24.71 24.15 24.06 

225.02 26.05 26.03 25.41 24.94 24.33 24.40 
231.02 26.21 26.22 25.53 25.11 24.51 24.59 
237.02 26.38 26.39 25.73 25.25 24.67 24.72 
243.02 26.50 26.54 25.90 25.38 24.83 24.90 
249.02 26.48 26.68 25.94 25.41 25.03 24.92 
255.02 25.17 
261.02 25.46 
267.02 25.71 
273.02 25.94 
279.02 26.14 
285.02 26.44 
291.02 26.62 
297.02 26.73 
303.02 27.25 
309.02 27.11 

"These profiles are based on averages within elliptical annuli having an axis ratio of 
0.85 and a 1950 major position angle of 17°. All surface brightnesses are in mag s- 2. 
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FIG. 17.-Azimuthally averaged luminosity and color index profiles in all passbands. The averages were taken in circles in the plane of the galaxy 
which project into an ellipse having an apparent axis ratio of 0.85 and major-axis position angle of 17°. Note relatively uniform colors in the disk region. 
The profiles have not been corrected for extinction or path length because of inclination. Two profiles are displaced for clarity of presentation: /(UKS) by 
-0.5 mag and U by + 0.5 mag. 

with radius gives the fractional contribution of the bar with 
respect to the accumulated luminosity of the galaxy. Here l:!,.a 
is the differential area between concentric annuli. A plot of 
the accumulated bar fraction in the l band is shown in Figure 
19a. Within the deprojected radius, - 84" (i = 33°), of the 
optical bar seen on photographs, the contribution is - 25%, 
but integrated over the whole galaxy the contribution is 33% 
within 200", the radius of the standard isophote having 
µ, 8 = 25.0 mag s- 2 (Table 1). The first value is comparable to 
those observed by Elmegreen and Elmegreen (1985) for al-

most all of their sample objects and, interestingly, is not very 
extreme. If only the flux within the optical bar is compared 
with the total flux within D25 , the contribution would be 17%, 
again comparable to values for other barred spirals. The fact 
that F24 continues to increase with increasing radius to nearly 
twice the radius of the feature we would recognize as the bar 
must reflect the nonaxisymmetry of the inner ring. Figure 19b 
shows the "bar-corrected" azimuthally averaged profile 
calculated from the interbar minimum, 10 - 12 + 14 , as com
pared with the profile calculated purely from the 10 term. The 
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significance of the m = 4 and m = 6 terms. The odd terms are insignificant by comparison, and demonstrate the remarkable degree of symmetry present in 
this galaxy. The radial positions of the nuclear ring (nr), inner ring (r), plumes (p), and outer pseudoring (R') are indicated. 

result is similar to the profiles in Figure 9c and demonstrates 
neatly the significance of the nonaxisymmetric components 
over a very large radius range in this galaxy. 

d) Kinematics and Dynamics of the Inner Ring 

Although TAURUS did not detect enough of a global 
distribution of H II to allow us to derive a rotation curve for 
NGC 1433, it does give velocity information around the 
whole of the inner ring; hence the kinematics of the structure 
can be studied in some detail. Since this feature is clearly a 
narrow zone of active star formation and H II region con
centration, can it be thought of as an "orbit" made visible by 
the dynamics of the bar? To answer this question I analyze a 
velocity-position angle diagram such as was used by van der 
Kruit (1974) for the inner ring of NGC 4736. 

Figure 21a shows a plot of the ridgeline points of the inner 
ring used for the analysis in Table 9. Superposed on these 
points is an ellipse which has a major-axis radius of 89", a 
major-axis position angle of 93°, and an axis ratio of 0. 72. 
The ellipse is a fairly good representation of the ring except 
on the west side of the major axis, where the ring is slightly 

pointed. Note that in order to achieve this match it was 
necessary to displace the center of the ellipse by 8" to the 
west and 5" to the south of the nucleus. The significance of 
this mis-centering is hard to assess, but it is not really atypical 
of rings to be mis-centered (see Buta 1984a for other exam
ples). 

The velocity-position angle diagram of the inner ring was 
derived by isolating the velocity points within an annulus 
having the shape of the ring ellipse and within a radius range 
74":::; a :::;104", and then computing the mean radial velocity 
every 10° in position angle. This radius range excludes the 
short, stubby arms which emerge from the major axis of the 
ring, as well as points along the western bar dust lane. On 
average, about 25 individual points are involved in each mean 
point, so the mean error of each is generally less than 5 
km s- 1. 

Two thin ring models were fitted to the resulting curve. The 
first, for pure circular rotation, is shown in Figure 20, and was 
made only to emphasize how any departures from circular 
motion will have only a very subtle influence on this kind of 
diagram when the inclination is low. The systemic velocity, 
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TABLE12 

EVEN MOMENTS OF THE NEAR-INFRARED LIGHT DISTRIBUTION 

Io 12, h/Io I,/Io 

0."63 58.208 1.320 3.990 0.072 0.738 2.299 0.041 8.388 
1.02 47.203 -1.564 3.574 0.083 -0.110 0.356 0.008 -0.373 
1.41 36.083 -0.376 1.049 0.031 -0.340 0.632 0.020 -0.043 
1.81 28.329 -0.169 0.838 0.030 -0.184 0.611 0.023 0.297 
2.21 23.096 0.441 0.403 0.026 0.025 0.746 0.032 0.286 
2.61 19.258 1.452 0.296 0.077 0.635 0.327 0.037 0.049 
3.01 
3.41 
3.81 
4.20 
4.60 
5.00 
5.40 
5.80 
6.20 
6.60 
7.00 
7.40 
7.80 
8.20 
8.60 
9.00 
9.40 
9.80 

10.20 
10.60 
13.58 
16.57 
19.56 
22.55 
25.54 
28.54 
31.54 
34.53 
37.53 
40.53 
43.53 
46.52 
49.52 
52.52 
55.52 
58.52 
61.52 
64.52 
67.52 
70.52 
73.51 
76.51 
79.51 

16.749 2.355 0.695 0.147 0.451 
14.838 2.965 1.251 0.217 0.431 
13.116 2.596 1.702 0.237 0.500 
11.409 2.079 1.709 0.236 0.325 
10.096 1.798 1.604 0.239 0.177 
9.133 1.460 1.608 0.238 0.181 
8.420 1.324 1.307 0.221 0.195 
7.855 1.141 1.089 0.201 0.136 
7.251 1.014 0.936 0.190 -0.004 
6.715 0.946 0.907 0.195 0.021 
6.311 0.752 0.826 0.177 -0.032 
5.942 0.670 0.788 0.174 -0.071 
5.502 0.517 0.787 0.171 -0.074 
5.032 0.358 0.721 0.160 -0.047 
4.553 0.229 0.635 0.148 0.005 
4.108 0.082 0.532 0.131 -0.020 
3.668 -0.014 0.428 0.117 0.038 
3.261 -0.043 0.361 0.112 0.061 
2.948 -0.139 0.304 0.113 0.049 
2.716 -0.180 0.260 0.116 0.008 
1.814 -0.306 0.082 0.175 0.001 
1.445 -0.254 0.039 0.178 0.016 
1.196 -0.265 0.046 0.225 0.039 
0.997 -0.264 0.059 0.272 0.040 
0.855 -0.269 0.077 0.327 0.044 
0.746 -0.270 0.085 0.380 0.049 
0.658 -0.269 0.088 0.430 0.055 
0.583 -0.262 0.083 0.4 72 0.059 
0.517 -0.249 0.079 0.506 0.069 
0.464 -0.235 0.074 0.531 0.073 
0.421 - 0.229 0.070 0.570 0.077 
0.389 -0.219 0.067 0.589 0.084 
0.365 -0.207 0.061 0.592 0.089 
0.348 -0.192 0.058 0.577 0.090 
0.335 -0.183 0.062 0.578 0.088 
0.326 -0.171 0.061 0.558 0.088 

0.683 0.049 
0.459 0.042 
0.589 0.059 
0.535 0.055 
0.502 0.053 
0.591 0.068 
0.507 0.064 
0.575 0.075 
0.471 0.065 
0.365 0.054 
0.317 0.051 
0.153 0.028 
0.134 0.028 
0.060 0.015 
0.066 0.015 
0.051 0.013 
0.044 0.016 
0.110 0.039 
0.123 0.045 
0.151 0.056 
0.019 0.011 

-0.032 0.025 
-0.032 0.042 
-0.031 0.050 
-0.034 0.064 
-0.036 0.082 
-0.04 7 0.110 
-0.051 0.133 
-0.054 0.169 
-0.059 0.202 
-0.058 0.228 
-0.064 0. 272 
-0.061 0.296 
-0.061 0.312 
-0.060 0.319 
-0.058 0.323 

0.008 
-0.006 

0.034 
-0.049 
-0.068 

0.043 
-0.030 

0.061 
0.038 
0.071 
0.055 
0.001 
0.015 

-0.007 
-0.014 
-0.011 

0.019 
0.013 
0.001 
0.029 

-0.002 
0.009 
0.010 
0.004 
0.003 

-0.009 
-0.013 
-0.013 
-0.019 
- 0.021 
-0.027 
-0.029 
-0.034 
-0.034 
-0.035 
-0.036 

0.321 -0.163 
0.314 -0.161 
0.311 -0.160 
0.304 -0.156 
0.294 -0.154 
0.280 -0.156 
0.264 . -0.154 

0.063 0.546 
0.062 0.550 
0.064 0.553 
0.058 0.546 
0.054 0.555 
0.051 0.587 
0.050 0.614 

0.086 -0.058 0.325 -0.036 
0.081 - 0.057 0.314 -0.039 
0.074 -0.060 0.306 -0.040 
0.066 -0.058 0.288 -0.038 
0.055 -0.052 0.256 -0.034 
0.045 -0.042 0.221 -0.027 
0.039 -0.031 0.189 -0.020 

82.51 0.248 -0.155 0.052 0.659 0.037 -0.029 0.190 - 0.014 
85.51 0.232 -0.160 0.052 0.722 
88.51 0.216 -0.158 0.050 0.769 
91.51 0.203 -0.158 0.049 0.817 
94.51 0.190 -0.156 0.045 0.854 
97.51 0.177 -0.153 0.041 0.894 

100.51 0.164 -0.146 0.035 0.914 
103.51 0.153 -0.139 0.031 0.928 
106.51 0.141 -0.130 0.026 0.939 
109.51 0.131 -0.122 0.022 0.947 
112.51 0.122 -0.115 0.018 0.954 
115.51 0.113 -0.106 0.012 0.946 
118.51 0.104 -0.095 0.008 0.919 
121.51 0.095 -0.085 0.007 0.900 
124.51 0.087 -0.07 4 0.005 0.855 
129.04 0.077 -0.060 0.004 0. 784 
135.03 0.069 -0.049 0.003 0. 710 
141.03 0.063 -0.040 0.004 0.639 
147.03 
153.03 
159.03 
165.03 
171.03 
177.02 
183.02 
189.02 
195.02 
201.02 
207.02 

0.059 -0.035 0.004 0.590 
0.057 -0.030 0.003 0.529 
0.055 -0.025 0.001 0.463 
0.052 -0.021 - 0.001 0.397 
0.049 -0.015 -0.003 0.306 
0.044 -0.009 -0.003 0.220 
0.039 -0.006 -0.002 0.166 
0.034 -0.005 -0.001 0.163 
0.030 -0.005 0.001 0.155 
0.025 -0.005 0.001 0.191 
0.021 -0.005 0.001 0.231 

0.038 -0.030 0.211 -0.010 
0.039 -0.031 0.232 -0.013 
0.043 -0.035 0.274 -0.015 
0.046 -0.036 0.306 -0.017 
0.047 -0.036 0.332 -0.017 
0.047 -0.032 0.345 -0.019 
0.046 -0.028 0.353 -0.019 
0.045 -0.024 0.361 -0.019 
0.045 -0.019 0.375 -0.019 
0.043 -0.013 0.368 -0.021 
0.041 -0.008 0.369 -0.021 
0.036 -0.005 0.350 -0.019 
0.029 -0.003 0.308 -0.015 
0.022 0.000 0.256 -0.012 
0.013 0.001 0.166 -0.005 
0.005 0.001 0.076 0.000 
0.001 -0.001 0.021 0.003 

-0.001 
-0.002 
- 0.002 
-0.001 
-0.002 
-0.003 
-0.003 
-0.004 
-0.004 
-0.003 
-0.003 

-0.002 
-0:004 
-0.004 
-0.003 
-0.001 
-0.001 
-0.001 

0.001 
0.002 
0.001 
0.001 

0.039 
0.082 
0.084 
0.067 
0.045 
0.064 
0.080 
0.109 
0.142 
0.119 
0.175 

0.004 
0.007 
0.008 
0.007 
0.006 
0.004 
0.002 
0.001 
0.000 
0.000 
0.000 

Ia/Io 

8.621 0.207 
1.730 0.037 
0.136 0.004 
0.285 0.015 
0.036 0.012 
0.002 0.003 
0.024 0.002 

-0.067 0.005 
0.198 0.015 
0.114 0.011 
0.074 0.010 
0.214 0.024 
0.129 0.016 
0.147 0.020 
0.125 O.Q18 
0.158 0.026 
0.077 0.015 
0.071 0.012 
0.089 0.016 
0.069 0.014 
0.086 0.019 
O.Q15 0.004 

-0.043 0.013 
-0.015 0.006 

0.008 0.003 
O.Q18 0.013 

-0.024 0.013 
-0.001 0.006 

0.006 0.010 
0.012 0.013 
0.017 0.020 
0.019 0.028 
O.D25 0.042 
0.029 0.054 
O.Q35 0.077 
0.040 0.098 
0.042 0.120 
0.048 0.143 
0.045 0.155 
0.048 0.170 
0.050 0.182 
0.052 0.194 
0.054 0.202 
0.057 0.221 
0.055 0.218 
0.053 0.214 
0.048 0.199 
0.043 0.182 
0.036 0.156 
0.029 0.131 
0.026 0.119 
0.023 0.121 
0.021 0.128 
0.020 0.140 
0.020 0.149 
0.020 0.166 
0.017 0.164 
0.014 0.171 
0.012 0.169 
0.008 0.180 
0.003 0.187 

-0.002 0.182 
-0.004 0.167 
-0.004 0.151 
-0.007 0.116 
-0.009 0.125 
-0.008 0.130 
-0.006 0.122 
-0.005 0.147 
-0.003 0.154 

0.000 0.144 
0.000 0.132 
0.002 0.102 
0.003 0.088 
0.002 0.072 
0.001 0.023 
0.000 O.Q18 

-0.001 0.049 
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FIG. 19.-(a) Fractional contribution of the "bar," defined by m = 2 
and m = 4 components, above the "interbar" luminosities. This shows 
that these contribute 33% of the light within a radius of 200". The large 
fraction is a result of the fact that the inner ring, being nonaxisymmetric 
itself, is barlike. (b) Azimuthally averaged luminosity profile after sub
traction of the "bar" as compared with an . uncorrected profile. This is 
meant to show just how significant the nonaxisymmetric component is 
over a very large radius range in this galaxy. 

circular velocity, and line of nodes position angle are given in 
the figure. The standard deviation is 9.9 km s- 1 for the 
illustrated case (i = 33°), but is better ( o = 8.3 km s- 1) for 
the i = 20° case. However, regardless of how well a model for 
pure circular rotation can fit this diagram, more realistic 
models would have to take into account the intrinsic elonga
tion of the ring, which is not negligible in this case. 

In the second model I assume that the H II regions in the 
inner ring outline a single oval periodic "orbit" in a reference 
frame corotating with the bar. Although we cannot build too 
heavily on such a model because the inner ring is really not 
closed but is made of spiral segments (Fig. 2), the gasdynami
cal models of Schwarz (1984c) showed that collisions associ
ated with a small number of resonant periodic orbits could 
cause star formation and H II region concentration in a ring 
around the bar whose shape and orientation closely ap
proximate the shape and orientation · of one of the orbits. 
Within the resolution of the TAURUS data we can largely 
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FIG. 20.-A plot of observed radial velocity as a function of position 
angle around the inner ring of NGC 1433. The curve is a solution for 
pure circular rotation. and its rather good representation of the data 
demonstrates that any noncircular motions present because of the elliptic
ity of the ring have only a small effect because the inclination is low. The 
curve is for i = 33°. but would provide an even better fit if i = 20°. 

ignore the segmented nature of the ring and treat it as a single 
orbit. Figure 21b shows the geometry of the orbit, the direc
tions of the velocity vectors, and the relevant projection 
angles in the galaxy plane. The actual evaluation of the radial 
and tangential velocities along such a perturbed orbit would 
require precise knowledge of the total potential, but for the 
purposes of this analysis I wish to examine only whether the 
"orbit" hypothesis can adequately represent the observed 
velocity-position angle diagram. As will be shown, such a 
model also allows us to derive some useful information on the 
forces along the ring, the strength of the bar, and the possible 
identification of the ring with a specific resonance within the 
disk. 

To apply the orbit model, I will use the fact that the space 
velocity vector of ring material must be tangent to the orbit in 
a rotating frame whose pattern speed is QP' If the magnitude 
of this space velocity is denoted vP, then, according to Figure 
21b, the observed line-of-sight velocity reduced to the plane 
would be 

( Vobs - Vsys )/sin i = rQP COS 8 + VP COS a. (7) 

The radial and tangential velocity components in the corotat
ing frame would then be v, = vP sin y and v0 = vP cos y, re
spectively. If the orbit is a true periodic elliptical orbit in the 
plane, then we would expect in the first approximation that v0 

and v, would vary roughly harmonically with 8, and in fact 
within the errors of the measurements I find that the follow
ing functions are adequate: 

V9 =A+ B cos 2( 8 - 86), 

v, = C sin2(8- 86), 

(8a) 

(8b) 
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FIG. 21.-An "orbit" model of the inner ring (for the case i = 33°): (a) The projected orbit is assumed to be an ellipse (solid curve) having the same 
shape and orientation of the ridgeline of the ring (points). (b) The deprojected orbit is assumed to be a true periodic orbit in a reference frame corotating 
with the bar. In this case the space velocity vector up in the rotating frame will be tangent to the orbit, such that a defines the angle between this vector 
and the line of sight. Transformation back to the inertial frame requires adding a component rOP to the tangential velocity, u0, so that the total space 
velocity vector in this frame is not tangent to the observed orbit. ( c) Dependence of the standard deviation of fits to the observed velocity-position angle 
diagram on different values of Op, under the assumption that the velocity components in the rotating frame vary sinusoidally with 8 (eqs. [81). A fairly well 
defined minimum is found, and the best fits are for n" = -1.55 km s- 1 arcsec- 1 . ( d) The velocity-position angle diagram for this value of OP as 
compared with the data. The fit is better than for pure circular rotation, and well represents the subtle asymmetry on the east portion of the galaxy. ( e) 
The variations of the total tangential velocity, u,, and the tangential velocity in the rotating frame, u0 , as a function of the angle 8 relative to the line of 
nodes in the plane for the adopted model. This shows that the model places the ring entirely within corotation. Ring material moves more slowly near the 
major axis than near the minor axis in the rotating frame, but not in the inertial frame.(/) The variation of the radial component, u,, as a function of 8. 
The amplitude is 21 km s-1, and is fairly small because the best-fitting pattern speed places the ring fairly close to corotation. That is, the motion along 
the ring in the rotating frame is rather slow. (g) Variation of the angular momentum, h = ru, (normalized to the average), with 8. This shows that the 
angular momentum is not constant along the orbit but varies so that h is a maximum near the long axis of the orbit and a minimum near the short axis. 
This can be explained if the ring is a manifestation of a perturbed orbit where angular momentum is gained and lost from the bar. ( h) Variation of the 
angular velocity, d8 /dt, in the inertial frame, and that in the rotating frame, d<f,/dt, around the ring, as predicted by the solutions. (i) The rate of change 
of the angular momentum around the ring, also as predicted by the solutions. The values have been normalized in terms of ( h) / P. (j) Variation of the 
tangential force around the ring, in units of the mean axisymmetric force. 
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FIG. 21-Continued 

where 80 is the position angle of the major axis of the orbit in 
the plane, and A, B, and C are constants. To fit the 
velocity-position angle diagram, I assume that the inclination 
i, the line-of-nodes position angle 80 , and the shape parame
ters of the orbit are known, and solve only for A, B, C, and 
OP. Figure 21c shows the sensitivity of the fits to OP for the 
i = 33° case. Note that if the arms are trailing, then NGC 
1433 is rotating clockwise on the sky, so OP is negative in the 
coordinate system of Figure 21b. The quality of the fits is seen 
to be fairly sensitive to OP. Table 13 summarizes the parame
ters for the best fit, which is obtained for OP = -1.55 ± 0.4 
km s- 1 arcsec- 1 = -30±8 km s- 1 kpc- 1. The velocity com-

ponents for this case are found to be (see Figs. 2le, 21/) 

V9 = -45+ 13 COS 2( () -81°), 

v, = 21 sin 2( () - 81 °) , 

and Figure 21d shows the corresponding velocity-position 
angle diagram. Two points almost exactly on the galaxy 
minor axis had to be rejected from these solutions, since 
deprojection uncertainties are large for such points. In spite 
of this, Figures 2le and 21/ show that the data are well 
represented by these solutions. Note how the value of v9 is 
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TABLE 13 

PARAMETERS FOR ORBIT MODEL 

Parameter 

0o . . ............................ . 
vsys (km s- 1 ) ..... . .. • .. .. .. .. . . 

ao- . . ... . .. . .... ..... . . . ... .. . . . . 
06 .. ..... ....... ... . ... ... .. .... . 
qo .... . . . ........ . ... .. ... .. .. .. . 
nP (km s- 1 arcsec- 1 ) .... .... . 

A (km s- 1) . .. . ...... . ...... . .. . 

B (km s- 1 ) . ... ... . .. . . . . . .. . .. . 

C (km s- 1) .......... . ... . .... . . 

P (years) ... . ............. .... . . 
n (km s- 1 arcsec- 1) . .. .... .. . . 

p (years) . ..... .... .. . ........ . . 
( h )(arcsec km s- 1) . . .... ..... . 

1-Qp/Q .... . ... . ..... .. ... . . . 
( F0 ) (km2 s- 2 arcsec- 1) . ... .. 

Fe (max)/( F0 ) . . .. . . ... . .. . .. • . 

(v,) (km s- 1 ) ......... . . ... ... . 

rc R · · ·· ·· · ·· ·· · ·· ·· ·· ·· · · · ·· · · · · 

:b {~RS·~ j ). : : : : : : : : : : : : : : : : : : : : : 

"c (km s- 1) . . ........... . ...... . 
Kilometer equivalent of l" .. . . 

i = 33° 

17° 
1079±2 
105'.'4 
81° 
0.61 
-1.55±0.4 
-44.9±21.4 
13.3±4.6 
21.3± 10.0 
6.2( + 6.1, - 2.1) X 108 

-2.14±0.12 
1.47 + 0.08 X 108 

l.54 ± 0.15xl04 

0.28±0.15 
359.4± 56.8 
0.17±0.06 
-171 
ll0" 
0.77 
6.39 
9.91 
1.582 X 1015 

i = 20° 

17° 
1079±2 
94'.'5 
780 
0.68 
-2.45±0.7 
-75.4±39.1 
18.9± 5.9 
28.4± 13.8 
4.3( + 5.1, - 1.5) X 108 

-3.47±0.18 
l.15±0.06Xl08 

2.18±0.19Xl04 

0.29±0.17 
902.0± ll8.6 
0.14±0.05 
-265 
108" 
0.70 
6.31 
8.31 
2.010Xl015 

NOTES.-/, 00 = adopted inclination and line-of-nodes position angle; 
a 0 , 06, q0 = major-axis radius, major-axis position angle, and axis ratio of 
deprojected orbit; QP = pattern speed; A, B, C = coefficients of equations (8) ; 
P = period of orbit as seen from the rotating frame; n = mean angular velocity 
of objects within the ring as seen from the inertial frame ; p = 2?T/fl = period of 
these objects as seen from the inertial frame; ( h ) = average specific angular 
momentum around the orbit; 1- QP/Q = resonance parameter (see text); ( F0 ) 

= average axisymmetric radial force as deduced from r(d0/ dt) 2 time
averaged over one period in the rotating frame; .fo(max)/(Fo ) = ratio of the 
maximum tangential force to the average axisymmetric radial force as deduced 
from the time derivative of the angular momentum (see text); ( v,) = average 
tangential velocity for best-fitting model; rcR = predicted radius of corotation 
assuming v = ( v,) = constant across ring; rb / rcR = ratio of deprojected bar 
radius relative to corotation radius; o = standard deviation of the predicted 
velocities of the orbit model from the observed velocity-position angle di
agram; oc = standard deviation of a pure circular rotation model from the 
observed velocity-position angle diagram; the last parameter is the factor 
needed to convert some of the other apparent parameters to physical units. 

the disk, via the equation 

iip VK 
1--=--n mii' 
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(9) 

always negative, implying that the motion along the ring is in 
the forward direction. This means that the ring would be 
entirely confined within corotation. The same conclusion is 
found for the i = 20° case, except that the uncertainties due 
to deprojection are larger. This case favors UP = - 2.45 ± 0.7 
km s- 1 arcsec- 1 = - 38± 11 km s- 1 kpc- 1, and the parame
ters for it are also included in Table 13. The standard devia
tion of the fit to the velocity-position angle diagram is 
6.3-6.4 km s- 1 (no rejected points) for the orbit models for 
both inclinations, which is only slightly better than for the 
pure circular rotation fits. 

The tangential velocities in Figure 2le can be used to 
evaluate the variation of the angular velocity, d8 / dt, around 
the ring. This is illustrated in Figure 21h. The variation is 
seen to be sinusoidal, and the mean should provide a good 
estimate of Q, the angular velocity characteristic of all of the 
material at the mean radius of the ring. Values of n, the 
period p, and an additional interesting parameter, 1- UP/ii, 
are given in Table 13 for both inclinations. In theory, this 
latter parameter defines the locations of the resonances within 

where K is the epicyclic frequency, m is the azimuthal order 
of the perturbation, and v is the order of the resonance 
(Lynden-Bell and Kalnajs 1972; Shu, Milione, and Roberts 
1973); v = ± 1 defines the outer and inner Lindblad reso
nances, respectively, while v = ± ½, ± ½, etc., define the higher 
order ultraharmonic resonances. The epicyclic frequency K is 
the frequency of the radial oscillation, and it can only be 
derived from dii/dr. The form of dii/dr is unknown for 
NGC 1433 because we do not have reliable knowledge of the 
form of the rotation curve. Assuming that the rotation is 
relatively constant across the ring region, then K =l.414U, 
and considering an m = 2 perturbation such as a bar, the 
resonance parameter would be 

(10) 
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~ The observed value of this parameter is 0.28 or 0.29 depend-
ing on the inclination. This shows that, if v is approximately 

~ constant, then the best-fitting orbit model of the inner ring of 
:? NGC 1433 does not place the material in the ring in inner 
'"' ~ Lindblad resonance (v = -1) with the bar. Instead, an ultra-
,-; harmonic resonance is definitely favored, and the only one 

likely to be important enough is the inner second harmonic 
resonance, for which v = - ½. This is just the resonance which 
Schwarz (1979 , 1984c) has suggested is linked with the inner 
rings of SB galaxies . 

The rough location of corotation (CR) can be inferred from 
this analysis. The mean tangential velocity of ring material is 
( v, ) = 171 km s- 1 for the i = 33° case. If this characterizes 
the constant portion of the rotation curve, then rcR z 

( v, ) / flp = ll0". This, interestingly, is very close to the radius 
where the bar-interbar amplitude reaches a maximum in all 
passbands (Fig. 16a). It does not, however, coincide with the 
sharp ends of the bar visible on photographs. Depending on 
inclination, rh / rcR = 0.70-0.77 (Table 13). The predicted lo
cation of outer Lindblad resonance (OLR) (again assuming 
v z constant) is roLR = 188", which is only slightly larger than 
the major-axis radius, 175", of the outer pseudoring. 

Figure 21g shows the variation of the angular momentum, 
h = rv, = rv0 + r 2 flp, as a function of () for the model in 
Figure 21d. It shows that h reaches a maximum near the 
major axis of the ring and a minimum near the minor axis. 
Although this behavior may seem odd for a supposedly peri
odic orbit in the plane, it is not really unexpected if the ring is 
a manifestation of a perturbed orbit. In the absence of a 
perturbing potential, the energy and angular momentum of an 
object should be constant along a typical galactic orbit, but 
this will not necessarily be true in the presence of a bar. If the 
potential of the bar can be described by the simple function 

(ll) 

then the rate of change of the angular momentum h along the 
orbit in the inertial frame would be 

dh Bi/; 
dt =-ao=2iJ;o(r)sin2(0-flPt). (12) 

This implies that along a perturbed periodic orbit an object 
will gain angular momentum from the bar as it approaches 
the bar axis and will lose angular momentum as it recedes 
from the bar axis. The sense of the variation of h in Figure 
21g is in general agreement with these expectations. 

Figure 2li shows the normalized variation of dh / dt im
plied by Figure 21g. Here H = h / (h) and -r = t / P, where P 
is the orbital period in the rotating frame (Table 13). The 
amplitude of this variation can be used to estimate the 
maximum amplitude of the tangential force experienced by a 
particle moving along the orbit. This force is given by 

1 iJi/; 1 dh 
F,-------

0 - r iJ(} - r dt ' (13) 

where r is the radius. Figure 21} shows the variation of Fe 
around the ring for the i = 33° case. The force is given in 

uni ts of the mean axisymmetric force, ( F0 ), calculated as the 
time average of r( d() / dt) 2 over one complete orbital period 
P. This shows that the maximum tangential force achieved is 
17% of the mean axisymmetric force, which would signify a 
fairly strong bar. The models of Schwarz (1979, 1981, 1984b) 
can be used to judge how strong. His case of a specific 
Kalnajs bar field model of strength qh = 0.1 as superposed 
upon an isochrone axisymmetric disk potential has Fq(max)/ 
Fo = 0.090 at corotation. This ratio would scale with qh, and 
since the orbit model places the ring close to CR, the mea
sured values of Fq(max)/ Fo for NGC 1433 imply qh z 0.16± 
0.06 for i = 20° or qh z 0.19 ± 0.07 for i = 33° . These values 
are, interestingly, very close to the critical value, 0.19, at 
which orbits near the Lagrangian points, L 4 , L 5 , at CR on 
the minor-axis zone of the bar become unstable (Schwarz 
1984b). The apparent " gap" between the inner and outer 
rings, as well as the exponential decline of the surface bright
ness beyond the outer ring, could be signatures that the 
orbital instability discussed by Schwarz has greatly rearranged 
the material beyond CR in NGC 1433. If the orbit model is 
giving a reliable indication, the bar may well be strong 
enough to accomplish this. 

Figure 2li shows that dh / dt is slightly asymmetric. This 
asymmetry could be due to a large variation of the radial 
amplitude, i/;0 (r), of the bar (eq. [ll]), but it could also be 
represented if the bar has 20 and 4() contributions of roughly 
constant amplitude across the ring. A unique judgment can
not be made, but it is not unlikely that a 40 component 
would be important in the vicinity of the ring, especially if it 
is linked with inner second harmonic resonance (cf. Schwarz 
1984c). 

V. DISCUSSION 

a) The Rings as Manifestations of Orbital Resonances 

Having described the photometric and kinematic properties 
of NGC 1433, I now attempt to place the data in the context 
of barred spiral theory and make some judgments of the 
nature of the structures observed in the galaxy. Ultimately we 
wish to understand the dynamics of NGC 1433, although a 
detailed dynamical model is beyond the scope of the kine
matic data. 

The main results from §§ III and IV are as follows: 
1. NGC 1433 includes three ringlike structures well sep

arated in the disk. The position angles of the major axes of 
these structures do not align, indicating that they have differ
ent intrinsic shapes and orientations with respect to the bar. 
The orientations alternate, in the sense that the nuclear and 
outer rings are nearly perpendicular to the bar while the inner 
ring between them is parallel to the bar. 

2. Each ring is a zone of enhanced blue colors compared 
with its surroundings, consistent with the presence of active 
star formation. The zone of enhanced colors is sharp and well 
defined for the nuclear and inner rings, but is only subtle for 
the outer ring. 

3. For each ring the zone of enhanced star formation is 
embedded within a secondary hump. In the case of the inner 
ring, this hump is in the form of a lens which is broader than 
the star-forming zone but which has a similar shape. Each 

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



O'.l 
.-< 
(") 

"' 662 

~ hump is prominent in the near-infrared, indicating that each 
is a stellar density enhancement. 

~ 4. Interior to the inner ring a mild color gradient is ob
~ served which is strongly nonaxisymmetric. The gradient is in 
"' ~ the form of an oval which becomes less elongated as the inner 
.-< ring is approached. Beyond the inner ring the colors are 

nearly uniform to the limit of the data. 
5. The inner ring is not a closed elliptical structure but 

consists of four fairly well defined sections which disconnect 
at the major and minor axes. The colors of these sections 
differ, in the sense that the parts immediately trailing the bar 
are redder than those which lead the bar. 

6. Intimately connected with the ringlike structures in this 
galaxy are two short spiral feathers or "plumes" which lead 
the bar by - 20° and include bright associations. These 
feathers or related features are occasionally identifiable in 
ringed, barred spirals of intermediate type (Buta 1984b ), but 
in NGC 1433 the features are unusually conspicuous. 

7. The kinematics of the inner ring are consistent with a 
structure that is intrinsically elongated along the bar with an 
unusually large eccentricity. The sinusoidal variations of the 
velocity components in the bar frame suggest that this feature 
roughly outlines a periodic orbit which is largely confined 
within corotation. The kinematics are compatible with the 
ring being located near the inner second harmonic resonance. 

8. The morphology of the outer pseudoring is such that it 
fits into a subclass where statistics of projected relative 
bar/ ring position angles favor intrinsic alignment of the 
major axis perpendicular to the bar. From kinematics a 
definite case can be made in support of this being true for 
NGC 1433. 

9. The nonaxisymmetric component is exceptional com
pared with other barred galaxies. The bar-interbar amplitude 
reaches a maximum of 2.5 mag in the I band at a radius just 
outside the ends of the major axis of the inner ring. Fourier 
results show a dominant m = 2 component over most of the 
disk, even to well outside the ends of the optical bar. 

Most of these observations fit well into the recent theoreti
cal framework for gas flow in barred spirals developed by 
Schwarz (1979, 1981, 1984a, b, c), who demonstrated using a 
particle dynamical scheme how ringlike patterns of gas can 
secularly develop near each of the principal resonances in the 
disk. Although the ideas behind the ring development go back 
as far as Lindblad (1960), and many other recent papers have 
successfully explained the development of spiral patterns in 
response to a bar (see Kormendy 1982a), the models of 
Schwarz provide the clearest demonstration of the ring forma
tion process. 

The position-angle orientation differences between the three 
rings in NGC 1433 provide the simplest and most readily 
recognizable evidence for a link with dynamical resonances. 
According to Sanders and Huntley (1976), Contopoulos and 
Mertzanides (1977), and Contopoulos (1979), the main reso
nant periodic orbits in a bar potential are generally elongated 
either parallel or perpendicular to the bar. If the amplitude of 
the perturbation does not increase rapidly as the radius 
approaches zero, then in a system with two inner Lindblad 
resonances (ILRs) the orbits are elongated parallel to the bar 
inside of the inner ILR, between the outer ILR and CR, and 
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outside the OLR, while the orbits are elongated perpendicular 
to the bar between the two ILRs and between CR and the 
OLR. If the rings represent material which has been gathered 
near resonance regions via the mechanisms discussed by 
Schwarz, then the observed orientations suggest that the 
nuclear ring lies slightly inside the outer ILR, the inner ring is 
close to (also probably slightly inside) CR, and the outer ring 
is close to the OLR. Near each resonance the two orthogonal 
families of periodic orbits coexist. Schwarz showed that the 
ring which forms close to the OLR in his models can be 
dominated by either the parallel or the perpendicular families, 
but that the parallel family is more robust and is more 
dominant, especially in strong bar fields, than the perpendicu
lar one. In models where the perpendicular family dominates, 
the outer arms always " return" to the ends of the bar. Since 
this kind of returning is observed in NGC 1433, it is probable 
that the perpendicular family dominates in spite of the strong 
bar, something which appears to be true in most other SB 
galaxies with outer pseudorings (Paper I). If so, this is a 
disagreement with the theory which will have to be addressed 
at some point. 

The various individual characteristics of each ring also 
suggest a link to resonances. For example, the nuclear ring is 
aligned at an angle of 62° with respect to the bar. Assuming a 
nearly round outer pseudoring, this implies that the nuclear 
structure is intrinsically misaligned with the bar, rather than 
parallel or perpendicular to it. The phase of the misalignment 
is such that the major axis of the nuclear ring lags the bar 
(which is rotating clockwise) by an oblique angle. This char
acteristic is consistent with an ILR interpretation of the 
structure according to the work of Schwarz (1984b), who 
demonstrated that the evolution of the gas flow near an ILR 
will lead to an obliquely aligned ring or oval as a result of the 
collisions between gas clouds forced inward from outside the 
ILR and those inside the ILR, moving on perpendicular 
trajectories. This has also been demonstrated by Combes and 
Guerin (1985). 

Schwarz (1979, 1984b) has also shown that the angular 
momenta of particles which collect in the ring near CR in his 
models are the same as those of circular orbits near inner 
second harmonic resonance (2HR- ). In this region the 48 
components of the force field are not negligible compared 
with the 28 components, and periodic orbits have a four
cornered (diamond-shaped) structure (Schwarz 1984c). If the 
bar is sufficiently strong, a combination of effects can cause 
the gaseous ring which forms to break near the minor axis 
and show a four-tiered structure. First, long-period orbits 
near the Lagrangian points L 4 , L 5 at CR on the minor axis 
of the bar can be unstable and will contribute to the spiral 
character of the ring. Second, orbits which originate farther in 
from CR can intersect the diamond-shaped orbits, leading to 
the fourfold symmetry of the ring and its breaks. These 
characteristics are observed in the inner ring of NGC 1433, 
and moreover the kinematics are compatible with its location 
being near 2HR - . 

The eccentricity of inner rings in Schwarz's models depends 
on the strength of the perturbing force. In the absence of a 
lens, Schwarz (1984c) finds that the eccentricity increases 
with increasing bar strength. Since the inner ring of NGC 

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



No. 4, 1986 STRUCTURE AND DYNAMICS OF RINGED GALAXIES. IL 663 
,-i 

"' 1433 is intrinsically more elongated than is typical of SB 
rings, and, furthermore, since the bar-interbar amplitude A 1 

~ is larger ,than in any of the barred spirals measured by 
~ Elmegreen and Elmegreen (1985), this could imply that the 
~ bar forcing is larger than is typical. The tangential forces 
,-i given by the "orbit" model in § IVd certainly support this. 

Most published models of barred spirals have used rather 
weak bar potentials by comparison. The strong forcing could 
also be the reason the galaxy has such conspicuous plumes. 

The significant increase in A 1 for radii approaching 115" 
probably provides a clue to the location of corotation. For 
strong bar fields the instability of orbits near CR on the 
minor-axis line of the bar can cause a density gap between 
inner and outer rings (Schwarz 1984b ). This suggests that CR 
lies just beyond the ends of the bar in NGC 1433, and, if true, 
it probably means that the disk material in this galaxy has 
been greatly rearranged by the bar. The data obtained by 
Elmegreen and Elmegreen (1985) suggest that restructuring 
has not been nearly as effective in any of their objects as in 
NGC 1433. The fact that the "plumes" appear as "feathers" 
rather than "arms" may be due, at least in part, to unstable 
"banana" orbits near CR on the bar minor axis (Schwarz 
1984c). The "orbit" model of the inner ring seems to support 
these interpretations. 

An additional clue to the nature of the outer pseudoring is 
provided by the apparent ring diameter ratio, d(R')/ ( d(r)):::::: 
2.3, which is close to the value of the resonance ratio 
r(OLR)/r(2HR - ) = 2.6 expected for a constant-velocity ro
tation curve (Athanassoula et al. 1982). Here ( d(r)) refers to 
the apparent geometric mean radius of the inner ring, which 
will be close to the true geometric mean in the plane of the 
galaxy. The predicted ratio with respect to corotation would 
be r(OLR)/ r(CR) = 1.7. Since various properties of the 
nuclear and inner rings support their interpretation in terms 
of ILR and 2HR - , respectively, then the observed ring ratio 
supports the interpretation of the outer pseudoring in terms 
of a concentration of stars (and probably neutral hydrogen 
gas) at the outer Lindblad resonance. 

Finally, the observation that each ring in NGC 1433 con
tains an enhanced star-formation rate compared with regions 
away from the rings is expected according to the resonance 
hypothesis. Rings in spirals do appear to involve gasdynamics, 
and theoretical work demonstrates that dissipation in the gas 
flow is important for ring formation in numerical experi
ments. The phenomenon of intersecting orbits and the torque 
which the bar exerts on spiral shock fronts combine to 
provide an effective means of gathering gas into resonance 
regions. The compression of the gas ought to be enhanced in 
such regions, leading to active star and H n region formation. 

b) The Stellar Ring Components 

The presence of significant stellar components underlying 
each ring in NGC 1433 indicates that the rings are not purely 
gasdynamical phenomena Indeed, Elmegreen and Elmegreen 
(1985) found no evidence of purely gaseous spirals in any of 
their 15 barred galaxies, and Gallagher and Wirth (1980) 
showed from photoelectric photometry that outer rings gener
ally contain an old stellar population. In spite of what ap-

pears to be good agreement with the work of Schwarz, the 
models are obviously incomplete and the nature of these 
components needs to be addressed. 

The nuclear region of NGC 1433 is an excellent example of 
a triaxial SB bulge. Kormendy (1982b) has discussed the 
rotational properties of such bulges and concluded that they 
rotate more rapidly than oblate spheroidal bulges and are 
highly flattened. Kormendy believes that such bulges could be 
built up to high central concentration from gas transported to 
the nucleus by the bar. 

The TAURUS data suggest that this kind of transport 
process has taken place in NGC 1433. The bar region is 
devoid of ionized gas, while the nucleus and inner ring 
represent localized concentrations of such gas. It is probable 
that the combined effect of shocks in the bar region and the 
presence of an ILR has cleared out the gas there and forced it 
into the center. The stellar distribution in the center has taken 
the form of a slanted oval, a nuclear lens, in which is also 
included a smaller nuclear bar. It is also, as is typical of the 
centers of many barred spirals, a region with a large con
centration of Population I material. As speculated by 
Kormendy, it is probable that this kind of feature is a 
flattened subsystem within the bulge that has formed as a 
direct result of the pileup of gas transported inward by the 
bar. That all the bulge stars may not be involved in the 
structure is suggested by the isophotes of the primary bar 
itself. It appears, from Figure 1, that the bar isophotes "fatten 
up" near the center in a manner which does not seem simply 
to be an extension of the slanted triaxial nucleus. Instead, the 
"fattening" is probably caused by the light of a more ordinary, 
spherical bulge. 

It was shown in § IVb that the luminosity profile of the 
inner ring is more like a lens in the near-infrared than a ring. 
Lenses have generally been regarded as distinct from rings by 
most authors, yet the coexistence of a bright blue ring having 
the same position, shape, and orientation as a near-infrared 
lens certainly suggests that the two phenomena may have a 
common origin. 

Three hypotheses have so far been put forth for the origin 
of lenses: (1) that lenses arise from dissolution of bars by an 
as yet unknown process (Kormendy 1979, 1981, 1982a); (2) 
that lenses are a primary disk component, which formed at 
the same time as the disk (Bosma 1983); and (3) that lenses 
are due to instabilities of galactic disks, just as the ordinary 
bars observed in Sb systems (Athanassoula 1983). The data 
on NGC 1433 suggest at least two alternative mechanisms. 
The first is that the lens is simply a remnant of the effective
ness with which a bar can gather gas onto a resonant orbit 
near corotation. That is, the inner lens of NGC 1433 is simply 
the aging component of the inner ring, which in time owing to 
collective effects, spreads out into a more diffuse, broader 
structure. This hypothesis is supported by the fact that the 
stellar population within the lens is different from the bar. 
That the difference in colors between the bar and lens regions 
is significar..t is demonstrated by columns (4) and (6) of Table 
8, which gives the colors in the bar and antibar regions 
interpolated to the same radius of 50" in the plane of the 
galaxy. This radius completely avoids the ridgeline of the 
inner ring on both axes (Fig. 9c ). Independent of the adopted 
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~ inclination, . the colors are significantly different in the sense 
that the bar possesses an older stellar population than the 

~ lens. Even along the bar axis, the colors change more rapidly 
~ beyond the ends of the optical bar because the population of 
'"' ~ the ring/lens is so much bluer than the bar. This suggests that 
,-; the inner ring of NGC 1433 includes two components: a 

young, blue narrow component composed of OB associations 
and H n regions, and a redder, broad component composed 
of older stars. It may not be incorrect to refer to this broad 
component as an "old ring," and therefore the origin of at 
least some lenses may lie not in bar dissolution but in ring 
dissolution. 

A second hypothesis is that the inner lens, like the inner 
ring, is a structure resulting from the way a bar can rearrange 
material in the disk. The models of Schwarz do not give rise 
to stellar spirals or rings because the bar is treated as a static 
entity and the disk is non-self-gravitating, but some models 
have had success in generating stellar spirals if the bar is 
allowed to grow with time (see Elmegreen and Elmegreen 
1985 and references therein). Such spirals could conceivably 
take on the same forms as the gaseous spirals of Schwarz, and 
presumably could evolve secularly into stellar rings in the 
same way as the gaseous rings and near the same resonances. 
Elmegreen and Elmegreen (1985) show that the spiral patterns 
in SB galaxies tend to be largely stellar, and hence they favor 
models with growing bar/wave patterns over the purely 
gasdynamical, static bar models. 

Obviously, to gain a true understanding of the ringed, 
barred spirals would require models incorporating both gas
dynamics and stellar dynamics and taking into account all 
possible secular effects .. What makes both of the hypotheses 
given here for lenses uncertain is the observation of lenses 
without bars (Kormendy 1984), of stellar rings without bars 
(Buta 1984a), and of the barlike, lenslike ovals well known in 
many galaxies which were reemphasized in Paper I (the 
" ring/lens bars"). None of the lens hypotheses can be ruled 
out until the differences between all of these features are 
firmly established observationally. Much work toward achiev
ing this end is given by Kormendy (1981, 1982a, 1983, 1984). 

VI. CONCLUSIONS 

The spiral galaxy NGC 1433 is exemplary of the high 
degree of organized structuring which is possible in barred 
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galaxies. It possesses a bulge, a disk, three rings or. lenses, a 
primary and a secondary bar, offset dust lanes, and two 
striking "plumes." Most of the properties of this galaxy can 
be understood in terms of the interaction between a bar in the 
mass distribution and its resonances within the disk. These 
resonances must affect the gas flow, and the torques which the 
bar exerts on the shock fronts will cause the form of the 
galaxy to evolve. The next logical step to understanding this 
galaxy is to attempt a dynamical model. This is obviously not 
possible with kinematics based on optical emission lines, 
owing to the very localized concentration of the ionized gas 
into rings. Instead the galaxy must be mapped at high resolu
tion in the 21 cm line. It is also important to measure the 
stellar kinematics in the nucleus, inner ring, and bar regions 
to determine the degrees of rotation and random motion 
which characterize these regions. Such observations are in 
progress and will be reported in a future paper. 

Note added in manuscript.-On 1985 October 10.67 (UT), a 
Type 11-P supernova (1985P) was discovered in NGC 1433 by 
the Reverend R. 0. Evans of Hazelbrook, New South Wales, 
Australia. The supernova occurred 49" east and 42" north of 
the nucleus within the arc r3 of the inner ring (refer to Fig. 2). 
Details are given in IA U Circulars, Nos. 4119 and 4124. 
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