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ABSTRACT 

A comparison is made between the mass distributions of spiral galaxies in clusters and in the field using 
Burstein’s mass-type methodology. Both Ha emission-line rotation curves and more extended H i rotation 
curves are used. The fitting technique for determining mass types used by Burstein and coworkers has been 
replaced by an objective x2 method. Mass types are shown to be a function of both Hubble type and lumi- 
nosity contrary to earlier results. The present data show a difference in the distribution of mass types for 
spiral galaxies in the field and in clusters, in the sense that mass type I galaxies, where the inner and outer 
velocity gradients are similar, are generally found in the field rather than in clusters, as Burstem an 
coworkers previously reported. This can be understood in terms of the results of Whitmore, Forbes, and 
Rubin, who find that the rotation curves of galaxies in the central region of clusters are generally falling, while 
the outer galaxies in a cluster and field galaxies tend to have flat or rising rotation curves. 
Subject headings: galaxies: clustering — galaxies: internal motions — galaxies: structure 

I. INTRODUCTION 

The observation of rotation curves in spiral galaxies is one of 
the key tools for studying the structure of galaxies, and has led 
to the conclusion that dark matter plays an important role. 
Burstein and Rubin (1985, hereafter BR) have argued that if the 
amount of dark matter is comparable to the amount of lumi- 
nous matter at each radius, the study of the mass distribution 
rather than the light distribution might be a more fundamental 
method of studying galaxies. They comment that the standard 
method of determining a mass model based on the luminosity 
profile “is a kind of ‘luminosity chauvinism,’ and one must ask 
the question, Does Nature really work this way?” Hence, they 
introduce the concept of a mass curve, the integral mass dis- 
tribution as a function of radius. Three basic “mass types” are 
defined that fit a majority of the observations. They find no 
correlation between mass types and other observational 
properties of spirals, leading them to suggest that the 
environment may play a dominant role in determining the 
mass distribution. This speculation is apparently verified by 
Burstein et al (1986, hereafter BRFW), who report a difference 
in the distribution of mass types for cluster galaxies compared 
with field galaxies, with 33% of the field galaxies being mass 
type I while none of the 20 cluster galaxies studied were type I. 

Kent (1986) has used a more traditional approach to inter- 
pret the same rotation curve data by constructing mass models 
based on the luminous distribution. He shows that the lumi- 
nous matter can explain the rotation curves reasonably well for 
a majority of the Ha rotation curves. However, as pointed out 
by Whitmore, Forbes, and Rubin (1988, hereafter WFR), 
allowing independent values of M/L(bulge) and M/L(disk) may 
artificially result in good fits to the observations. Several other 
authors have also concluded that within R25, the radius at the 
25 mag arcsec-2 B isophote, the luminous mass dominates 
over the dark mass (e.g., Athanassoula, Bosma, and Papaioan- 
nou 1987). If this is true, then the philosophical basis for 
Burstein’s “ mass-type ” analysis may not be particularly useful, 
at least out to R25, and the traditional approach using the 
distribution of luminous material may be more useful. 

In the present paper we reexamine the data using the same 
mass-type methodology as BR and BRFW, but we add more 

recent observations to the sample and implement an objective 
reduced x2 method for determining the mass types. A related 
study (WFR) examines the rotation curves themselves and 
computes M/L gradients to make the comparison between 
cluster and field spirals. 

There are two questions we attempt to answer in this paper. 
First, do the mass types correlate with any properties of the 
luminous galaxy? Second, is the distribution of mass types for 
spiral galaxies in clusters different from the distribution for 
those in the field? The objective analysis of mass types is dis- 
cussed in § II. In § III we discuss various correlations with 
luminous properties of a galaxy and with its position in a 
cluster. The results are summarized in § IV. 

II. AN OBJECTIVE METHOD FOR DETERMINING MASS TYPES 

Following the method of BR, we have constructed integral 
mass curves using the formula M(R) — 2.3265 x 105F2R, 
where M (in units of M0) is the mass interior to a given radius 
R (in kpc), and V (in km s"1) is the rotational velocity. This 
assumes a spherically symmetric potential. A Hubble constant 
of 50 km s"1 Mpc“1 is used throughout. The best fits to each 
of Burstein’s three mass types (I, II, and III) are made using a 
reduced x2 determination. 

Our program minimizes the rms scatter by shifting the mass 
curve in both X and Y (i.e, log R and log M parameter space) 
and fitting it to the templates for the three mass types defined 
by BR. An iterative process determines these scale factors (Rm 
and M J and the reduced x2 of the best fit for each curve. An 
observational uncertainty of + 7.5 km s 1, for an average rota- 
tional velocity of 150 km s“ \ is assumed for the x2 analysis. A 
value of x2 « 1 indicates that the mass curve fits the template 
for a given mass type perfectly, with all the rms scatter being 
produced by the observational uncertainty. A higher value of 
X2 indicates a poorer fit. Many galaxies have x2 < indicating 
that we may have overestimated the intrinsic measurement 
uncertainty in these cases. 

In most cases a single mass type can be assigned to a given 
mass curve because the difference in x2 between the best fit and 
the second best fit is larger than would be expected from obser- 
vational measuring errors (i.e., a difference in x2 °f more than 
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TABLE 1 
Mass Types for the Ha-FIELD Sample 

Galaxy 
Hubble Mass 
Type Type 

BR Dynamic 
Type Range Rm 

II 

Rm M„ 

III 

Bm Mra 

NGC 701* SBc 
NGC 801 Sc 
NGC 1024b Sab 
NGC 1085 Sb 
NGC 1087 Sc 

i- n 
m 
n 
n 
ii- ra 

n 
m 
i 
n 
Int 

0.91 
1.48 
1.90 
1.23 
1.30 

+0.97 +0.69 0.64 
+0.08 -0.27 4.86 
-0.16 -0.39 1.27 
-0.61 -0.73 0.43 
+0.27 -0.38 2.75 

+0.69 +0.24 0.67 
+0.40 +0.24 0.95 
+0.16 +0.13 0.85 
+0.16 +0.30 0.18 
+0.19 -0.44 0.93 

+0.54 +0.00 2.06 
+0.44 +0.33 0.45 
+0.17 +0.18 2.24 
+0.24 +0.43 1.26 
+0.14 -0.47 1.21 

NGC 1325 Sbc I I 1.45 
NGC 1357 Sab I I 1.00 
NGC 1421 Sbc Une (*2) Int 1.56 
NGC 1515 Sbc Une (x2) Une 1.38 
NGC 1620 Sbc I I 1.68 

+0.49 +0.04 0.28 
-0.08 -0.28 0.57 
+0.13 -0.36 4.93 
-0.81 -1.35 13.99 
+0.36 +0.07 0.38 

+0.40 -0.03 2.99 
+0.12 +0.05 2.44 
+0.18 -0.20 2.64 
-1.37 -1.70 15.03 
+0.33 +0.11 5.36 

+0.27 -0.19 8.48 
+0.15 +0.11 3.25 
+0.16 -0.18 4.73 
-0.15 -0.38 3.64 
+0.24 +0.03 11.75 

NGC 2590 SBb 
NGC 2608 Sc 
NGC 2639 Sa 
NGC 2715 Sc 
NGC 2742 Sc 

I 
n 
m 
I 
I 

Une 
Une 
m 
I 
I 

0.66 
1.38 
0.83 
1.56 
1.30 

-0.18 -0.49 1.73 
-1.42 -2.42 4.72e 

+0.59 +0.78 2.94 
+0.41 -0.21 0.52 
+0.30 -0.19 0.32 

-0.87 -0.97 2.51e 

-0.53 -1.24 2.04 
+0.56 +0.77 0.88 
+0.39 -0.15 3.09 
+0.23 -0.23 3.81 

-0.86 -0.81 3.92e 

-0.95 -1.55 3.08 
+0.55 +0.77 0.23 
+0.27 -0.28 9.77 
+0.14 -0.33 7.94 

NGC 2775 
NGC 2815 
NGC 2844 
NGC 3054 
NGC 3067 

Sab 
SBb 
Sa 
Sb 
Sab 

n-m 
n 
n 
m 
il 

m 
il 
n 
m 
n 

0.68 
1.60 
1.15 
1.34 
1.15 

-0.40 -0.53 0.55 
-1.43 -1.67 1.68e 

+0.08 -0.38 0.52 
+1.20 +1.37 3.21 
+0.37 -0.14 1.08 

+0.21 +0.29 0.26 
-0.93 -0.86 1.09e 

+0.06 -0.36 0.32 
+0.87 +0.82 4.51 
+0.19 -0.38 0.28 

+0.25 +0.35 0.32 
-1.50 -1.25 2.61e 

+0.02 -0.39 1.48 
+0.73 +0.66 0.54 
+0.12 -0.46 1.01 

NGC 3145 Sbc I Int 1.64 
NGC 3200 Sab Une (*2) Une 1.78 
NGC 3223 Sb Une (x2) Int 1.38 
NGC 3281 Sa I Une 0.76 
NGC 3495 Sd MI H 1.38 

-1.00 -1.31 0.54e 

+0.13 +0.01 5.08 
+1.20 +1.43 19.39 
-0.28 -0.68 1,85 
+0.83 +0.49 2.42 

-0.21 -0.21 1.65 
+0.21 +0.23 3.10 
+0.86 +0.89 21.21 
+0.12 -0.10 3.38 
+0.66 +0.26 1.74 

-0.12 -0.03 4.02 
+0.18 +0.24 4.76 
+0.75 +0.79 5.47 
+0.28 +0.10 4.00 
+0.42 -0.09 13.34 

NGC 3593 
NGC 3672 
NGC 4594 
NGC 4605 
NGC 4682 

Sa 
Se 
Sa 
SBc 
Se 

NGC 7217 
NGC 7537 
NGC 7541* 
NGC 7606 
NGC 7664 

UGC 2885 
UGC 3691 
UGC 10205 
UGC 11810 
UGC 12810 

IC 467 
IC 724b 

Se 

Se 
Se 
Sa 
Sb 
Sb 

Se 
Sa 

n-m 
Une (x2) 
Une (x2) 
I 
I 

NGC 4800 Sb i 
NGC 4845 Sab H-HI 
NGC 6314 Sa jj.jjj 
NGC 7083 Sbc i 
NGC 7171* SBb ni 

Sab 
Sbc 
SBbe 
Sb 

m 
m 
Une (x2) 
m 
i 

Une (x2) 
I 
n 
I 
I 

III 
Int 
III 
I 
I 

Int 
Une 
n 
I 
m 

m 
m 
Une 
m 
i 

i 
Int 
n 
I 
I 

I I 
Unc(x2) Int 

0.62 
1.26 
1.20 
0.78 
1.38 

0.90 
1.15 
1.12 
1.22 
0.60 

1.00 
1.56 
1.64 
0.88 
1.15 

1.48 
1.45 
1.41 
1.38 
1.54 

1.68 
1.00 

-0.49 -1.35 1.05 
+1.30 +1.35 30.68d 

+1.10 +1.62 8.85 
+0.54 -0.17 0.04 
+0.36 -0.11 0.22 

-0.68 -1.27 0.42 
-0.83 -1.35 4.32 
-0.93 -1.26 1.51e 

-0.03 -0.38 0.18 
+1.19 -1.35 6.40 

-0.80 -1.01 1.86 
+0.68 +0.23 10.99 
-1.37 -1.97 4.22e 

+0.28 +0.12 2.43 
-0.08 -0.37 0.76 

-0.90 -1.13 3.03e 

+1.12 +0.71 1.75 
+0.80 +0.78 2.89 
+0.35 -0.14 0.84 
+0.62 +0.35 0.09 

+0.66 +0.10 0.32 
-0.64 -0.75 11.66 

-0.37 -1.15 0.11 
+1.46 +1.90 22.65d 

+0.76 +1.07 8.97 
+0.23 -0.67 0.12 
+0.29 -0.14 2.15 

-0.28 -0.69 1.98 
-0.26 -0.55 1.89 
-0.01 -0.07 0.18 
+0.41 +0.27 0.81 
+0.80 +0.69 7.37 

-0.05 -0.02 0.51 
+0.46 -0.06 6.44 
-0.51 -0.82 6.49 
+0.68 +0.70 0.40 
+0.15 +0.01 3.74 

-0.04 +0.04 2.41 
+0.74 +0.06 3.07 
+0.64 +0.59 1.35 
+0.41 +0.02 2.81 
+1.00 +0.89 0.21 

+0.55 -0.01 0.71 
+0.07 +0.23 5.90 

-0.36 -1.12 0.15 
+0.82 +0.62 11.70 
+0.66 +0.96 5.58 
+0.11 -0.85 1.05 
+0.20 -0.24 5.75 

-0.26 -0.65 2.67 
-0.21 -0.46 2.13 
-0.10 -0.09 0.24 
+0.43 +0.32 1.92 
+0.69 +0.57 0.88 

+0.01 +0.07 0.32 
+0.39 -0.10 0.67 
-1.52 -1.65 10.30e 

+0.70 +0.74 0.24 
+0.18 +0.07 5.21 

+0.07 +0.24 4.88 
+0.55 -0.19 9.05 
+0.47 +0.40 5.87 
+0.38 +0.02 5.39 
+1.02 +0.93 0.34 

+0.39 -0.20 6.95 
+0.04 +0.28 2.51 
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659 DISTRIBUTION OF MASS FOR SPIRAL GALAXIES 

50% between the two mass types; see below). In cases where 
this criterion is not met, two mass types are assigned (e.g., type 
II-III). If x2 > 2.32 for all three fits, then the mass curve is 
classified as UNC (unclear). This criterion represents the 99% 
confidence level for 10 degrees of freedom (i.e., 12 data points 
for a typical galaxy in the sample minus 2 free parameters) as 
given in Table C-4 from Bevington (1969). The UNC desig- 
nation is also used when the extent (i.e., dynamic range) of the 
data points is less than a factor of 3 (i.e., 0.48 in log R). 

The 50% variation in x¿ criterion used to determine whether 
a particular fit can be distinguished from another mass type 
was based on three evaluations. The first is a comparison 
between the mass types determined from observations taken 
by different observers, in this case a comparison between Chin- 
carini and de Souza (1985) and Guhathakurta et al (1988) of 
four galaxies. The second estimate results from fits to galaxies 
such as WR 42, where fairly good fits are found to types I and 
III, but II is worse. In many cases this is because of the kink in 
the mass type II curve at about —1.0 in log R. A curve which 
perfectly bisected the type I and type III curves would actually 
result in the best fit in these cases. The kink therefore intro- 
duces a certain amount of noise into the analysis. The third 
estimate of the uncertainty results from a subjective evaluation 
of when two types can be clearly differentiated. All three 
methods result in estimates for the uncertainty in x2 between 
30% and 50%. We adopt the more conservative value of 50%. 

A comparison was made between the original rotation curve 
data of Rubin et al (1985) and the smoothed rotation curve 
advocated by BR. We conclude that the mass types do not 
change significantly (i.e., in only two out of 20 cases with an 
unambiguous mass type). Hence, in the analysis of new obser- 
vations, we use the original raw data, with the caveat that in 
the few cases where obvious velocity variations were present 
(e.g., the inner region of DC 39) those particular points were 
excluded. 

The following four samples (refer to WFR for details) were 
analyzed: 

1. The Ha-FIELD sample (47 galaxies) consists of field 
spirals with optical Ha emission-line rotation curves as 
observed by Rubin et al (1985). 

2. The Ha-CLUSTER sample (23 galaxies) comes from 
three sources. It consists of spiral galaxies in the Cancer, 
Virgo, Hercules, Pegasus I, and DC 1842-63 clusters with 
optical Ha emission-line rotation curves as observed by 
Rubin et al (1985), Chincarini and de Souza (1985), and 
Rubin, Whitmore, and Ford (1988). 

3. The HI-FIELD sample (16 galaxies) comes from 
observations of field spirals with extended H i as compiled 
by Kent (1987). 

4. The H i-CLUSTER sample (21 galaxies) comes from a 
study of Virgo Cluster spirals using the Very Large Array by 
Guhathakurta et al (1988). 
The resulting values of the scale factors (Rm and Mm), the 

reduced /2, and the mass type for each galaxy as determined by 
our objective method are recorded in Tables 1 and 2 (for the 
Ha sample) and Tables 3 and 4 (for the H i sample). When the 
UNC classification is given, the next symbol in the table 
denotes the cause (i.e., x2 > 2.32 or DR if the dynamic range is 
small). We have linearly extended the original mass-type tem- 
plates of BR (as given in their Table 2) in both log R and log M. 
Large shifts (>1.0 in log space) above or below the original 
range are also recorded in these tables, as are the cases in 
which certain velocities are excluded, as discussed above. 

Rotation curves that fit mass type I tend to have fairly 
similar velocity gradients at all radii, while rotation curves that 
fit mass type III tend to have steep inner gradients and flat 
outer gradients. However, it is important to note that because 
both the mass and the radius are allowed to shift when fitting 
the curves, it is not possible to characterize the three mass types 
as simply rising, flat, and falling rotation curves, as is often 
mistakenly stated in the literature. For example, in Figure 1 we 
show the corresponding rotation curves for two fictitious gal- 
axies fitted to different regions of the mass type III curve. 
Figures lb and 1c show that a rotation curve which is rising 
rapidly at all radii (when the fit is to the left-hand side of Fig. 
la), or a rotation curve that turns over and is falling (when the 
fit is to the right-hand side of Fig. la), can result in a mass type 
III distribution. While this is a contrived example designed to 
demonstrate the effect, it can also be seen by comparing NGC 
4206 (mass type III; rising rotation curve) to NGC 7606 (mass 
type III; falling rotation curve). 

in. RESULTS 

a) Do Mass Types Correlate with Any Properties of the 
Luminous Galaxy ? 

Although BR acknowledge that mass type I galaxies include 
a large proportion of Sc galaxies, they go on to claim that mass 
types are “ not directly a function of luminosity, of mass, of 
mass density, of Hubble type, or, by inference, of bulge-to-disk 
ratio.” If this is true, it suggests that the dark matter may 
dominate at all radii. This appears to contradict the results of 
Kent (1986, 1987), who claims that the rotation curves can be 
predicted fairly well from the luminous distribution, at least 
over most of their optical extent (see WFR for a discussion of 
why these fits may be artificially enhanced by Kent’s method). 

With this apparent contradiction in mind, we have examined 
the results from Table 1 to determine whether any correlations 

Notes to Table 1 
C01 (1).—NGC = New General Catalogue number of galaxy; UGC = Uppsala General Catalogue number (Nilson 1973); IC = Index Catalog number. 
Col. (2).—Hubble type = revised Hubble type from RC2 (de Vaucouleurs, de Vaucouleurs, and Corwin 1976), RSA (Sandage and Tammann 1981), or UGC 

(Nilson 1973). 
Col. (3).—Mass type = I, II, III, UNC if *2 > 2.32 or dynamic range (DR) < 0.48 in log R space from our analysis. 
Col. (4).—BR type = mass type as determined by BR ; I, II, III, UNC, or INT (having properties of more than one type). 
Col. (5).—Dynamic range = the range in log R space. 
Cols. (6), (9), and (12).—Rm = radius scale factor for our fits as defined in BR. 
Cols. (7), (10), and (13).—Mm = mass scale factor for our fits as defined in Br. 
Cols. (8), (11), and (14).—x2 = reduced *2. 
a Inner points with large velocity changes removed. 
b Outer points with large velocity changes removed. 
c Above the original range of BR by more than 1.0 in log space. 
d Below the original range of BR by more than 1.0 in log space. 
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660 FORBES AND WHITMORE Vol. 339 

Galaxy 

Cancer Cluster 
NGC 2558 
UGC 4329 
UGC 4386 

Hubble Mass 
Type Type 

Sab 
Sc 
Sb 

TABLE 2 
Mass Types for the Ha-CLUSTER Sample 

BRFW Rciutter Dynamic 
Type (Mpc) Range 

n-m 
HI 
Une (x2) 

n 
HI 
Int 

0.99 
0.58 
1.29 

0.94 
1.48 
1.56 

+0.61 
+1.10 
+1.40 

+0.77 2.39 
+0.80 2.87 
+1.60 9.67d 

+0.61 +0.82 
+0.72 +0.15 
+1.23 +1.43 

1.07 
3.74 
9.13d 

+0.57 +0.80 
+0.60 -0.01 
+0.82 +0.70 

1.12 
0.30 
5.80 

Virgo Cluster 
NGC 4321* 
NGC 4388 
NGC 4402 
NGC 4419 
NGC 4569 
NGC 4698 

Hercules Cluster 
NGC 6045 
NGC 6054 

Peg I Cluster 
NGC 7591* 
NGC 7608 
NGC 7631 
UGC 12417 
UGC 12498 * 

DC1842-63 Cluster 
DC 02 
DC 08b 

DC 10b 

DC 24 
DC 39* 
WR 42 
WR 66 

Sbc 
Sb 
Sb 
SBa 
Sab 
Sab 

Scd 
SBc 

SBb 
Sb 
Sb 
Sc 
Sb 

Sb 
Sa 
Sc(pec) 
SBc 
SBc 
Sa 
SBb 

Une (x2) 
I-H 
Une (x2) 
n 
n-m 
i 

m 
n-m 

i 
m 
m 
n 
m 
i 

m 
n 

Une (x2) Int 
Une (x2) m 
Une (x2) H 
I 
HI 

H 
m 

Une (x2) 
Une (x2) 
MI 
III 
Une (x2) 
Mil 
II 

Int 
Int 
Une 
III 
III 
III 
HI 

1.38 
0.44 
0.47 
0.98 
0.58 
2.03 

0.25 
0.25 

2.43 
0.56 
0.30 
4.35 
0.49 

0.68 
0.24 
0.17 
0.23 
0.28 
1.33 
1.52 

1.45 
0.96 
0.65 
0.90 
1.28 
1.21 

1.16 
1.71 

1.83 
1.30 
1.71 
1.45 
1.08 

1.21 
1.30 
0.60 
1.21 
0.86 
1.08 
1.16 

-0.26 
+1.32 
+1.27 
+0.35 
+1.54 
+0.63 

-0.76 
+1.74 
+1.02 
+0.15 
+1.96 
+0.59 

7.36 
1.72d 

29.40 
0.42 

12.26d 

2.14 

-0.09 
+0.94 
+1.58 
+0.13 
+1.67 
+0.39 

-0.43 
+1.09 
+2.00 
-0.17 
+2.53 
+0.23 

+0.93 +1.09 10.22 
-0.82 -1.53 1.86* 

-1.63 -2.13 19.18c 

+1.47 +1.44 13.75d 

+0.30 -0.13 4.23 
+0.89 +0.47 0.57 
+0.95 +0.60 1.31 

+0.77 +0.89 
-0.27 -0.70 

+0.10 
-0.29 
+0.80 
+0.90 
+0.30 
+ 1.14 
+0.64 

-0.50 
-0.67 
+0.10 
+0.42 
-0.77 
+1.27 
+0.30 

7.28 
4.58 
1.48 
3.39 
5.44 
0.71 
2.39 

-0.68 
+1.44 
+0.50 
+0.69 
+0.65 

+0.10 
-0.16 
+0.58 
+0.57 
+0.58 
+0.87 
+0.62 

-0.84 
+1.65 
+0.24 
+0.18 
+0.13 

-0.44 
-0.45 
-0.24 
-0.12 
-0.35 
+0.83 
+0.33 

17.25 
1.40 
6.61d 

0.08 
1.84d 

3.38 

4.28 
0.60 

8.01c 

6.48d 

12.39 
0.89 
0.77 

-0.10 
+0.58 
+1.32 
+0.06 
+0.97 
+0.27 

-0.40 
+0.41 
+1.75 
-0.26 
+1.04 
+0.08 

+0.74 +0.88 
-0.21 -0.56 

23.65 
2.84 
5.22 
1.06 
1.41 
3.82 

2.13 
0.82 

-0.65 -0.71 2.48 
+0.84 +0.42 7.57 
+0.28 -0.02 25.95 
+0.45 -0.17 9.37 
+0.55 +0.00 0.49 

16.18 
9.05 
2.07 
3.43 
5.36 
1.13 
0.74 

-0.02 
-0.21 
+0.42 
+0.45 
+0.60 
+0.62 
+0.58 

-0.56 
-0.50 
-0.52 
-0.31 
-0.31 
+0.48 
+0.30 

22.11 
10.24 
3.09 
1.30 
5.90 
0.62 
1.46 

: Uppsala General Catalogue number (Nilson 1973); 1C = Index Catalog 
Col. (1). NGC — New General Catalogue number of galaxy; UGC = 

number. 
Col. (2).—Hubble type = revised Hubble type from RC2, RSA, or UGC. 

Col' S'-RRFwf6 = ^ m,’ °r UN.C X2 > 2-32 or dynamic range (DR) < 0.48 in log R space from our analysis. Col. (4).—BRFW type = mass type as determined by BRFW. 
Col. (5).—Rc 

-r’Âaî<nCe
i

1xi^C^0.m^he ClUSÍer Center' The cluster centers are assumed to be Cancer—NGC 2563; Virgo—M87- Hercules- cjC 6045 and NGC 6054 • Ppansnc T—'7¿i a i ^     _ ® ’ 
- - ^ me ciusicr centers are assumea to be (Jancer—NGC 2563 • 

halfway between NGC 6045 and NGC 6054; Pegasus I—halfway between NGC 7619 and NGC 7626; DC 1842-63-DC 19 
Col. (6).—Dynamic range = the range in log R space. 
Cols. (7), (10), and (13).—Rm = radius scale factor for our fits as defined in BR. 
Cols. (8), (11), and (14).—Mm = mass scale factor for our fits as defined in BR 
Cols. (9), (12), and (15).—*2 = reduced y1. 
a Inner points with large velocity changes removed. 
b Outer points with large velocity changes removed. 
c Above the original range of BR by more than 1.0 in log space. 

Below the original range of BR by more than 1.0 in log space. 

exist between mass types and any other properties of the 
luminous galaxy. The results are displayed in Table 5. We find 
that mass types correlate with Hubble type (with a correlation 
coefficient R = 0.47) and 5-magnitude (R = 0.22). The correla- 
tion between mass type and Hubble type is shown in Figure 2. 
It can be seen that Sa galaxies tend to be mass type II-III and 
Sc galaxies tend to be mass type I. We also give the correlation 
coefficients, in Table 5, between mass type and B—H 
(R = 0.29), the outer gradient of the rotation curve (OG; 
R = 0.49), the inner gradient (IG; 5 = 0.33), and the difference 
between IG and OG (IG — OG; R = 0.45). The latter is a 
measure of the curvature of the mass distribution curve. The 

outer gradient is defined as the percentage increase of the rota- 
tion curve between 0.452 s and 0.8525 normalized to the 
maximum rotational velocity (Whitmore 1984). The inner gra- 
dient is the percentage of the maximum rotational velocity 
reached by 0.1552 s. One would expect various measures of the 
rotation curve gradient to correlate with mass type, since they 
are derived from the same data; we find that the OG is best. 

We also carried out a mass-type analysis on Rubin’s syn- 
thetic rotation curves (Rubin et al. 1985). These synthetic 
curves are essentially averages of observed rotation curves for 
field galaxies as a function of Hubble type and absolute B- 
magnitude. The scale factors (Rm and MJ, reduced y2, and 
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TABLE 3 
Mass Types for the H i-FIELD Sample 

NGC 224 Sb 
NGC 247 Sd 
NGC 300 Sd 
NGC 2403 Scd 
NGC 2841 Sb 

uni 
Une (xa) 
II 
I 
n-m 

0.70 
1.33 
1.53 
1.81 
1.19 

-0.30 -0.61 1.30 
+0.91 +0.26 14.76 
+0.82 +0.05 2.99d 

+0.16 -0.59 0.56 
-0.67 -0.88 1.89c 

-0.42 -0.47 0.64 
+1.05 +0.66 12.71 
+0.51 -0.43 1.27 
+0.29 -0.30 3.70 
+0.26 +0.35 0.54 

-0.51 -0.41 0.53 
+0.51 -0.35 10.07 
+0.33 -0.66 2.70 
+0.18 -0.39 13.00 
+0.28 +0.44 0.99 

NGC 2903 Sbe 
NGC 3031 Sab 
NGC 3109 SBm 
NGC 3198 SBe 
NGC 4236 SBdm 

n-m 
Une (x2) 
Ml 
II 
m 

1.01 
0.86 
0.74 
1.64 
1.07 

-0.66 -1.16 2.15 
-0.65 -1.14 12.00 
+0.78 -0.49 0.49 
+1.60 +0.98 3.51 
+1.18 +0.56 3.86 

+0.16 -0.07 
+0.17 -0.05 
+0.61 -0.73 
+1.77 +1.31 
+0.80 -0.08 

0.53 
7.11 
0.72 
0.14 
5.29 

+0.25 +0.07 0.43 
+0.11 -0.04 3.70 
+0.57 -0.77 1.62 
+1.73 +1.31 0.96 
+0.67 -0.26 0.61 

NGC 4258 Sbe 
NGC 4736 Sab 
NGC 5033 Sc 
NGC 5055 Sbe 
NGC 7331 Sbe 

I 
Une (x2) 
III 
m 
i 

1.08 
1.33 
1.56 
1.65 
0.70 

-0.68 -1.21 1.37c 

-1.48 -2.11 8.31c 

-1.17 -1.65 4.89c 

-0.96 -1.53 4.74c 

+0.01 -0.29 0.57 

-1.24 -1.49 
-0.73 -1.06 
-1.16 -1.31 
-0.13 -0.37 
-0.09 -0.17 

2.19c 

3.67 
1.68e 

1.95 
1.20 

+0.37 +0.18 4.54 
-1.21 -1.39 2.41e 

-0.06 -0.12 0.95 
+0.05 -0.08 0.66 
-0.44 -0.37 2.12 

UGC 2259 SBdm I 0.90 +0.14 -0.89 0.37 I +0.19 -0.77 0.59 | +0.18 -0.76 1.08 

Col. (1).—NGC = New General Catalogue number of galaxy; UGC = Uppsala General Catalogue number (Nilson 
1973); IC = Index Catalog number. 

Col. (2).—Hubble type = revised Hubble type from RC2, RSA, or UGC. 
Col. (3).—Mass type = I, II, III, or UNC if*2 > 2.32 or dynamic range (DR) < 0.48 in log R space from our analysis. 
Col. (4).—Dynamic range = the range in log R space. 
Cols. (5), (8), and (1 l)—Rm = radius scale factor for our fits as defined in BR. 
Cols. (6), (9), and ( 12)—Mm = mass scale factor for our fits as defined in BR. 
Cols. (7), (10), and (13).—/2 = reduced /2. 
a Inner points with large velocity changes removed. 
b Outer points with large velocity changes removed. 
c Above the original range of BR by more than 1.0 in log space. 
d Below the original range of BR by more than 1.0 in log space. 

adopted mass type for each synthetic rotation curve are 
recorded in Table 6. The correlation between mass type and 
absolute H-magnitude is clearly evident, with mass type I being 
associated predominantly with bright galaxies and mass type 
III with faint galaxies. The correlation between mass type and 
Hubble type is not as obvious. 

b) Are Mass Types Dependent on Galactic Environment ? 

BRFW, using Ha rotation curves, derived mass-type curves 
for 20 cluster spirals and concluded that “while the distribu- 
tion in Hubble types between the two samples is relatively 
similar, the distribution of mass types is significantly different. 
One-third (20 out of 60) field galaxies are of mass type I; none 
of the 20 cluster galaxies have this mass type.” With this in 
mind, we analyzed the Ha and H i samples. 

i) Hol Sample 
Our best fits of the BRFW sample (and a few additional 

galaxies) are displayed in Figure 3. The distribution of mass 
types is shown in Figure 4. Comparing this with Figure 3b of 
BRFW, we find that our objective method has not significantly 
changed the distribution of mass types for the field galaxies 
from that of BR (only one out of 24 galaxies with unambiguous 
mass types differs). The small number of galaxies (nine) classi- 

fied as UNC is a reflection of the quality of optical data avail- 
able for field galaxies. 

The distribution of the cluster sample, however, has changed 
slightly. We find that in cases when a clear mass type can be 
defined, our fit differs from that of BRFW in two out of seven 
galaxies. In addition, we have classified nine galaxies as UNC; 
BRFW classify only two galaxies as UNC. However, we sub- 
stantiate the BRFW finding of a deficiency of mass type I in the 
cluster sample, although the statistical significance is reduced. 
A Kolmogorov-Smirnov test indicates a 22% chance that the 
two distributions are taken from the same sample. 

Figure 5 shows the best fit for three galaxies, illustrating 
some typical differences between our analysis and that of 
BRFW. UGC 12417 (Sc) is a member of the Pegasus I Cluster. 
It has been classified by BRFW as type II. Our objective 
method finds I (*2 = 0.57), II (y2 = 0.89), and III (;/2 = 9.37); 
we classified it as type I. The scale factors (Rm = 0.89, Mm = 
0.47) shift the data points so that the lower points lie 0.40 
below the original cutoff as given by BR. WR 42 (Sa) is a 
member of the DC 1842 — 63 cluster. It has been classified by 
BRFW as mass type III. Our objective method finds I 
(X2 = 0.71), II (x2 = 1.13), and HI (x2 = 0.62); we classified this 
as type I-IH. However, it is important to note that x2 for type 
II would be lower (i.e., 0.57) if the kink in the mass type II 
template does not exist. The kink therefore introduces a certain 

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



19
8 

9A
pJ

. 
. .

33
9.

 .
65

7F
 

662 FORBES AND WHITMORE 

Galaxy 
Hubble Mass 
Type Type 

TABLE 4 
Mass Types for the H i-CLUSTER Sample 

^Cluster Dynamic 
(Mpc) Range Rm M™ 

H 

Mn Rnt 

m 

NGC 4178* SBdm n m 
NGC 4192* 
NGC 4206* 
NGC 4216* 
NGC 4222* 

Sab 
Sbc 
Sb 
Sd 

n-ra 
m 
m 
Une (DR) 

1.71 
1.78 
1.40 
1.36 
1.33 

0.58 
0.77 
0.70 
0.53 
0.34 

+0.40 
+1.07 
+ 1.52 
+1.57 
+1.32 

-0.43 
+1.01 
+1.23 
+2.02 
+1.05 

0.43 
1.44 
0.43 
0.31 
1.05 

+0.78 
+1.06 
+1.16 
+ 1.19 
+1.23 

+0.10 
+1.02 
+0.63 
+1.38 
+0.95 

0.14 
0.84 
0.41 
0.17 
0.97 

+0.83 
+1.08 
+1.04 
+1.11 
+1.04 

+0.18 
+1.06 
+0.44 
+1.25 
+0.60 

0.17 
0.65 
0.11 
0.09 
1.37 

NGC 4237* 
NGC 4254* 
NGC 4303* 
NGC 4321* 
NGC 4388 

Sbc 
Sc 
Sbc 
Sbc 
Sb 

Une (DR) 

Une (x2) 
m 

1.57 
1.29 
2.87 
1.40 
0.45 

0.22 
0.53 
0.62 
0.53 
0.85 

+1.16 
+1.14 
-0.11 
-0.10 
+1.21 

+1.11 
+1.15 
-0.80 
-0.36 
+1.46 

0.01 
0.54 
0.11 
6.57 
3.20 

+0.76 
+1.00 
+0.62 
-0.30 
+0.83 

+0.44 
+0.94 
+0.16 
-0.32 
+0.81 

0.02 
0.96 
0.37 
5.97 
3.86 

+0.72 +0.37 
+1.00 +0.95 
+0.71 +0.27 
+0.66 +0.64 
+0.70 +0.61 

0.01 
1.29 
0.40 
4.56 
0.72 

NGC 4402 
NGC 4450* 
NGC 4501* 
NGC 4535* 
NGC 4548* 

Sb 
Sab 
Sb 
Sc 
SBb 

i-n 
Une (DR) 
H 
I 
n-m 

0.49 
0.42 
0.73 
1.50 
0.84 

1.17 
0.26 
0.49 
0.53 
0.49 

+1.26 +1.19 1.30d 

+0.74 +0.69 0.01 
+0.44 +0.42 0.14 
+1.17 +1.17 1.27 
+0.84 +0.58 2.17 

+0.71 
+0.76 
+0.77 
+0.96 
+0.81 

+0.20 
+0.72 
+0.88 
+0.85 
+0.55 

1.83 
0.01 
0.01 
2.15 
1.54 

+0.42 
+0.80 
+0.81 
+0.98 
+0.90 

-0.25 
+0.78 
+0.94 
+0.89 
+0.68 

13.99 
0.02 
0.05 
3.11 
1:29 

NGC 4568* 
NGC 4569* 
NGC 4579 
NGC 4647* 
NGC 4654* 
NGC 4689* 

Sbc 
Sab 
Sb 
Sc 
Sed 
Sbc 

Une (DR) 
H 
n-m 
Une (DR) 
Une (DR) 
Une (DR) 

0.70 
0.59 
0.66 
1.19 
1.22 
1.61 

0.26 
0.91 
0.61 
0.15 
0.36 
0.15 

+0.89 
+1.11 
-0.69 
+0.14 
+ 1.77 
-0.04 

+0.72 
+1.32 
-0.83 
-0.65 
+2.53 
-0.54 

0.06 
0.59 
0.42 
1.42 
5.60 
1.05 

+0.82 
+0.85 
+0.17 
-2.02 
+ 1.39 
+0.22 

+0.61 
+0.91 
+0.28 
-2.65 
+1.87 
-0.10 

0.08 
0.37 
0.28 
0.47c 

6.64 
0.01 

+0.82 
+0.68 
+0.26 
+0.11 
+1.61 
+0.18 

+0.61 
+0.64 
+0.39 
-0.48 
+2.65 
-0.10 

0.15 
3.41 
0.24 
0.01 
0.60 

0.01 
c°l. (1).—NGC = New General Catalogue number of galaxy; UGC = Uppsala General Catalogue number (Nilson 1973)- 

IC = Index Catalog number. 
Col. (2).—Hubble type = revised Hubble type from RC2, RSA, or UGC. 

£°!‘ ^~Mass type = l’n’m’or UNC if X2 > 2 32 or dynamic range (DR) < 0.48 in log R space from our analysis. 
° ‘ 4 ’ ^cluster = distance in Mpc from the cluster center. The cluster centers assumed to be Cancer—NGC 2563' Virgo  M87; Hercules halfway between NGC 6045 and NGC 6054; Pegasus I—halfway between NGC 7619 and NGC 7626' DC 

1842 —63-DC 19. ’ 
Col. (5).—Dynamic range = the range in log R space. 
Cols. (6), (9), and (12).—Rm = radius scale factor for our fits as defined in BR. 
Cols. (7), (10), and (13).—Mm = mass scale factor for our fits as defined in BR. 
Cols. (8), (11), and (14).—x2 = reduced x2- 
a Inner points with large velocity changes removed. 
b Outer points with large velocity changes removed. 
c Above the original range of BR by more than 1.0 in log space. 
d Below the original range of BR by more than 1.0 in log space. 

amount of noise into the analysis, as explained in § II. The 
determination of mass type III, by BREW, does not reflect how 
poorly the mass type is actually determined in this case. Shown 
in Figure 5 is the best fit to mass type III. NGC 4698 (Sa) is a 
member of the Virgo Cluster. It has been classified by BR as 
type I (in their field sample) but was not included in their 
cluster sample. Our objective method finds I (*2 = 2.14), II 
(x — 3.38), and III (x2 = 3.82). Hence we also classified it as a 

mass type I cluster 
y2 < 2.32 criterion. 

galaxy, although it barely meets our 

ii) H i Sample 
We also performed the mass-type analysis on the H i- 

FIELD and H i-CLUSTER samples (see Tables 3 and 4); the 
best fits are displayed in Figure 6, and the distribution of mass 
types is shown in Figure 7. 

TABLE 5 
Correlations with Mass Type 

Observational 
Parameter 

Hubble 
Type B B-H 

Outer 
Gradient (OG)a Inner 

Gradient (IG)b IG — OG 
Correlation coefficient 
Number of galaxies .... 
Confidence levels0   

0.47 
49 
99.9% 

0.22 0.29 
49 42 
85.0% 90.0% 

0.49 
42 
99.9% 

0.33 
34 
95.0% 

0.45 
34 
99.0% 

a OG is defined as the perœntage increase of the rotation curve between 0.4R25 and 0.8Ä„ normalized to the 
rotational velocity. 

b IG is defined as the percentage of the maximum rotational velocity reached by 0.15R25. 
c Probability that the correlation coefficient exceeds that of a random sample. 

maximum 
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TABLE 6 
Mass Types of Rubin’s Synthetic Rotation Curves 

III 
Hubble 

Type 
Mass 
Type Rm 

-18 . 
-19 . 
-20 . 
-21 . 
-22 . 
-18 . 
-19 . 
-20 . 
-21 . 
-22 . 
-18 . 
-19 . 
-20 . 
-21 . 
-22 . 

Sa 
Sa 
Sa 
Sa 
Sa 
Sb 
Sb 
Sb 
Sb 
Sb 
Sc 
Sc 
Sc 
Sc 
Sc 

III 
III 
II 
I 
I 
III 
III 
II 
I 
I 
III 
III 
I 
I 
I 

+ 0.89 
+ 0.69 
+ 0.36 
-0.10 
-0.70 
+ 0.90 
+ 0.72 
+ 0.41 
-0.04 
-0.68 
+ 1.25 
+0.98 
+ 0.73 
+ 0.39 
-0.15 

+ 0.54 
+ 0.41 
+ 0.12 
-0.29 
-0.78 
+0.30 
+ 0.23 
-0.04 
-0.44 
-0.97 
+ 0.70 
+ 0.43 
+ 0.22 
-0.08 
-0.59 

18.82 
13.88 
3.82 
1.03 
0.21 

40.36 
14.49 
6.98 
1.40 
0.15 

53.73 
8.58 
1.72 
0.32 
0.48 

+ 0.53 
+0.40 
+ 0.23 
+ 0.03 
-0.25 
+ 0.76 
+ 0.43 
+ 0.26 
+ 0.07 
-0.24 
+ 1.26 
+ 0.75 
+ 0.49 
+ 0.30 
+ 0.01 

-0.05 
-0.03 
-0.02 
-0.03 
-0.10 
+ 0.12 
-0.22 
-0.21 
-0.21 
-0.30 
+ 0.94 
+ 0.08 
-0.14 
-0.16 
-0.27 

22.35 
9.70 
0.89 
3.92 
4.36 

46.48 
11.69 
0.94 
3.42 
4.11 
9.73 
9.96 
3.09 
3.89 

10.35 

+ 0.40 
+ 0.31 
+0.16 
-0.00 
-0.19 
+ 0.43 
+ 0.33 
+ 0.19 
+ 0.04 
-0.19 
+0.66 
+0.48 
+ 0.35 
+0.19 
-0.02 

-0.21 
-0.12 
-0.08 
-0.03 
+0.01 
-0.42 
-0.32 
-0.27 
-0.21 
-0.20 
-0.26 
-0.34 
-0.30 
-0.27 
-0.27 

0.57 
0.52 
5.31 
9.24 

11.47 
8.14 
0.71 
2.38 
8.90 

10.92 
7.10 
6.32 

10.32 
15.24 
19.38 

a Mb = absolute B-magnitude. 

Fig. 1.—(a) Templates for the three mass types, as defined in BR, with two different fits to mass type III. (b) The corresponding rising rotation curve for a fit to the 
lower portion of mass type III. (c) The corresponding falling rotation curve for a fit to the upper portion of mass type III. 
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Radius (kpc) 

Radius (kpc) 

Fig. 1—Continued 
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Fig. 2.—Correlation between mass type and Hubble type for the Ha-FIELD sample. The diameters of the circles are proportional to the number of data points 
they represent (i.e., the largest circle has 10 data points associated with it; the smallest represents only one data point). Although the discrete nature of the parameters 
makes a graphical representation difficult, the correlation coefficient is 0.47, resulting in a probability of 99.9% that mass type and Hubble type are correlated. 

Eight cluster spirals have been classified as UNC, primarily 
because of their small dynamic range. Only three field spirals 
are unclear. Guhathakurta et al (1988) note that NGC 4222, 
NGC 4237, NGC 4568, and NGC 4689 were observed with 
insufficient angular resolution. We classified all of these gal- 
axies as UNC because of insufficient dynamic range, hence 
they had no effect on our results. We find no significant differ- 
ence between the cluster and field samples. This may be 
because inner cluster galaxies, which tend to have a low total 
H i content, were not well represented in our sample (i.e., there 
are only five galaxies within 0.8 Mpc of the cluster center). 
Hence, the sample was made up primarily of galaxies in the 
outer region of clusters, for which WFR have shown that the 
rotation curves are similar in nature to those of field galaxies. 
The Kolmogorov-Smirnov test indicates that the two distribu- 
tions are indistinguishable. 

iii) Discussion 
WFR find that the outer gradient in rotation curves corre- 

lates well with the distance of the galaxy from the center of the 
cluster (RdusterX in the sense that galaxies with a negative OG 
(i.e., falling rotation curve) tend to be found only in the inner 

regions of clusters. Since mass types correlate with OG, we 
might also expect to see this effect in the distribution of mass 
type with position within the cluster. 

Figure 8 shows the distribution of mass types for galaxies in 
the inner and outer regions of the clusters for the Ha- 
CLUSTER sample. The equivalent for the H i-CLUSTER 
sample is shown in Figure 9. In both the Ha and the H i 
samples, mass type I galaxies are preferentially found in the 
outer region of clusters. There is a trend for mass type III to be 
associated with the inner cluster regions in the Ha-CLUSTER 
sample. This is not evident in the H i-CLUSTER sample. 
These trends are not as strong as WFR found between OG and 
R -‘'■cluster* 

In retrospect, it appears that the BRFW result (i.e., fewer 
mass types Fs in clusters) can be understood in terms of the 
correlation between OG and Rciustcr discovered by WFR, and 
between OG and mass types as discussed earlier in this section. 

IV. SUMMARY 

Recent papers by Burstein and Rubin (1985) and Burstein et 
al. (1986) have been reexamined using both a new objective 
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c„ 5°' 3 _Bf *fitS t0
J
BurSÍeÍ"’s mass ‘yP68 for (a’»“-FIELD and (c) Ha-CLUSTER samples. The same scale is used as in Fig. 1. The best fits are represented by filled squares. Intermediate fits have filled squares for the best fit and open squares for the second-best fit. Unclear fits are represented by crosses. 
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NGC 7537 

Fig. 3b 
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NGC 7591 (UNC) 

Fig. 3c 
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28 
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20 
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12 
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FIELD 

CLUSTER 

H0 Sample 

I II 
MASS TYPE 

III 

FlG- 4.—Distribution of mass types for the Ha sample, A deficiency of mass type I in the cluster sample found by BREW (see their Fig. 36) is sunoorted In the cases for which two mass types have been assigned in Tables 1 and 2, half is represented in each mass type. This also applies to Figs 7-9. 

. F,i! «m ^ fltS f°r '’I66,,!“3161 galaxies for which BRFW and our study give discrepant results. UGC 12417 (mass type I) has been classified by BRFW as mass ype II. WR 42 (mass type I-III) was classified by BRFW as mass type HI ; however, this does not reflect how poorly the mass type is actually determined in this case. 
Shown here is the best fit to mass type III. NGC 4698 (mass type I) was also classified as mass type I by BRFW; however, they included it in their field sample. We 
have included it in our Ha-CLUSTER sample. See text for details. 
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Fig. 6. Best fits to Burstein s mass types for (a) H I—FIELD and (b) H i-CLUSTER samples. The same scale and symbols are used as in Figure 3. 
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Fig. 6b 
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Fig. 7.—Distribution of mass types for the H I sample. The sample is made up primarily of galaxies in the outer region of the Virgo Cluster. This may explain the 
similarity between the H i-FIELD and H i-CLUSTER samples. 

0 
I II III 

MASS TYPE 
Fig. 8.—Distribution of mass type as a function of position within the cluster for the Ha-CLUSTER sample. There is a trend for mass type I to be associated with 

the outer cluster regions and mass type III with the inner regions. 
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I II III 
MASS TYPE 

Fig. 9.—Distribution of mass type as a function of position within the cluster for the H i-CLUSTER sample 

technique and more recent observational data. In conclusion: 
1. The agreement between the mass types determined using 

our objective x2 method and using the earlier fitting technique 
of BR and BRFW was very good. The agreement for the Ha- 
FIELD sample was better than that for the Ha-CLUSTER 
sample, presumably because the quality of the rotation curves 
was better. 

2. Mass types correlate with many properties of the lumi- 
nous galaxy. In particular, a least-squares analysis of 49 galaxies 
reveals a correlation with B-luminosity (R = 0.22) and an even 
stronger correlation with Hubble type (R = 0.47) in the sense 
that Sa galaxies tend to be of mass type II-III and Sc galaxies 
tend to be of mass type I (this was noted by BR). Analysis of 
Rubin’s synthetic rotation curves confirms that mass types are 
a function of luminosity; the correlation with Hubble type is 
not as evident. 
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