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ABSTRACT 

We present a statistical analysis of the relationships between radio continuum, far- and near-infrared emis- 
sion, blue light, and X-ray emission of spiral galaxies. We find differences between early (Sa-Sb) and late-type 
(Sc-Sm/I) spiral galaxies, both in the strengths of the correlations and in the functional relationships between 
the variables. In particular, the correlations of the radio continuum and far-infrared luminosities with the 
other luminosities present more scatter in early-type spirals. These also tend to be overluminous in the blue, 
H, and X-rays for a given radio luminosity when compared with late-type spirals. A similar effect is seen at 
least for the H luminosity when compared with the far-infrared. These effects could be explained with the 
presence of large bulge components in early-type spirals contributing to the blue, H, and X-ray emission, but 
not to the radio continuum and the far-infrared. The relationships between the variables in late-type spirals 
suggest a common disk/arm origin for the emission at different wavelengths. Their functional dependences 
could be consistent with a steeper initial mass function and an obscured compact starburst component in the 
more luminous galaxies. If the latter dominates the far-infrared emission in these galaxies, the close link 
between far-infrared and radio emission suggests that the sources of cosmic-ray electrons belong predomi- 
nantly to the younger Population I component in high-luminosity late-type spirals. However, a link between 
the radio emission and an older disk component cannot be ruled out in the low-luminosity galaxies. The 
previously reported link between X-ray and radio emission is also comparatively strong and might imply a 
physical or evolutionary connection between X-ray and cosmic-ray sources. 
Subject headings: galaxies: photometry — galaxies: stellar content — galaxies: X-rays — 

radio sources: galaxies 

I. INTRODUCTION 

Correlations between optical and near-infrared emission 
properties of spiral galaxies have been widely used to gain an 
understanding of their structure, stellar content, and evolution 
(e.g., Tully, Mould, and Aaronson 1982; Whitmore 1984). Cor- 
relations between the radio continuum emission and optical 
properties have also been sought to explain the origin of 
cosmic rays, the properties of magnetic fields, and the effects of 
density waves (e.g., Hummel 1981; Klein 1982; Kennicutt 
1983; Beck and Reich 1985). Surveys of galaxies in two other 
major bands are now available: in X-rays with the Einstein 
Observatory and in the far-infrared with IRAS. The use of these 
new windows has contributed novel insight into the properties 
of normal galaxies (e.g., Fabbiano 1986; de Jong 1986), and 
provides the opportunity to explore galaxy properties using a 
wide array of different indicators. 

The study of single correlations between variables, although 
offering valuable clues, could also be misleading, since correla- 
tions might arise as a consequence of some stronger, more 
direct link between variables that are not included in the 
analysis (e.g., Whitmore 1984; Fabbiano and Trinchieri 1985, 
hereafter FT85). This point is well illustrated by the contradic- 
tory conclusions reached by looking separately at the correla- 
tions between radio continuum and either X-ray (FT85) or 
far-infrared emission (Helou, Soifer, and Rowan-Robinson 
1985; de Jong et al 1985) in spiral and irregular galaxies. While 
the former correlation was interpreted as suggesting a link 

1 On leave of absence from Istituto di Radioastronomía del CNR, Bologna, 
Italy. 

2 Presently at Osservatorio Astrofisico di Arcetri, Firenze, Italy. 

between the radio emission (and thus the cosmic-ray 
production) and the general, young and older Population I (as 
originally suggested by van der Kruit, Allen, and Rots 1977; 
Hummel 1981), the latter was considered as the final demon- 
stration of a very young Population I origin of the radio emis- 
sion (e.g., Lequeux 1971; Klein 1982; Kennicutt 1983). To 
address this particular problem, and to gain a general picture 
of the global emission properties of spiral galaxies, we have 
carried out a statistical analysis of the emission in the five 
well-observed wavelength regions: radio continuum (20 cm), 
far-infrared (60-100 /un), near-infrared (1.65 gm, H), optical 
(B), and X-rays (0.2-3.5 keV); we report the results here. 

In this paper we look for correlations between these five 
wave bands; we pay close attention to the relative strength of 
these multiband correlations and to the slopes of the relation- 
ships; and we explore the effect of the Hubble type on these 
relationships, by studying separately early-type spirals (Sa-Sb) 
and later systems. The samples used in this analysis are 
described in § II; the methods followed and our results in com- 
parison with previous work are given in § III. In § IV we 
discuss their implications. Our conclusions are summarized in 
§ V- Throughout this paper we will adopt H0 = 50 km s 
Mpc -1. 

II. THE SAMPLES 

Two samples of spiral galaxies were used in this analysis. 
They are largely nonoverlapping and were selected and 
observed for different reasons. The first (the VLA sample) is a 
statistically complete sample of spiral galaxies of selected early 
and late morphological types, which was observed with the 
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TABLE 1 
The VLA Sample 

Galaxy 
NGC 
(1) (2) 

(Mpc) 
(3) 

lOg ¿u 
(erg s-1Hz_1) 

(4) 

log £r 
(erg s-1Hz"1) 

( 5 )a 

log Lfir 
(erg s'1) 

(6) 

278 
672 
891 

925 

949 
2683 
2841 

3184 

3190 
3319 
3432 
3504 
3556 
3583 
3675 
3690 
3718 
3769 
3898 
3982 
4102 
4157 
4244 
4242 
4274 
4314 
4395 
4448 
4490 
4559 

4565 
4618 
4631 

4656 

4725 
4736 

4800 
4826 
5204 
5457 

5474 
5585 
5985 
6946 

7 217 
7741 

18.6 
12.9 
15.6 

15.8 

17.1 
8.0 

14.3 

12.1 

27.7 
15.5 
12.1 
29.6 
15.8 
43.7 
15.8 
61.9 
21.6 
15.8 
25 . 
23 . 
19 . 
17 . 
5. 

11. 
17.6 
17.0 
6.1 

13.1 
12.0 
15.4 

23.4 
11.3 
12.1 

12.5 

23.3 
6.9 

16.2 
7.0 
6.6 
7.4 

7.9 
8.8 

53.9 
6.7 

24.7 
20.6 

28.93 
28.67 
29.39 

29.16 

28.45 
28.80 
29.34 

28.84 

29.20 
28.59 
28.53 
29.17 
29.14 
29.39 
29.08 
29.64 
29.22 
28.39 
29.14 
28.85 
28.65 
28.90 
28.24 
28.37 
29.08 
28.65 
28.16 
28.54 
29.01 
29.19 

29.84 
28.49 
29.31 

28.74 

29.71 
29.06 

28.46 
28.97 
27.85 
29.31 

28.12 
28.24 
29.78 
28.84 

29.40 
28.81 

28.70 
27.38 
29.28 

(29.35) 
28.08 

(28.29) 
27.82 
27.74 
28.22 

(28.37) 
27.90 

(28.17) 
28.59 
26.94 
28.16 
29.51 
28.90 
29.08 
28.18 
30.48 
28.18 
27.52 
27.73 
28.63 
29.04 
28.80 

<25.91 
27.09 
27.42 
27.62 
27.34 
26.62 
29.09 
28.28 

(28.71) 
28.87 
27.66 
29.17 

(29.35) 
28.02 

(28.35) 
28.39 
28.12 

(28.19) 
27.82 
27.78 
26.76 
28.16 

(28.75) 
26.48 
26.81 
28.50 
28.79 

(28.91) 
28.10 
27.49 

43.74 
42.63 
44.10 

43.07 

42.90 
42.56 
42.79 

42.68 

43.34 
42.20 
42.72 
44.03 
43.67 
44.01 
43.32 
45.35 

<42.55 
42.72 

<42.55 
43.46 
44.02 
43.49 

<41.20 

43.07 
42.87 
41.80 
42.36 
43.60 
43.06 

43.53 
42.59 
43.75 

42.44 

<42.87 
43.26 

43.03 
43.10 
41.87 
42.86 

41.86 
41.84 
43.57 
43.25 

43.46 
42.90 

' The numbers in parentheses are from Hummel 1980. 
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VLA to investigate specifically the morphological dependence 
of the correlation between radio continuum and optical emis- 
sion (Gioia and Fabbiano 1987). The second (the X-ray 
sample) is the sample observed in X-rays with the Einstein 
Observatory. This sample, although not statistically complete, 
is representative of normal spiral and irregular galaxies (FT85). 
Radio continuum, optical, and far-infrared measurements are 
available for the VLA sample; all of these, and also near- 
infrared and X-ray measurements, are available for the X-ray 
sample. The use of both samples allows us to check for possible 
selection biases that might affect the results of the X-ray 
sample. Also, it gives us twice as many galaxies with which to 
study the relationships between R, FIR, and B, thus allowing 
us to constrain them more effectively. 

a) The VLA Sample 
This is a statistically complete magnitude-limited sample of 

46 spiral galaxies (see description in Gioia and Fabbiano 1987). 
Of these, 25 have morphological parameters T = 1-3 (T is 
from de Vaucouleurs, de Vaucouleurs, and Corwin 1976, i.e., 
Sa-Sb), and 21 have T = 6-9 (Scd-Sm). All but one were 
detected in radio continuum at 20 cm with the VLA. The data 
are published in Gioia and Fabbiano (1987), but no statistical 
analysis was done in that paper. 

Table 1 lists the galaxies in this sample, together with their 
morphological parameter T, their distance in megaparsecs esti- 
mated from the Revised Shapley-Ames Catalog of Bright Gal- 
axies (Sandage and Tammann 1981), their monochromatic 
optical (B) luminosity lB, their monochromatic radio contin- 
uum (20 cm) luminosity lR, and their “ total ” far-IR luminosity 
Lfir. The radio and optical luminosities were derived from the 
20 cm VLA flux densities and optical magnitudes listed in 
Table 1 of Gioia and Fabbiano (1987). In the case of 
NGC 3504, which was not detected because of interference in 
the VLA data, we use the previously published 20 cm flux 
density of Hummel (1980). For some of the galaxies the VLA 
flux densities are smaller than previously reported measure- 
ments (see Gioia and Fabbiano 1987). For these galaxies the 
20 cm luminosities derived from Hummel (1980) are given in 
parentheses in Table 1. We will consider the effect of this dis- 
crepancy in our statistical analysis. The far-infrared luminosity 
LFir was derived from the IRAS band fluxes (FIR) listed in 
Cataloged Galaxies and Quasars Observed in the IRAS Survey 
(1985). In cases where more than one source was detected 
within a galaxy, the sum of all the fluxes was used. 

b) The X-Ray Sample 
The second sample is composed of 51 galaxies observed in 

X-rays with the Einstein Observatory. Forty-eight of these were 
in the sample studied by FT85. To these we have added 
NGC 5194 (M51; Palumbo et al. 1985), NGC 4631, and 
NGC 6946. The latter two, although originally observed in 
X-rays as part of a survey of peculiar galaxies, are similar to 
normal spirals in their X-ray properties (Fabbiano, Feigelson, 
and Zamorani 1982). The statistical analysis of this sample was 
performed originally by FT85. The present analysis includes 
the far-infrared luminosities, which were not available to FT85, 
and also applies newer techniques, which allow a more com- 
plete analysis (see § III and the Appendix). 

Table 2 lists the 51 galaxies in the X-ray sample, together 
with the morphological type, the assumed distances, and 
monochromatic continuum luminosities at 20 cm (lR), 1.65 pm 
(/H), B {Iß), and X-rays (/x), as described in FT85. It also lists 

their far-infrared luminosities LFIR. These were derived in the 
same way as those of the VLA sample, with the exception of 
M31 and M33. Since the far-infrared flux density of these two 
nearby galaxies is seriously underestimated in the IRAS 
catalog, we used instead flux densities estimated from pointed 
IRAS data (as quoted by Helou, Soifer, and Rowan-Robinson 
1985). 

The galaxies in the X-ray sample have morphological types 
ranging from SO/a to Im (T = 0-10). For the purpose of this 
paper we have grouped together early-type spirals with 
T = 0-3 (S0/a-Sb), and late-type spirals with T = 4-10 (Sbc- 
Im). The two subsamples consist of 22 and 29 (only four of 
which are borderline T = 4) galaxies, respectively. Six galaxies 
(NGC 2841, NGC 4244, NGC 4631, NGC 4826, NGC 5457, 
and NGC 6946) are common to both the VLA and the X-ray 
samples. The distances and lB for some of these galaxies are 
slightly different in Tables 1 and 2 because different sources for 
these quantities were used in the two samples (Gioia and Fab- 
biano 1987 and FT85, respectively). The different values are, 
however, within the scatter of the correlations, and these differ- 
ences do not affect the results of the analysis. 

III. DATA ANALYSIS 

a) Results 
Figures 1 and 2 show the scatter diagrams of all the variables 

considered in the VLA and X-ray samples. These figures show 
immediately that (1) clear correlations between all the variables 
exist in late-type spirals, while a larger scatter and in some 
cases no correlations are visible in early-type spirals; (2) corre- 
lations between different variables may differ in the relative 
amount of scatter and in the slopes suggested by the distribu- 
tions of the points in the diagrams;3 (3) these correlations are 
not the result of a segregation of galaxies of given morphologi- 
cal types into different limited ranges of luminosity, since they 
are present within each morphological type. 

These visual impressions are confirmed and quantified by 
our statistical analysis (see Appendix). In the early-type spirals 
we find that the most significant correlations by far are (R, 
FIR), (H, B), and (X, B), and that the other correlations present 
a significant amount of scatter. In the late-type spirals, instead, 
all the correlations are very strong. In particular, the correla- 
tions (R, FIR), (R, X), and (H, 5) all have a probability of 
arising by chance ofP<^5xlO~7; those between (B, X), (X, 
FIR), and (B, FIR) all have P <5 x 10~5. We also find that 
different correlations may follow different power-law relation- 
ships. Since most of these relationships are ill defined in the 
early-type spirals, we only show the average best-fit lines for 
the late-type sample in Figure 2. These lines are also plotted on 
the scatter diagrams of the early-type sample in the same 
figure, for ease of comparison. Of the most significant correla- 
tions, only (X, B) and (R, FIR) are consistent with a power-law 
exponent a æ 1. Although less well defined, (FIR, H) and (R, H) 
could also have a « 1. The other correlations are described by 
power-law exponents definitely different from unity : in particu- 
lar, the regression lines for the (B, H), (B, R), (X, R), (B, FIR), 
and (X, FIR) correlations all have power-law exponents in the 
range of a»0.5-0.7; the regression lines for the inverse 

3 In the following, when we refer to a correlation with the notation ( Y, X) in 
the parametric analysis, we imply that Y is the dependent and X is the inde- 
pendent variable. When we refer to a correlation as “ steep ” or “ flat,” it is with 
reference to this notation. 
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TABLE 2 
The X-Ray Sample 

Galaxy 
NGC 
(1) (2) 

D 
(Mpc) 

(3) 

lOg ¿R 
(erg s‘1Hz" 

(4) 

lOg ¿H 
(erg s"1Hz_1) 

(5) 

log £b 
(erg s-^Hz-1) 

(6) 

log ¿x 
(erg s_1Hz" 

(7) 

log Lfir 
(erg s"1 

(8) 

224 
247 
253 
520 
598 
628 

1073 
1097 
1300 
1313 
1350 
1398 
1559 
LMC 
2366 
2403 
2613 
2763 
2775 
2835 
2841 
2848 
2903 
3031 
3077 
3368 
3593 
3628 
4236 
4244 
4449 
4579 
4594 
4631 
4643 
4753 
4826 
5068 
5078 
5101 
5194 
5236 
5253 
5457 
5566 
5907 
6744 
6946 
7793 

IC342 
IC2574 

3 
7 
5 
0 
6 
5 
5 
3 
4 
7 
2 
2 
6 
9 

10 
6 
3 
6 
2 
5 
3 
5 
4 
2 
0 
2 
0 
3 
8 
6 

10 
3 
1 
7 
0 
0 
2 
6 
1 
0 
4 
5 
0 
6 
2 
5 
4 
6 
8 
6 
9 

0.7 
3.4 
3.4 

46.7 
0.7 
3.4 

26.4 
24.5 
30.4 
4.8 

29.3 
30.4 
20.5 
0.05 
3 
3 

28 
10 
19 
10.7 
12.0 
10.7 
7.6 
3 
3 . 

16 . 
16. 
16. 

3 . 
5 . 
5. 

21.7 
19.3 
12.1 
25.4 
22.7 
5.0 
7.9 
7.9 
7.9 

11.0 
7.9 
7.9 
7.2 

34.6 
18.4 
10.4 
6.7 
3.4 
4.6 
3.7 

27.66 
26.49 
28.88 
29.66 
27.28 
27.45 

<28.62 
29.65 
28.58 
28.06 

<28.11 
28.22 
29.36 

27.58 
28.86 
27.81 

<28.36 
27.89 
28.22 

28.45 
27.68 

<26.80 
28.44 
28.45 
29.19 

<26.80 
<27.18 

27.82 
29.08 
28.92 
29.35 

<28.59 
<28.49 

27.43 
27.85 

<27.57 
29.22 
29.10 
27.62 
28.72 

<28.86 
28.67 
28.57 
28.91 
26.80 
28.85 

<27.04 

29.40 
28.08 
29.26 
29.76 
28.05 
28.00 

29.58 

30.15 
29.04 

26.78 
28.52 
29.94 

29.52 
28.56 
29.49 

29.25 
29.36 
27.65 
29.75 

29.71 
27.48 
27.99 
28.04 
29.75 
30.39 

29.71 
29.82 
29.05 

29.53 
27.91 
29.37 

29.59 
29.18 

28.00 

27.18 

28.97 
28.25 
28.83 
29.47 
28.12 
28.00 
29.08 
29.54 
29.42 
28.52 
29.27 
29.59 
29.20 
28.15 
27.48 
28.43 
29.56 
27.88 
28.96 
28.41 
29.06 
27.73 
28.87 
28.85 
27.64 
29.22 
28.64 
29.35 
28.02 
28.24 
28.32 
29.27 
29.80 
29.31 
29.04 
29.27 
28.54 
28.31 
27.72 
27.90 
29.25 
29.39 
28.38 
29.25 
29.51 
29.22 
29.44 
28.84 
28.04 
28.91 
27.67 

21.66 
21.30 
21.78 
22.90 
21.01 
20.79 
22.32 
23.18 

<22.65 
21.71 

<22.63 
22.59 
22.66 
20.59 

<20.60 
21.47 

<22.80 
21.48 
22.24 

<21.82 
22.08 

<21.42 
22.07 
22.35 
20.37 
21.95 
22.03 
22.89 
20.91 
21.14 
21.50 
22.49 
23.04 
22.29 

<22.87 
22.30 
21.56 
21.58 
21.22 

<21.63 
22.53 
22.46 
21.03 
22.24 

<22.80 
22.24 
22.30 
22.59 
21.30 
21.88 
20.77 

42.60 
<41.15 

43.72 
44.63 
42.27 
41.53 
43.27 
44.27 
43.38 
42.31 

<42.84 
43.15 
43.87 

41.30 
42.23 
43.67 
42.29 
42.92 
42.56 
42.64 
42.14 
43.19 
42.23 
41.99 
43.29 
43.52 
43.95 
41.35 

<41.20 

43.32 
43.05 
43.75 
42.49 
43.06 
42.81 
42.35 
42.72 
41.75 
43.56 
43.67 
43.02 
42.90 
43.18 

42.56 
43.25 
41.92 
43.12 
41.05 

relationships are less well defined, but nonetheless all have 
exponents a ^ 1.3. 

Since the behavior of the relationships between R, FIR, and 
B is similar in the statistically complete VLA sample and in the 
X-ray sample, we resolved to add the two samples together to 
increase the significance of our regression analysis for these 
three variables. The resulting sample and the results of the 
analysis are shown in Figure 3 and in the Appendix. By 
examining this figure (and also Fig. 2), we notice that the points 
in some of the early-type sample diagrams are displaced on one 
side of the average line of the corresponding late-type relation- 

ships. In particular, in early-type spirals we find a relative defi- 
ciency of radio emission (R) with respect to FIR, H, B, and X, 
and a relative deficiency of far-infrared (FIR) with respect to H. 
Two of these effects (the R-B and the R-X) have been pre- 
viously discussed (Hummel 1981; FT85). The R-FIR effect 
could be due to a bias resulting from the IRAS beam size, 
which would not allow the detection of the entire FIR emission 
of the more extended galaxies (see § IIIb\ since the late-type 
subsample is dominated by galaxies with large angular diam- 
eters. We checked this possibility by comparing galaxies with 
small (D25 < 5') and large (D25 > 5') isophotal diameters, and 
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2 

C) 
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76 
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9 ^7 

28 29 
log £ 

30 

B 
Fig. 1.—Scatter diagrams of log lRi log lB, and log LFIR for the early-type (a, b, c) and late-type (d, ej) spiral galaxies of the VLA sample. The numbers in the plots 

indicate the morphological parameter T of each galaxy. The monochromatic luminosities lB and lR are in units of ergs s -1 Hz" ^ The far-infrared luminosity LFIR is in 
units of ergs s ~ ^ The nonparametric Spearman rank probabilities of chance correlation (see Appendix) are indicated in each case. 

we found indeed a zero-point shift in R-FIR in the expected 
sense. 

Making use of the extended sample of Figure 3, we can also 
examine in a quantitative way the possibility that the correla- 
tions found between luminosities might be a consequence of 
the well-known correlation between morphological type and 
luminosity. Figure 4a shows the (R, FIR) correlation for gal- 
axies with morphological parameters T = 3 and T = 6. We 
have chosen these morphological types because they are best 
represented in our sample. The figure shows that while the 
distribution of galaxies with T = 3 is displaced toward higher 

luminosities, as expected because of the well-known type- 
luminosity effect, very significant correlations are independent- 
ly present in the two groups of galaxies. A second example is 
given in Figure 4b, which shows the (FIR, B) correlation for 
late-type spirals. Again, all morphological types follow the 
general trend. 

We then addressed the question of which correlations are 
likely to be fundamental and which ones are instead the result 
of other, stronger links. The results of the Spearman partial 
rank test (see Appendix) for the X-ray sample are shown in 
Figures 5 and 6. By testing all possible combinations of three 
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FABBIANO ET AL. Vol. 324 756 

Fig. 3.—Scatter diagrams of log lR, log lB, and log LFIR for the “joint” sample. The nonparametric Spearman rank probabilities of chance correlation (see 
Appendix) are indicated in each case. The dashed lines are the best-fit regression lines. The thin solid lines in {a)-(c) represent the average regression lines for the 
corresponding late-type (T = 5-10) correlations. In {e) and (/) galaxies with photometric diameters I>25 < 5', 5' < D25 < 7, and D25> 7 are represented with 
circles, squares, and crosses, respectively. 

and four variables, we find that in the early-type spirals the 
primary correlations are those between near-infrared and blue 
(H, B) and radio and far-infrared (R, FIR), followed by those 
between blue and X-rays (B, X) and X-rays and radio (X, R). In 
the late-type spirals the primary correlations are (B, X) and (R, 
FIR), followed by (H, B) and (X, R). Concentrating on the 
late-type sample, we find that the correlations between X and 
both B and FIR are equally strong; X is better correlated with 
R than with B; R is better correlated with FIR than with X; 
and there are no links between R and both H and B. These 
results can be summarized by arranging the five variables in a 
“ correlation chain ” as //-B-X-R-FIR, in which a given vari- 
able is primarily linked with the two adjacent variables. 

b) Potential Biases 
We have considered the effect of biases in our samples. Pos- 

sible sources are distance effects (i.e., Malmquist effect and the 
uncertainties in the distances), beam-size effects, and the han- 
dling of limits. 

i) Malmquist Effect 
This bias is unlikely to be responsible for the correlations 

because, except for an optical selection, there was no other a 
priori flux selection in either sample, and the upper limits all 
follow the trend suggested by the detections. These limits were 
used in the parametric analysis, thus avoiding the danger of 
introducing a posteriori flux selections. Given our sample selec- 
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Fig. 4.—(a) The (R, FIR) correlations for galaxies of different morphological types (T = 3 and T = 6); (b) the (FIR, B) correlations for galaxies of different “ late 
(T > 4) morphological types. The probabilities given in the figure are nonparametric Spearman rank probabilities of chance correlation. 

tion, correlations between luminosities may well be less 
affected by a distance bias than correlations between fluxes, 
where a “ true ” correlation may be washed out by a distance 
effect (see Fabbiano, Feigelson, and Zamorani 1982 and 
Appendix A in Feigelson and Berg 1983). In any case, we 
analyzed the relationships between fluxes and found that 
similar correlations are also present, although with less signifi- 
cance (see also FT85). Moreover, the nonlinear slopes observed 
in many instances cannot be caused by a Malmquist bias, 

which would only stretch the points along a 45° line (slope = 1) 
in the correlation plots. 

ii) Beam-Size Effects 
A beam-size effect in principle could be responsible for 

turning an intrinsic linear correlation into a nonlinear one. 
This would happen if one of the two variables under exami- 
nation has been observed with a small beam size and if the 
sample selection is such that more luminous galaxies are sys- 
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Fig. 5.—Plots of the results of the Spearman partial rank tests for the X-ray sample on groups of three variables. Stronger correlations are represented with a 
larger number of lines between the variables. 
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Fig. 6.—Plots of the results of the Spearman partial rank tests for the X-ray sample on groups of four variables. Stronger correlations are represented with a 
larger number of lines between the variables. 

tematically farther away and therefore smaller in angular 
diameter. Correlations with power-law exponents steeper than 
unity are observed, e.g., in the late-type samples, (R, B\ (H, B\ 
(FIR, B), and (FIR, X). The B and H integral luminosities used 
should not suffer from a beam-size effect (see FT85). The X-ray 
luminosities were derived from areas comparable to that used 
to derive B (see Long and Van Speybroeck 1983; FT85), and 
detailed comparison in a number of galaxies shows that the 
X-ray emission is coextensive with the optical emission (see 
Fabbiano 1986; Fabbiano and Trinchieri 1987). They could be 
underestimated only perhaps in the resolved nearby galaxies 
(e.g., LMC, M31, M33) where diffuse low surface brightness 
emission would be hard to distinguish from the instrumental 
field background. The proportionality found between B and X 
supports our conclusion that beam-size effects between these 
two quantities are not a major concern. 

About 60% of the galaxies of the VLA sample and most of 
the galaxies of the X-ray sample have isophotal diameters 
D25> 5'. Their far-infrared flux therefore could be underesti- 
mated because of the IRAS beam size. Detailed mapping of 
spiral galaxies in fact shows that the far-infrared and optical 
emissions are generally coextensive (Rice et al. 1987). However, 
it is unlikely that this could introduce the steep correlations, 
for the following reasons: (1) there is no luminosity-distance 
correlation in either the VLA or X-ray subsample of late-type 
galaxies, if we exclude NGC 3690 in the VLA sample and four 
high-luminosity galaxies (lB > 1029) in the X-ray sample (Fig. 
7). The exclusion of these galaxies from the correlations does 
not change the observed trends and does not affect the results 
of our analysis. (2) There is no luminosity-angular diameter 
dependence. Both small- and large-diameter galaxies are 
spread throughout the luminosity range, and they all follow 
the same correlations (e.g., Figs. 3e and 3/). (3) A steep correla- 
tion between FIR and B was also found by Gavazzi, Cocito, 

and Vettolani (1986) using a substantially different sample, 
dominated by small-diameter galaxies. (4) We have confirmed 
this result independently, by reanalyzing the sample of small- 
size spirals of Rowan-Robinson and Crawford (1986) 
(§ m[iii]). 

Similar remarks apply to the correlations with the radio 
power. The steep correlation between radio and B luminosities, 
in particular, was originally found by Fabbiano, Trinchieri, 
and Macdonald (1984) in the Gioia and Gregorini (1980) 
sample, observed at 408 MHz with a wide (2!5 x 4'.5) beam. 
The linearity (a æ 1) of the (R, FIR) correlation, observed in 
our sample and in work by other authors (Helou, Soifer, and 

Fig. 7.—Plots of distance in megaparsecs vs. the logarithm of /B for late 
sample galaxies: (left) the VLA sample; (right) the X-ray sample. Distance and 
luminosity are largely uncorrelated in these samples. 
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Rowan-Robinson 1985; de Jong et al 1985; Gavazzi, Cocito, 
and Vettolani 1986), also argues against strong beam-size sys- 
tematics, unless they affect both R and FIR by similar 
amounts. As mentioned in § lia, the radio flux densities of the 
more extended galaxies tend to be underestimated by the VLA 
survey of Gioia and Fabbiano (1987). The use of different mea- 
surements for these galaxies does not, however, change our 
results (Appendix). 

A beam-size effect can be responsible for introducing some 
scatter in the correlations, since the galaxies in the sample 
exhibit a well-spread-out range of angular diameters. It 
cannot, however, be responsible for the larger scatter observed 
in some of the correlations in early-type spirals, since the same 
techniques were used for obtaining fluxes in the entire range of 
morphological types, and the early-type spirals in our samples 
have on average smaller angular sizes. A beam-size effect could 
also result in a systematic shift of the zero point of the correla- 
tions of the more extended late-type spirals toward smaller 
values of far-infrared luminosities. This effect may be observed 
in the (R, FIR) correlation (§ Ilia). 

iii) The Upper Limits 
Although the upper limits are included in the parametric 

analysis, they cannot be included in the nonparametric tests 
used to compare the relative strength of the correlations. In 
most instances the number of limits is relatively small and their 
distribution typically agrees with the distribution of the 
detections, so that their exclusion should not introduce 
unwanted biases. In particular, in the VLA sample we have 
only one radio limit and four far-infrared limits. In the 
correlations involving X-rays, the effect of the limits was 
explored in a worst-case scenario by FT85 and was found not 
to affect the results significantly. In the multivariate analysis 
the necessity of considering subsamples detected in all the 
variables leads in certain cases to relatively small working 
samples. However, the results obtained for different selections 
of variables (which include different selections of objects) 
typically are internally consistent (see Appendix and Figs. 5 
and 6). 

iv) “ Nonintrinsic ” Scatter and the Multivariate Analysis 
Caution should be exercised when interpreting the results of 

the multivariate analysis and comparing good correlations of 
similar weight, since the spread introduced by measurement 
errors (e.g., beam-size effects) could be significant. Also, scatter 
might be introduced by the uncertainties in the distances, 
which might cause an intrinsically strong nonlinear correlation 
(power-law exponent not equal to 1) to appear spuriously less 
strong than a linear one (power-law exponent equal to 1). This 
could happen because the uncertainties in the distance of indi- 
vidual galaxies will cause the points to move various amounts 
along 45° lines of differing normalization in the correlation 
plane, thus worsening intrinsically strong nonlinear correla- 
tions. Linear correlations will be less affected, since the points 
will move along the correlation axis. This effect might be rele- 
vant, in particular, when comparing the correlation between R, 
FIR, and B in late-type spirals, since the scatter in the non- 
linear (R, B) and (FIR, B) correlation could be enhanced by 
uncertainties in the distances. The same applies to the com- 
parison of the (R, X) and (R, FIR) correlations in late-type 
spirals. 

c) Comparison with Other Work 
The relationship between radio continuum and blue lumi- 

nosities of spiral galaxies and their dependence on 

morphological type were investigated by Fabbiano, Trinchieri, 
and Macdonald (1984) using the complete sample of Gioia and 
Gregorini (1980), which, however, contained a large number of 
upper limits. They reported that R and B were very weakly 
correlated in the early-type spirals, while a steep power law 
(/Ä oc/¿•6±0-25) was found in late-type spirals. Our present 
results (Table 6 in the Appendix; Figs. 1 and 2) confirm and 
strengthen those earlier reports. 

The presence of a strong linear correlation between radio 
continuum and far-infrared emission was first reported by de 
Jong et al (1985) and Helou, Soifer, and Rowan-Robinson 
(1985) for morphologically heterogeneous samples. More 
recently, Hummel (1986) and Gavazzi, Cocito, and Vettolani 
(1986) have reported investigations on the relative strengths of 
the correlations between R, FIR, and B; the latter authors have 
also investigated their dependence on morphological type. Our 
sample selection does not allow a direct comparison with 
Hummel’s work, which examined exclusively Sbc galaxies. 
However, in the joint sample of late-type galaxies our results 
on the relative strength of the correlations agree with 
Hummel’s. Our results on the functional relationships between 
radio and B emission are in overall agreement with those of 
Gavazzi, Cocito, and Vettolani (1986). These authors, however, 
given the large amount of nondetection in their sample, sought 
relationships between the average values of the variables in 
luminosity bins, instead of using direct regressional techniques. 

Our present results (Appendix, Table 5) are entirely consis- 
tent within statistical limits with those of FT85. However, 
FT85 calculated two-way regressions only for the (X, R) correl- 
ation. The extension of this technique to all the correlations in 
our present work shows that FT85’s conclusion of a power-law 
exponent smaller than unity in the early sample (X, H) correla- 
tion is probably not correct. Similarly, the conclusion of an 
exponent of unity for the (X, B) correlation in early-type spirals 
is not as strong as suggested in FT85. Our present conclusions 
for the correlation between X-ray luminosity and H, B, and R 
in late-type spirals are in agreement with those of FT85, and 
make them stronger, given our more complete correlation 
analysis. 

IV. DISCUSSION 

a) Morphological Differences: Disk and Bulge Contributions 
While late-type spirals are dominated by the disk/arm stellar 

component, prominent bulges are present in early-type spirals 
and account for between ~80% and ~30% of their total 
optical (B) emission (Simien and de Vaucouleurs 1983; Kent 
1985). If these bulges also contribute substantially to the near- 
infrared (H) and X-ray bands, but not to the radio and far- 
infrared emission, then the less well defined correlations and 
zero-point shifts of the early spiral sample relative to the late 
spirals (§ Ilia) could be explained. Since the bulge contribution 
to the emission of early-type spirals is not likely to be corre- 
lated with disk properties, one would expect a larger scatter in 
the correlations for these galaxies, as observed. One would also 
expect a lack of radio and far-infrared emission in early-type 
spirals (if these are mainly disk-related properties), relative to 
the other wavelengths at which bulge emission might give a 
substantial contribution (i.e., B, H, X; FT85). As discussed 
above, there is evidence of this effect. In particular, FT85 
showed that the lack of radio continuum relative to the X-ray 
emission in early spiral galaxies (when compared with later 
morphological types) can be explained with the presence of a 
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bulge component in the X-ray emission which is absent in the 
radio. 

Other effects, besides a prominent bulge component in early- 
type spirals, could also be present and account for some of our 
results. For example, Hummel (1981) suggested that early-type 
spirals have intrinsically weaker magnetic fields or a smaller 
cosmic-ray density in their disks, thus explaining their relative 
lack of radio emission. However, in his analysis he did not 
separate the bulge and disk contributions to the optical emis- 
sion. Any such effect needs to be checked with a study of the 
detailed surface brightness of a sample of spiral galaxies which 
would allow for bulge and disk decomposition in different 
energy bands. 

b) The Nonlinear Relationships in Late- Type Spirals : 
B, H, and FIR 

Since the statistical properties of early-type spirals are likely 
to be the result of two equally important components (bulge 
and disk), which cannot be separated with the present data, we 
will only consider late-type spirals where the disk dominates 
(Kent 1985) for the rest of this discussion and investigate what 
are the implications of our results for the emission properties of 
disk galaxies. The correlations in these galaxies show little 
scatter. It is therefore meaningful to consider the functional 
dependences between the variables, together with the relative 
strength of the correlations, to get a complete picture of their 
global emission properties. 

As discussed earlier in this paper we find two strong linear 
correlations, the one between optical (B) and X-ray lumi- 
nosities, and the one between radio continuum and far-infrared 
luminosities. The first suggests that X-ray sources are a 
constant fraction of the blue-emitting stellar population (see 
FT85); the second suggests that the sources of cosmic rays in 
spiral galaxies are a constant fraction of the far-infrared 
emitting population (e.g., de Jong ei al 1985; Helou, Soifer, 
and Rowan-Robinson 1985; Hummel 1986). We will discuss 
this second point further in § IVc. All the other well-defined 
correlations of either B or X with any of the variables H, R, and 
FIR follow power-law functions with exponents a ~ 0.5-0.7. 
This implies that different emission properties do not simply 
scale with luminosity, and that other factors are relevant. In 
the attempt to uncover some of these factors, we will examine 
first the relationships between B, H, and far-infrared 
luminosities, since these can be related directly to the different 
components of the stellar population. 

The flat correlation between B and H (lB oc l„v'0) was first 
reported by Aaronson, Huchra, and Mould (1979). It could be 
caused by relatively higher fraction of early-type stars in gal- 
axies of low luminosity and late morphological type, which 
would increase their blue luminosity (Aaronson, Huchra, and 
Mould 1979; Tully, Mould, and Aaronson 1982). In principle, 
a relative excess of extinction in the more luminous galaxies 
could also explain the data. Any such explanations should now 
be checked for consistency against the equally flat relationship 
between B and FIR, since the far-infrared emission is largely 
due to reprocessed stellar light with different types of stars 
contributing different amounts (e.g., Cox, Krügel, and Mezger 
1986). As discussed below, neither the extinction scenario nor 
the presence of starburst activity in the less luminous galaxies 
is consistent with our results. A luminosity dependence of the 
initial mass function (IMF) or a bimodal IMF (Larson 1986) is 
consistent with the data, if coupled with the presence of 

“ warm ” starburst components in the far-infrared emission of 
the more luminous galaxies. 

i) Extinction 
The presence of extinction in the more luminous systems 

would have the desired effect of depressing the blue light, but 
not the H and far-infrared emission, thus explaining the obser- 
vations. Extinction alone, however, is unlikely to account for 
the observed trend completely, since the amount needed is 
largely in excess of the expected values. An extinction of 
~2.5 mag (above average galactic values; de Vaucouleurs, de 
Vaucouleurs, and Corwin 1976) would be required in the most 
luminous galaxies. This value is even higher than the high 
values measured in H n regions (Av ~ 1.7 mag; e.g., Israel and 
Kennicutt 1980). 

An independent estimate of the average excess extinction 
based on the slope of the correlation between X-ray and 
optical (B) luminosities supports this conclusion. On the 
assumption of an intrinsic linear relationship between the two 
luminosities, and of a relatively hard (kT >2 keV) X-ray spec- 
trum (consistent with the average X-ray spectrum of spiral 
galaxies: Fabbiano and Trinchieri 1987), the deviation at high 
luminosities between the observed average X-ray to optical 
flux ratio and the one predicted on the basis of a linear 
relationship can be used to estimate an average extinction (see 
Trinchieri, Fabbiano, and Palumbo 1985). Given the results of 
Table 5 in the Appendix, we find that no more than ~ 1.3 mag 
of extinction in B is allowed. Since binary X-ray sources, which 
are likely to contribute a substantial fraction of the X-ray emis- 
sion (e.g., Fabbiano 1986 and references therein), often present 
intrinsic absorption, the above estimate is likely to be 
generous. 

ii) More Recent Star Formation or Flatter IMF in Low-Luminosity Galaxies 
If extinction is not the cause of the flat (B, FIR) and (B, H) 

correlations, then these relationships must be related to the 
intrinsic stellar composition. An enhancement of the B emis- 
sion of the less luminous/massive galaxies due to bursts of 
recent star formation, however, is not a likely explanation, 
since in this case one would also expect a parallel increase of 
the far-infrared emission in these galaxies. The latter could be 
even larger than the increase in the blue if, as is likely, the 
newly formed stars appear in dusty regions. This would lead to 
a steeper relationship between B and FIR than between B and 
H9 contrary to the observations. In this scenario one would 
also expect the less luminous galaxies to have warmer far- 
infrared colors than the more luminous ones, also contrary to 
the observations (e.g., Helou 1986). 

The observed relationships could be consistent instead with 
a steepening of the IMF in more massive/luminous galaxies 
coupled with an increase of the specific star formation rate with 
increasing galaxy mass (Tully, Mould, and Aaronson 1982). 
This would cause a relative excess of H-band emission in these 
galaxies, without affecting the far-infrared colors. Alternative- 
ly, a bimodal IMF in spiral galaxies with the relative amounts 
of the massive and low-mass components varying with galaxy 
mass/luminosity (Larson 1986) would be also consistent with 
our data. In this latter picture, the proportionality between B 
and X-ray luminosities would suggest that the X-ray sources 
belong predominantly to the massive stellar component (M > 
1 M0). In either case, however, an additional explanation is 
needed for the relative increase of FIR in the more luminous 
galaxies. We discuss below how the “warm” far-infrared com- 
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ponent, which is found prevalently in these galaxies, can 
explain our results. 

iii) Starburst Activity in High-Luminosity Galaxies 
The presence of a “ warm ” far-infrared component linked to 

strong starburst activity in dusty regions (possibly nuclear; 
Rowan-Robinson and Crawford 1986) might be responsible for 
the flat relationship between B and FIR, by causing a larger 
increment in the far-infrared than in the optical emission of 
more luminous galaxies. We have investigated this with a 
sample of normal late-type spirals (T = 4-10) decomposed 
into two far-infrared components—cool disk and warm 
starburst—by Rowan-Robinson and Crawford (1986). The 
plots of the B luminosity against these two far-infrared com- 
ponents are shown in Figures 8a and Sb, respectively, and 
suggest a flatter relationship between the optical (B) luminosity 
and the starburst component (see also Helou 1986). 

If the extinction in the warm FIR emitting regions is very 
high, as it might be in nuclear starburst regions (e.g., Lebofsky 
and Rieke 1979; Becklin et al 1980), these would not contrib- 
ute much to the total B emission, and therefore the previous 
discussion on the (B, H) correlation would still be valid. It is 
also possible, depending on their age, that these stellar clusters 
contain a considerable amount of red supergiants. These could 
increase the ET-band emission of more luminous spirals and 
contribute to flattening the (B, H) correlation. 

Violent widespread starburst activity in galaxies can result 
in an increase of the X-ray emission, relative to galaxies of 
similar optical magnitude and redder colors (Fabbiano, Feigel- 
son, and Zamorani 1982; Fabbiano, Trinchieri, and Macdon- 
ald 1984). However, the linear (X, B) relationship shows that 
the X-ray luminosity of the luminous late-type spirals is not 
affected significantly. This is not necessarily a problem with 
our previous discussion, since detailed observations of lumin- 
ous galaxies with normal average colors but with starburst 
nuclear regions (e.g., NGC 253, NGC 6946, M83; Fabbiano 
and Trinchieri 1984,1987; Trinchieri, Fabbiano, and Palumbo 
1985) show that the nuclear source, although dominating the 
far-infrared, contributes to only a fraction of the total X-ray 
emission. 

c) The Origin of the Nonthermal Radio Continuum Emission of 
Spiral Galaxies 

As discussed in § I, there is conflicting evidence bearing upon 
the nature of the nonthermal radio continuum emission of 

spiral galaxies. In particular, can one exclude sources of 
cosmic-ray electrons belonging to the old disk population ; and 
is there a direct link between X-ray and cosmic-ray sources, as 
suggested by FT85 ? 

Looking at our results, we can only exclude with some con- 
fidence that the very old stellar component dominating in the 
H band contributes significantly to the radio emission. Very 
good correlations are instead observed between the radio and 
the far-infrared and X-ray luminosities. Of these, the radio-far- 
infrared correlation is formally the strongest. Moreover, it is 
the only one with a power-law slope of the order of unity. This 
proportionality suggests that any conclusion on the galactic 
component responsible for the radio emission is linked to our 
understanding of the nature of the far-infrared emission. 

The recent idea of a multicomponent FIR emission in spiral 
galaxies, with a large contribution from the general stellar disk 
population (Cox, Krügel, and Mezger 1986; Rowan-Robinson 
and Crawford 1986; Persson and Helou 1987), questions the 
association of the radio emission solely with recent star forma- 
tion (e.g., Helou, Soifer, and Rowan-Robinson 1985; de Jong et 
al 1985) and makes any simple explanation uncertain (Helou 
1986). However, the proportional increase of the radio and 
far-infrared relative to B in the high-luminosity late-type gal- 
axies is reminiscent of what is observed in a more extreme way 
in starburst galaxies (Klein 1985; Kunth and Sevre 1985). If the 
warm FIR “ starburst ” component is responsible for the non- 
linearity of the (B, FIR) correlation (§ IVfcpii]), this pro- 
portionality suggests a link of the radio emission (and 
cosmic-ray production) with the very young Population I. An 
older disk origin of the radio emission of the less luminous 
galaxies is, however, not excluded, since in these galaxies the 
far-infrared emission is dominated by the cool “disk” com- 
ponent (Fig. 8; Helou 1986; see also FT85). A definitive answer 
to the question of the nature of the cosmic-ray sources in 
galaxies will have to be postponed until correlations of the 
radio emission with the cool and warm components can be 
studied and many radio and far-infrared maps can be 
compared in detail. 

Our statistical analysis suggests that the correlation between 
X-ray and radio continuum of late-type spirals is stronger than 
that between far-infrared and X-ray luminosities (Fig. 5). This 
result could indicate a direct astrophysical link between X-ray 
and radio emission, rather than a link through the stellar 
population responsible for the far-infrared emission. This 

Fig. 8.—Plots of the relationships between optical {B) luminosity LB and the two far-infrared components of Rowan-Robinson and Crawford (1986; see text), (a) 
Lb vs. LFIR(disk); (b) LB vs. LF1R! 

_R(disk) 
log LF1R(burst) = (1.2Í Í g;|J) log L„ - 3.3 ± 2.7. 

•.„(burst). All quantities are taken from Rowan-Robinson and Crawford and are in solar units. The dashed lines are our regression lines : 
LFIR(disk) + 3.1 ± 2.0 and log LnR(disk) = (l.OTÎg;^) log LB - 0.7 + 1.8; (b) log Ls = (0.35îS;o|) log LF1R(burst) + 6.9 ± 0.7 an 
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would be in agreement with the suggestion of FT85 (see also 
Palumbo et al 1985) that X-ray sources contribute to the pro- 
duction of cosmic rays in spiral galaxies. 

In late-type spirals the strong correlation of the X-ray lumi- 
nosity (and the weaker one of the B luminosity) with the radio 
continuum emission can be represented by a power law with 
exponent a ~ 0.6. On the assumption of proportionality 
between the sources of cosmic rays and the X-ray emitting 
population, FT85 suggested that this flat power-law slope 
could imply a luminosity dependence of the galaxies’ magnetic 
field intensity. Estimates of magnetic field intensity from radio 
measurements, however, do not show such a trend (Beck and 
Reich 1985). As discussed above, the strong linear correlation 
between radio and far-infrared emission suggests that the 
sources of cosmic-ray electrons are a constant fraction of the 
stars responsible for heating the dust to far-infrared tem- 
peratures. In this case, there is no requirement of a luminosity 
dependence of the magnetic field intensity. The flat relationship 
of the radio and X-ray luminosities could instead result from 
the presence of a compact warm starburst component in high- 
luminosity galaxies. 

V. SUMMARY AND CONCLUSIONS 
A statistical analysis of the relationships between global 

emission properties of spiral galaxies, including the radio con- 
tinuum, far-infrared, near-infrared H band, optical (B), and 
X-ray emission, has led to the following conclusions : 

1. Different properties are observed in early-type (Sa-Sb) 
and in late-type (Sbc and later) spiral galaxies, which can be 
ascribed to the presence of prominent bulges in the early-type 
spirals. These would contribute substantially to the emission in 
the near-infrared (H), optical (B), and X-ray bands, but not to 
the radio and possibly not to the far-infrared emission. 

2. In late-type spiral galaxies the statistical properties of the 
emission at different wavelengths are consistent with a 
common disk/arm origin. With the exclusion of the near- 
infrared /J-band emission, which is dominated by the old 
stellar population (Aaronson, Huchra, and Mould 1979), the 
luminosities at all the other wavelengths (FIR, R, B, X) are well 
correlated with one another. The emission in the optical (£) is 
also well correlated with H, indicating that older and younger 
stars both contribute to it. 

3. The power-law exponents of the correlations are 
consistent with a steeper IMF in low-luminosity galaxies and 
with the presence of an obscured starburst component in 
high-luminosity galaxies. 

4. The strongest correlation of the radio continuum 
luminosity with any other variable is with the far-infrared, 
suggesting that the radio emission is disjoint from the older 
low-mass stellar component (see also Helou, Soifer, and 
Rowan-Robinson 1985; de Jong et al 1985; Gavazzi, Cocito, 
and Vettolani 1986). Since the far-infrared emission of 
high-luminosity galaxies is likely to be dominated by a warm 
“ starburst ” component, we suggest that in these galaxies the 
cosmic-ray production is linked to the younger stellar 
population. However, the presence of a different class of 
cosmic-ray sources dominating the radio emission of 
low-luminosity galaxies cannot be excluded with the present 
data. The correlation between X-ray and radio continuum 
luminosities is also one of the most significant and could 
suggest a direct link between X-ray and cosmic-ray sources (see 
FT85). In view of our new results, the suggestion of a 
luminosity dependence of the magnetic field intensity of spiral 
galaxies (FT85) is probably no longer viable, but must be 
replaced with another luminosity dependence such as that of 
the “ warm ” starburst component. 

We believe that this paper illustrates the necessity of a 
multifrequency approach to the study of global galaxy 
properties. It also illustrates the need for a well-selected, 
unbiased, large sample of galaxies that could be agreed upon 
by the astronomical community and then observed extensively 
at different wavelengths, to ensure complete coverage from the 
radio to the X-ray region. Such a study is essential to confirm 
some of our results and to gain a more general understanding 
of the structure and evolution of spiral galaxies. 

We thank A. Campbell, U. Klein, J. Mathis, C. Persson, N. 
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Wilkes for critical readings of the manuscript. G. T. thanks the 
Italian Piano Spaziale Nazionale for partial financial support. 
This work was supported under National Aeronautics and 
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APPENDIX 

We analyzed the VLA and X-ray samples described in § II and a sample obtained by joining them (the “joint ” sample) using both 
nonparametnc and parametric tests. Since there are six galaxies in common in the VLA and X-ray samples, the VLA entries for 
these galaxies were used in the joint sample. Also, the four galaxies with T = 4 were excluded from the analysis of this sample, to 
increase the separation between early- and late-type spirals. Our aim was to establish (1) the statistical significance of correlations 
between any two variables; (2) their relative strength, i.e, given a group of three or four variables, which correlations are likely to be 
primary ones and which are likely to be the consequence of these; and (3) the functional relationships between variables. We used 
the nonparametric Spearman rank test and the multivariate Spearman partial rank test (Kendall and Stuart 1976), and the 
parametric maximum-likelihood method developed by Avni et al (1980) and extended by Schmitt (1985), to include all detections 
and bounds (in both axes) in the analysis. Previous applications of these techniques and a more detailed explanation can be found in 
Fabbiano, Feigelson, and Zamorani (1982), FT85, and Fabbiano et al (1987). Unlike the procedure followed in our previous 
analysis of spiral galaxies (FT85), we calculated regressions on both variables for a given pair. This is made possible by the use of 
Schmitt’s (1985) approach. This method gives a better definition of the power-law slope of the correlations, since the slope of the 
“true” underlying relationships is likely to be in between the two measured regressions. The results of this analysis are given in 
Tables 3-9. 

We checked for beam-size effects in the radio flux densities (see § lia) by repeating the analysis using the 20 cm flux densities of 
Hummel (1980) for the galaxies whose fluxes are likely to be underestimated in the Gioia and Fabbiano (1987) survey. The results 
are not significantly different. They are given in parentheses in Tables 3 and 7 for the nonparametric tests. No appreciable 
differences were found in the parametric analysis. 
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TABLE 3 
Spearman Rank Probabilities (one-tailed) for Correlations3’b 

VLA Sample Joint Sample 

T = 1-3 T = 6-9 T = 0-3 T = 5-10 

Correlations N P N P N P N P 

lR, lR  25 8 x 10“3 20 5 x 10“7 37 5 x 10"5 35 <^5 x 10"7 

(<5 x 10-7) (^5 x 10-7) 
lR, Lfir   22 <^5 x IO'7 19 <^5 x 10"7 34 <^5 x 10"7 31 <|5 x 10“7 

(<5 x 10-7) (<^5 x 10-7) 
Lfir, lB    22 3 x 10"3c 19 5 x 10"7 41 1 x 10"5 36 ^5 x 10"7 

a The numbers in parenthesis are obtained when Hummel’s 1980 radio continuum fluxes are used (see text). 
b N is the number of objects and P is the probability of a chance correlation. 
c If the limits in LFIR are included, one obtains P > 5% for N = 25. 

TABLE 4 
Spearman Rank Probabilities (one-tailed) for Correlation: X-Ray Sample3 

Correlations 

T = 0-3 T = 4-10 Total 

N N N 

lRi lH 
lR, l g .. 
Ir, lx ... 
Ir’ ^FIR 
lH, lg . . 
lH, lx ■ • 

^FIR 
lg, /x ... 

^FIR 
Lpin 

12 
14 
13 
14 
16 
14 
16 
17 
21 
17 

7 x 10" 
5 x 10“ 
1 x 10" 
5 x 10“ 

<^5 x 10“ 
-5 x 10“ 
2.5 x 10“ 
<5 x 10“ 

5 x 10“ 
2.5 x lO- 

15 
22 
20 
19 
19 
16 
15 
25 
24 
20 

~5 x 10“4 

5 x 10“6 

<^5 x 10“7 

<^5 x 10“7 

^5 x 10“7 

1 x 10“5 

5 x 10“6 

«5 x 10“7 

<5 x 10“7 

<5 x 10“7 

27 
36 
33 
33 
35 
30 
31 
42 
45 
37 

5 x 10“5 

<5 x 10“7 

<^5 x 10“7 

<^5 x 10“7 

<^5 x 10“7 

<5 x 10“7 

-5 x 10“6 

<5 x 10“7 

<5 x 10“7 

<5 x 10“7 

‘ N is the number of objects and P is the probability of a chance correlation. 

TABLE 5 
Maximum-Likelihood Correlation Coefficients and Regression Parameters: X-Ray Sample 

Early (T = 0-3) Late (T = 4-10) Total (T = 0-10) 

log lR 

log l„ 

log ¡R 
log lB 

log Ir 
log lx 

log Ir 
log ^FIR 
log/« 
log/« 
log lH 

log L 
log l„ 
log Lf1r 

log/« 
log lx 

log lB 

log ^FIR 
log lx 

log ^FIR 

log 1» 
log lR 

log lB 

log lR 

log lx 

log Ir 
log i-FIR 
log lR 

log lB 

log Ir 
log lx 

log l„ 
log ^FIR 
log 1« 
log lx 

log lB 

log ^FIR 
log /„ 
log LF|R 

log lx 

o.75i»:î! 

0.87í»:»| 

0.89ig;?i 

0.95 ± 0.03 

0.92!“$ 

0.65 ±0.13 

f0.78±0.17 
1 0.71 + 0.24 
< 1.09 ± 0.17 
l0.61í“;lí 
r 0.92+ 0.13 
1 0.84 + 0.15 
11.04Í»:!» 
1 0.75 ± 0.12 

í 1-30ÍS;ÍI 
lo.70i»:;| 
f0.89!»;i| 
1 0.93Î®;?! 
i 0.44!»;« 
I 0.41!»;“ 
Í0.75!»;‘> 
il.ll!«;“ 
í 0.59!»;¡5 
1 0.73 + 0.18 
f 0.68!»;|i 
l0.59!o;¡7 

57 + 5-3 

Q 2+7-3 y‘¿-6.2 
— 3 S'1"5-1 

n.etfl 
8.0 ± 3.0 

-1.8Í4;2 
- IO.J_4 g 

21.8 ± 3.5 

9 9-ÎÎ 

10.4Í 2Ô64 

-10.1! 

21.8íb;f 
— 7 3 + 9-2 

29.9 í i? 

0.89 ± 0.04 

0.85 ± 0.05 

0.88 ± 0.05 

0.95 ± 0.02 

0.96 ± 0.02 

0.93 ± 0.03 

0.88 ± 0.04 

0.92 ± 0.03 

0.87 ± 0.05 

0.87 ± 0.05 

i 1.07 ± 0.14 
10.75 ±0.10 
r 1 +0.18 I 1O1-0.12 
10.55 ± 0.08 
i 1.28 ± 0.21 
l0.60íg;J3 

íi.oiíH? 
l0.89íni 
fi.3i^:lS 
10J0+_°o

o
oi 

11.24 ± 0.17 
lo.7o+°00; 

j0.76í^ 
iLOlíg;}4 

f 0.83 ± 0.08 
1 L02^;J? 

í 0.60+_o
o°oÍ 

I 1.27íg;!2 
f 0.60 ± 0.07 

1 1.28ÍS;^ 

-¿■1-3.6 
7.7 ± 3.0 

13.0 ± 2.0 
0.2! 5! 

17.5 ± 1.3 
— 9.0!j| 

8-6!^ 
i.6!l;’ 
1.6! i;| 

-3.71H 
i3.4í3:i 
10.5! i 

-rttlí 
3.1 ± 2.0 
6.2!!:? 

-3.9!?:? 
14.7!t;| 

0.82 + 0.05 

0.82 + 0.04 

0.85 + 0.05 

rv Q2 + 0.02 U-VZ-0.04 

0.96 ± 0.02 

0.91 ± 0.02 

0.77 ± 0.06 

0.93 ± 0.02 

0 70 + 0.04 V-/y-0.06 

0.81 

ro.82 ± 0.10 
I0.8I ± 0.08 
í 1.14 ±0.14 
ío.58 ± 0.06 
f 1 01 +013 
I A-U1 -0.09 
lo.69 ± 0.09 
r0.94 ± 0.07 
l0.90^;g3 

í 1.41 ±0.08 
í 0.65 ± 0.03 

íi-i6íS:!S 
I0.72 ± 0.05 
Í0.79ÍS;J3 

10.75 ±0.11 
fO.81 ±0.05 
i 1.07 ± 0.08 
j 0.60 ±0.05 
{i.04^;;? 
r0.65íS;S3 

Í0.98íg;!f 

5.9 ± 2.2 
— 4.7 ti'% 
12.4 ± 1.7 

6'0-lOo 
2.2 ± 2.5 

-12.1 ±2.8 
17.4 ± 2.0 

-n.etli 
9.9 ± 1.0 
3 7 + 21 

-2.7 
1.0 ± 1.5 

_4 7 + 3.3 -5.7 
20.8 í|;3 

11.1 ± 1.0 

-6.2!!:¡ 

Y = AX + B; rc is the correlation coefficient. The uncertainties on rc, A, and B are at the 68% confidence level. 
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TABLE 6 
Maximum-Likelihood Correlation Coefficients and Regression Parameters: Joint Sample 

Early (T = 0-3) Late (T = 5-10) 

log Ir 
log/* 
log U 
log Lfir 

log Lfir 

log lB 

Xa 

log lB 

log i 
log Lfir I 
lOg Ir 1 
log lB I 
log Lfir J 

0 fi7 + 00 u-0/ -o.i 

0.87ÍH1 

ro.99 ± 0.16 
io.45 ± 0.10 
ri.06±o.n 
l0.72ín? 
r0.68íS;“ 
l0.50^ 

B 

-0.6ÍÍ? 
16.3!^;? 

7 Alt 

0.85ÍH 

0.88 ± 0.03 

r 1.66Í 55:22 
Í0.44ínt 

qo+0.12 ^•^-o.os 
I0-' lo.i 
11.49 Í»; 
l0.52Í“;¡ 

89 + 0.07 
+ 0.17 16 

17.8 ± 2.2 
o.oili 

Y = AX + B;rc is the correlation coefficient. The uncertainties on rc, A, and B are at the 68% confidence level. 

TABLE 7 
Spearman Partial Rank Probabilities (one-tailed) for Correlations 

BETWEEN /R, Iß, Lfir: VLA AND JOINT SAMPLES3’b 

VLA Sample Joint Sample 

7=1-3 T = 6-9 T = 0-3 T = 5-10 
Correlations 

X, Y. Zc N P N P N P N P 

R,B. FIR  22 >40% 19 15% 34 2% 31 13% 
(3%) (8%) 

R,FIR.B  22 <5 x 10~7 19 0.5% 34 <5 x 10"7 31 1 x 10"5 

(1%) (1 x 10"5) 
FIR, B. R  22 15% 19 4% 34 >40% 31 0.2% 

(5%) (0.7%) 
a The numbers in parenthesis are obtained when Hummel’s 1980 radio continuum fluxes are used (see text). 
b iV is the number of objects in each subsample used for the test, and P is the probability of chance 

correlation. 
c X and Y are the two variables being tested for correlation, under the hypothesis that the variable Z does 

not vary. 

TABLE 8 
Spearman Partial Rank Probabilities (one-tailed): 

Three-Variable Tests (lR, lH, lB, lx, LFIR) 

7 = 0-3 T = 4—10 Total 7 = 0-3 7 = 4-10 Total 
Correlations 

X, y.za N N N 
Correlations 

X, Y, Za N N N 

R,H.B ... 
R,B.H ... 
H,B.R ... 
R,H.X ... 
R,X.H ... 
H,X. R ... 
R, H. FIR . 
R, FIR. H . 
H, FIR. R . 
R,B.X .... 
R,X.B .... 
B,X. R .... 
R,B. FIR . 
R, FIR. B . 
B, FIR. R . 

12 
12 
12 
11 
11 
11 
12 
12 
12 
13 
13 
13 
14 
14 
14 

29% 
12% 

1 x 10"6 

33% 
4% 
4% 
8% 

0.7% 
>40% 
35% 

1% 
0.2% 

3% 
5 x 10"4 

27% 

15 
15 
15 
13 
13 
13 
12 
12 
12 
20 
20 
20 
19 
19 
19 

12% 
16% 
0.5% 
20% 
0.3% 
18% 
20% 
0.2% 
25% 
36% 

5 x 10" 
0.7% 

27 
27 
27 
24 
24 
24 
24 
24 
24 
33 
33 
33 
33 6% 

<5 x 10"7 33 
>40% 33 

>40% 
0.6% 

5 x 10“7 

33% 
5 x 10"5 

5 x 10"4 

8% 
5 x 10“6 

28% 
31% 

5 x 10“4 

5 x lO”6 

0.7% 
<5 x KT7 

35% 

R, X. FIR . 
R, FIR. X . 
X, FIR. R . 
H,B.X ... 
H,X.B ... 
B,X.H ... 
H, B. FIR . 
H, FIR. B . 
B, FIR. H . 
H, X. FIR . 
H, FIR. X . 
X, FIR. H . 
B,X. FIR . 
B, FIR. X . 
X, FIR. B . 

13 
13 
13 
14 
14 
14 
16 
16 
16 
14 
14 
14 
17 
17 
17 

7 x 10” 
1 x 10" 

5%c 

lx 10" 
26% 

1% 
0.1% 
34% 
7% 

0.7% 
9% 

28% 
1 x 10“ 

25% 
24% 

17 
17 
17 
16 
16 
16 
15 
15 
15 
12 
12 
12 
20 
20 
20 

0.8% 
5 x KT5 

35% 
5% 

38% 
1 x 10"4 

0.2% 
2% 

>40% 
19% 
7% 
3% 

0.5% 
35% 
0.5% 

30 
30 
30 
30 
30 
30 
31 
31 
31 
26 
26 
26 
37 
37 
37 

5 x 10'5 

1 x KT7 

25% 
0.1% 
26% 

5 x KT6 

<5 x 10"7 

30% 
2% 

1 10"4 

19% 
2% 

<5 x 10“ 
24% 
2% 

a X and Y are the two variables being tested for correlation, under the hypothesis that the variable Z does not vary. 
h N is the number of objects in each subsample, and P is the probability of chance correlation. 
c Anticorrelation. 
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TABLE 9 
Spearman Partial Rank Probabilities (one-tailed): 

Four-Variable Tests (/r> 1¡j> Ib? lx> Lpj^) 

T = 0-3 T = 4—10 Total 
Correlations 

X, Y.Z, W* N N N 

R, H. B, X  11 
  11 

R, X. H, B     11 
H, B. R, X  11 
H, X. R, B  11 
B, X. R, H  11 
R, H. B, FIR  12 
R,B.H,FIR.  12 
R, FIR. H, B  12 
H, B. R, FIR  12 
H, FIR. R, B  12 
B, FIR. R, H  12 
R, B. X, FIR   13 
R, X. B, FIR   13 
R, FIR. B, X   13 
B, X. R, FIR   13 
B, FIR. R, X   13 
X, FIR. R, B   13 
H, B. X, FIR  14 
H, X. B, FIR  14 
H, FIR. B, X  14 
B, X. H, FIR  14 
B, FIR. H, X  14 
X, FIR. H, B  14 
R, H. X, FIR . 11 
R, X. H, FIR  11 
R, FIR. H, X . 
H, X. R, FIR . 

11 
11 

H, FIR. R, X  11 
X, FIR. R, H  11 

40% 
>40% 
12% 

1 x 10"4 

10% 
2% 

35% 
23% 
2% 

5 x 10“6 

>40% 
>40% 
33% 
1.6% 

5 x 10"4 

0.6% 
39% 
11% 

7 x 10“4 

27% 
>40% 
1.7% 
20% 

>40% 
>40% 

2% 
1% 
4% 

25% 
12% 

13 
13 
13 
13 
13 
13 
12 
12 
12 
12 
12 
12 
17 
17 
17 
17 
17 
17 
12 
12 
12 
12 
12 
12 
10 
10 
10 
10 
10 
10 

7% 
9% 

0.6% 
0.9% 

9% 
0.1% 
>40% 
16% 
0.1% 

2% 
17% 
21% 
21% 

8% 
5 x KT5 

3% 
26% 

>40% 
0.7% 

5%c 

1% 
1 x 10"4 

2%c 

0.5% 
28% 
9% 
6% 

40% 
34% 

>40% 

24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
30 
30 
30 
30 
30 
30 
26 
26 
26 
26 
26 
26 
21 
21 
21 
21 
21 
21 

23% 
24% 
0.5% 
0.3% 
24% 
0.9% 
17% 

1% 
5 x 10"6 

1 x 10“6 

12% 
15% 

>40% 
0.5% 

5 x KT6 

2 x KT5 

34% 
22% 
0.2% 
>40% 
22% 

5 x 10“5 

>40% 
6% 

14% 
3 x 10~4 

1 x KT5 

0.2% 
15% 
9% 

a X and Y are the two variables being tested for correlation, under the 
hypothesis that Z and W do not vary. 

b N is the number of objects in each subsample, and P is the probability of a 
chance correlation. 

c Anticorrelation. 
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