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ABSTRACT 

This dissertation is an attempt to establish whether 

or not a substantial fraction of the star formation in the 

disks of spiral galaxies has occurred in spiral arms as a 

consequence of a density wave, thus setting up radial heavy-

element abundance gradients in the disks. It is presumed 

that star formation along the spiral arms is triggered when 

disk gas encounters the density-wave pattern and is com

pressed in a shock region near the wave crest. The 

frequency of star-forming events at a given radius in the 

galaxy is thus proportional to the difference between the 

angular speed of the gas and that of the pattern. The 

efficiency of star formation may be related to the compres

sion suffered by the disk gas as it passes through the wave 

pattern. If this working model is correct, radial changes 

in disk gas chemical composition can be related directly to 

variations in the star-formation frequency and in the star-

formation efficiency across the face of a galaxy. The major 

findings of this dissertation are as follows: 

1. Observations of emission-line gradients in the disks 

of 12 late spiral galaxies are found to be consist

ent with what would be expected if much of the star 

formation that has produced the heavy elements in 

the gas has proceeded in density-wave spiral arms. 
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2. The radial distribution of current star formation in 

Ml01 appears to be consistent with the hypothesis 

that the star formation is a consequence of a 

density-wave-driven shock. 

3. The total current star formation in M101 is not 

greatly less than the average rate needed to produce 

the old stellar disk in M101 in lO"*"^ years. Thus if 

current star formation in M101 is typical of its 

behavior in the past, it would naturally account for 

much of the disk surface brightness and also for the 

abundance gradient. 

4. For all galaxies thus far observed in a program of 

near-infrared photometry of late spirals, surface 

density fluctuations of the old disk component 

account for most of the light in the observed spiral 

structure. The amplitudes of these surface fluctua

tions are surprisingly high, typically 20%-30%. 

All findings of this research appear to be con

sistent with the predictions of the density-wave theory, 

but the possibility of developing more direct observational 

checks of the theory continues to be of great interest. 



CHAPTER 1 

INTRODUCTION 

The existence in galaxies of radial gradients in the 

emission-line ratio [O III]/HB has been known since the 

pioneering work of Aller (1942). This gradient (usually 

called the "excitation gradient") can be very large. In 

M101, for example, [0 III]/HB increases by nearly a factor 

of 100 from the innermost observed H II regions to the 

outermost. Other emission-line ratios such as [O II]/ 

[N II], [S II]/[N II], and [N II]/Hcx also show strong radial 

variations. The radial dependence of these emission-line 

ratios has been the object of a number of recent studies 

(Burbidge and Burbidge 1965, Peimbert 1968, Peimbert and 

Spinrad 1970). A comprehensive attempt to understand these 

emission-line gradients was made by Searle (19 71). With the 

help of idealized H II region models, he was able to show 

that the [O III]/HB and [N II]/[O II] gradients probably 

resulted from radial variations in the abundance of oxygen 

relative to hydrogen and in the abundance of nitrogen rela

tive to oxygen. His models suggest a monotonic decrease in 

the 0/H ratio and in the N/O ratio as the radial distance 

from the nuclear bulge increased. Searle's conclusions have 

been carefully reexamined several times since their 

1 
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appearance. Shields (1974) constructed a series of 

elaborate models of H II regions in order to predict the 

behavior of the emission-line ratios as a function of gas 

dumpiness, exciting star temperature, and gas-to-dust 

ratio. He was unable to find any plausible combination of 

factors which could reproduce the observed emission-line 

gradients without appeal to a systematic decrease of metal 

abundance with radius. He concluded that radial gradients 

in the abundance of O/H amounting to as much as a factor of 

15 characterized the disks of late-type spiral galaxies. 

Smith (1975) restudied many of the H II regions ob

served by Searle and, in addition, provided observations of 

H II regions in several more galaxies. The interpretation 

of the observed line strength gradients was aided consid

erably by his observations of the weak [O III]A4363 line in 

several H II regions. These observations, combined with the 

measured strengths for A4959 and A5007, permit direct deter

mination of the electron temperatures in the volume where 

doubly-ionized oxygen is present. His findings qualitatively 

substantiate Searle's conclusion that the oxygen abundance 

in these outer H II regions is low relative to the solar 

value. For M101, he estimates that 0/H varies by a factor 

of 10 across the disk, while N/0 decreases by about a factor 

4 from the innermost to the outermost H II regions. 

Recently, Shields and Tinsley (1976) have argued that some 

of the excitation gradient may be caused by a radial 
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gradient in the mean effective temperature of the exciting 

stars. However, Sarazin (1976) contends that this effect is 

not the principal contributor to the excitation gradients 

observed. He argues instead that a radial dependence of the 

dust-to-gas ratio in H II regions can best match the ob

served variations of the equivalent width both of the HS 

line and of the [0 III]/H6 ratio. While changing the dust/ 

gas ratio can affect the emission-line ratios, a large 

abundance gradient, possibly correlated with the dust-to-gas 

ratio, still appears necessary in order to explain the ob

servations. Finally, Balick and Sneden (1976) have argued 

that the metal abundance will affect the ultraviolet flux 

emitted by the early-type stars responsible for ionizing the 

H II regions. Adjustments in the predicted ultraviolet flux 

necessitated by varying the metal abundance tend to reduce 

the abundance gradients required to explain the observed 

excitation gradients in M101 and M33. 

The prediction from H II region observations of 

metal abundance gradients in the disks of spiral galaxies 

is supported by several independent observations: 

1. Janes and McClure (1972) have shown from a statis

tical study of the kinematics of nearby K giants 

that those giants with weaker CN (and presumably 

smaller metal-to-hydrogen ratios) have orbits with 

larger perigalactic distances. 



2. The dependence of the Cepheid period-luminosity and 

period-frequency relation on radial position in the 

galaxy suggests that the anti-center Cepheids may 

have lower metal abundance than those observed in 

the center direction. 

3. A recently completed study of galactic planetary 

nebulae by D'Odorico, Peimbert, and Sabbadin (1976) 

suggests a decrease with increasing radial distance 

in the abundance of sulphur, oxygen, nitrogen, and 

helium. 

4. The strength of stellar absorption features close to 

and in the nuclei of galaxies (McClure and van den 

Bergh 1968; McClure 1969; Spinrad et al. 1971; 

Spinrad, Smith, and Taylor 1972; Welch and Forrester 

1972; Joly and Andrillat 1973) and the color gradi

ents in elliptical galaxies (Tifft 1961, McClure 

1969, Strom et al. 1976) all suggest a decrease of 

metal abundance as the distance from the nucleus 

increases. It should be noted that although the 

sense of these latter gradients seems consistent 

with those derived for disk systems, they may not be 

directly relevant to a discussion of disk composi

tion gradients. 

We regard the above evidence as sufficient to sup

port the belief that significant radial composition 
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gradients are found in late-type spiral galaxies. However, 

the absolute abundances derived from various techniques as 

well as the magnitude of abundance gradients are uncertain. 

We will therefore avoid attempts to interpret absolute 

abundances derived from extragalactic H II regions. 

(The various arguments that together suggest 

strongly that the excitation gradient observed in the disks 

of late spiral galaxies must be essentially a result of an 

[0/H] gradient do not apply to the peculiar emission 

observed in nuclear regions of certain galaxies such as M31 

and M51. This emission is characterized by ratios of 

[NII]/Ha considerably in excess of unity, steep velocity 

gradients and discontinuities, and apparently in some cases 

by velocity differences between the [NIIJX6583 line and Ha 

of order 50-100 km/sec [Rubin and Ford 1971, see also 

Tifft 1976]. The excitation mechanism for this gas is not 

understood, but it is unlikely to be OB associations, due to 

the extent and even distribution of the emission. Other 

thermal mechanisms, such as horizontal-branch stars 

[Minkowski and Osterbrock 1959] may account for the emission; 

alternately, a non-thermal excitation mechanism such as 

shock v/aves might account for the emission, as is thought to 

be the case in supernovae remnants [Miller 1974]. If this 

were the case, the velocity differences observed between the 

A6583 line and Ha, if real, might be explained by the dif

ference in line-forming regions within the shock front for 
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A6583 and Ha. The problem of the dynamics and excitation of 

the nuclear regions of galaxies is interesting and obviously 

deserves further study, but we believe that conditions in 

these regions have little to do with conditions in the 

thermally-excited H II regions in the arms of these 

galaxies, and so problems in understanding the nuclear 

regions will not be further considered here.) 

Until recently, the study of composition gradients 

has centered on establishing their reality; little attention 

has been paid to the possible causes of the observed abun

dance gradients. Both Searle (1971) and Smith (1975) dis

cussed the apparent increase in mean galactic metal abun

dance for galaxies of earlier morphological type. Smith 

noted that this increase correlated with the general de

crease in the average ratio of neutral hydrogen to stellar 

mass My/Mg for earlier spiral types. SimDle models of star 

formation and element enrichment quite naturally predict an 

increase in the metal/hydrogen ratio of the disk gas, as a 

greater fraction of the gas is processed into stars (Searle 

and Sargent 1972). These models are able to reproduce 

qualitatively the metallicity-morpholoqical type correlation. 

Moreover, the gradients in individual galaxies can be under

stood in the context of this picture since, in general, the 

most metal-poor regions in late-type spirals are located in 

regions where is relatively high, while high metal-to-

hydrogen ratios are found in gas-poor regions. More 
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elaborate models have been computed by Talbot and Arnett 

(1975). These authors follow the chemical evolution of 

idealized disk galaxies in which the initial gas density 

distribution with radial distance is specified. By adopting 

reasonable but ad hoc star-formation rates, which depend 

implicitly on the density and temperature of the gas, they 

are able to reproduce the range of composition gradients 

observed in external galaxies. 

Many qualitative aspects of the above models may be 

correct. However, to some extent, we believe them to be 

either ad hoc or incomplete. For example, the Searle and 

Sargent (1972) model fails to suggest the mechanisms which 

drive differential gas depletion both in the disks of indi

vidual galaxies and between galaxies of disparate morphology, 

although one assumes implicitly that regions of low 

are regions in which either "primordial" or disk star-

formation rates were high. Talbot and Arnett's (19 75) 

models predict differential star-formation rates which 

depend both on the initial density distribution of disk gas 

and on the physical conditions in the evolving disk-star 

complex. They deduce a star-formation rate which depends on 

the local density. Composition gradients and differences 

between morphological types result primarily from differ

ences in the initial gas density distributions in their 

models. While these models provide some important insight 

into the details of chemical enrichment in the disk, 
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possible driving mechanisms for star formation are largely 

ignored. For example, the fact that, at least at the 

present time, newly-formed stars in spiral galaxies 

are found primarily in the arms is inconsistent with the 

assumption that the average density at a given radial 

distance alone controls the star-formation efficiency. 

In this dissertation, we will try to test a picture 

in which the observed compositions and composition gradients 

result from density wave-driven star formation. The 

density-wave model of spiral structure was introduced 

originally in order to understand the persistence of spiral 

patterns for times comparable to the Hubble time. If the 

arms represent local material enhancements in the disk, 

differential galactic rotation would force the material arms 

to "wind up" in only a few galactic rotation periods. The 

density-wave picture suggests that the spiral arms are 

actually a wave pattern which results from a self-sustaining 

departure from the axi-svmmetric gravitational field of a 

disk system. The pattern rotates around the galaxy with a 

characteristic angular velocity called the pattern speed 

This quantity is currently treated as a free parameter in 

the density-wave theory but can, in principle, be specified 

for a given galactic mass distribution. The gas and the 

stellar subsystem rotate around the galactic center at an 

angular velocity ft(R) which depends primarily on the axi-

symmetric gravitational field. Calculations of the flow 
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pattern of the gas in the vicinity of the spiral wave 

suggest that the gas is shocked and compressed when the 

component of gas velocity perpendicular to the wave pattern 

exceeds the local acoustic speed a. The amount of com

pression, expressed as the ratio of compressed-to-ambient 

2 density, depends primarily on the ratio (w^/a) and on the 

amplitude of the spiral wave. The compression of disk gas 

as it encounters the density wave is presumed to trigger 

star formation. The frequency with which the disk gas en

counters the density wave depends on the relative difference 

ft (R) - -Q . The suggestion of shock-induced star formation 
IT 

is particularly attractive because it provides a natural 

explanation for the prevalence of active star formation in 

the arm regions. Qualitatively, composition gradients in 

the disk gas can also be understood in terms of density-

wave-driven star formation. In the inner parts of the 

galaxy, Q(R) - is larger; hence the presumed frequency of 

star formation is large as well. This, in turn, should 

result in a large rate of gas depletion and chemical en

richment. Oort (1974) suggests that the present-day distri

bution of neutral hydrogen in M81 can be understood in the 

context of this picture. In his view, the depletion of gas 

toward the center of M81 results directly from a high 

frequency of star-formation events driven by the large 

number of times disk gas has passed through the density 

wave. In the outer regions where ft approaches ftp, the 
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star-formation frequency is low; consequently, the chemical-

enrichment and gas-depletion rates should be low as well. 

Differences between the mean composition of individual 

galaxies may also be explained if the mean compression suf

fered by the gas in the arm regions varies from galaxy to 

galaxy. The implicit presumption here is that regions 

suffering high compression produce stars with a high 

efficiency per generation. 

We shall henceforth assume, as a working hypothesis, 

that disk composition gradients result primarily from dif

ferences in the frequency of star-forming events across 

galactic disks and from differences in the efficiency of 

star formation resulting from variations in gas compression 

in the arm regions. We recognize the oversimplification 

implicit in this viewpoint. For example, we have chosen to 

ignore star-formation events not induced by the density wave. 

The existence of elliptical galaxies and nuclear bulges in 

spirals bears dramatic witness to the efficacy of star 

formation in the absence of density waves. Moreover, we 

ignore the importance of composition differences "built 

into" the disk subsystem during the collapse of the galaxy. 

Furthermore, we disregard the possible roles of infailing 

halo gas or expelled nuclear gas on disk chemical evolution. 

However, we believe that it is of considerable value 

to explore the degree to which density-wave-driven star 

formation can explain the observed chemical composition 



variations both within and between disk systems. This 

represents both a natural extension of and a challenging 

test for a theoretical picture which has proved successful 

in explaining a large variety of phenomena characteristic 

of spiral galaxies. 



CHAPTER 2 

SPECTROSCOPIC OBSERVATIONS 

In order to compare observed composition gradients 

with the predictions of the density-wave theory, we selected 

a sample of galaxies in which to observe abundance-sensitive 

line-intensity ratios. Our sample was chosen in such a way 

that a large range in mass, luminosity, morphological type, 

and the mean value of ft(R) - ft was present. To this list, 
r 

we later added galaxies selected from systems studied by 

Roberts, Roberts, and Shu (1975). In Table 1, we have 

assembled the basic observational data and relevant rotation 

curve references for all galaxies in our sample. Except for 

NGC 7331 and NGC 6503, the masses and luminosities presented 

in this table have been adjusted to place our program 

galaxies on the self-consistent distance scale given by 

Sandage and Tammann (1974a, 1974b, 1975). For NGC 7331, we 

computed a distance by taking the mean of the distances 

obtained by three methods: (1) assuming NGC 7331 has the 

same absolute luminosity as M31 (which it resembles) and 

taking the apparent luminosities from the Reference 

Catalogue of Bright Galaxies (RCBG) (de Vaucouleurs and de 

Vaucouleurs 1964), (2) assuming NGC 7331 has the same linear 

radius at equivalent surface brightness as M31 and taking 

12 



Table 1. Basic Data for Galaxies in Our Sample 

Luminosity Holmberg 
Type Class Position Distance Radius Mass 

NGC (deV) (vdB) Angle (Mpc) (arcmin) (X1010M ) 
o 

Rotation Curve Reference 

157 Sc I 30 28.7 2.9 8.1 Burbidge, Burbidge, and 
Prendergast (1961) 

224 (M31) Sb I-II 35 0.69 98. 5 17.8 Rubin and Ford (1970) 
598 (M33) Scd II-III 23 0.72 41.5 6.8 Rogstad and Shostak (1972) 

925 Sd II-III 113 

CO 

7.0 3.9 Rogstad, Rougoor, and 
Whiteoak (1967) 
Rubin, Burbidge, and 
Burbidge (1964) 

972 10 II: 153 28.4 1.6 1.3 Burbidge, Burbidge, and 
Prendergast (1965b) 

1084 Sc I-II 32 18.1 1.5 1.8 Burbidge, Burbidge, and 
Prendergast (1963) 

2403 Scd III 125 3.25 14.5 2.3 Rogstad and Shostak (1972) 
2903 Sbc I-II 24 7.6 7.0 4.1 Burbidge, Burbidge, and 

Prendergast (1960) 
3031 (M81) Sab I-II 157 3.25 17.5 11.0 Gottesman and Weliachew 

(1975) 
3593 SOa III 92 26.8 2.4 0.8 Demoulin (1969) 
5194(M51) Sbc I u 9.6 7,1 6.6 Burbidge and Burbidge (1964) 
5457(M101) Scd I 7.2 14.0 14.5 Rogstad and Shostak (1972) 
6181 Sc I 161 49.0 1.4 7.1 Burbidge, Burbidge, and 

Prendergast (1965a) 
6503 Scd III 124 10:a 5.6 0.3 Burbidge et al. (1964) 
7331 Sbc I-II 176 14.4b 6.8 7.8 Rubin et al. (1965) 

a -1 -l 
Distance estimate from Burbidge et al. (1964) adjusted to H0 = 55 km s Mpc 

Distance estimate is mean of three estimates: (a) assuming NGC 7331 has same absolute 
luminosity as M31; (b) assuming NGC 7331 has same radius at V = 26 per arcsec2 as M31; (c) 
assuming NGC 7331 is at distance given by its redshift using Hq = 55 km s-^- Mpc~l. 
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the apparent diameters D(0) from the RCBG, and (3) assuming 

NGC 7331 is at the distance given by its redshift using 

Hfl = 55 km s 1 kpc Each of these estimates gave a value 

within 20 per cent of the mean value listed in Table 1. For 

NGC 6503, we adopted a distance of 10 Mpc. This value is 

consistent with a revision of the distance assumed by 

Burbidge et al. (1964) adjusted to a Hubble constant, HQ = 

55 km s 1 Mpc The morphological types listed are the 

revised types given by de Vaucouleurs and de Vaucouleurs 

(1964), while the luminosity classes are taken from van den 

Bergh (1960a, 1960b). Three other galaxies, NGC 1808, NGC 

1832, and NGC 628 were also observed. However, the 

emission-line strengths in the first two galaxies proved too 

weak to measure, while for NGC 628, no reliable rotation 

curve is as yet available. In Figure 1, we have plotted the 

parameter Q(R) - fi against galactocentric distance. The 
P 

curves plotted in this figure are based on the data cited in 

Table 1; the values of the pattern speed were consist

ently chosen from the velocity observed for the outermost 

point in the optical rotation curve. Examination of this 

figure suggests that we have selected galaxies which should 

exhibit wide variations in star-formation frequency and 

hence chemical enrichment, if our picture is correct. 

The image-tube spectrographs used in conjunction 

with the Mayall 4-m telescope (M) and with the Steward 

Observatory 2.3-m telescope (SO) were used to record long 
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Figure 1. A plot of (ft - ftp) against normalized radius P/Ph, the ratio of 
radial distance to the Holmberg radius. 



16 

slit spectrograms along the major axis of each galaxy in our 

sample. At the 4-m telescope, the scale at the spectro

graph entrance slit is 6.7"/mm and on the plate 25"/mm, 

while for the Steward system, the corresponding numbers are 

10"/mn\ and 55"/mmj in both cases, these scales are well 

suited for the type of work discussed here. A journal of 

all spectrograms obtained in connection with this study 

appears in Table 2. Examples of these spectrograms appear 

in Figure 2. For most galaxies, emission lines arising both 

in bright "arm" H II regions and from diffuse inter-arm gas 

have been recorded. Visual examination of these data 

suggests the power of this technique in providing an im

mediate assessment both of the mean galactic line ratios and 

of radial gradients in the emission ratios. 

Previous studies have relied primarily on photo

electric observations of individual H II complexes (Searle 

1971, Smith 1975). A virtue of these studies is that, by 

selection, a relatively homogeneous sample of H II regions 

has been observed. Our data probably sample a more hetero

geneous set of density and ionization conditions, although 

as we shall see in Chapter 4, the trends in the emission-

line ratios are no different from those obtained by Smith 

and by Searle. 

To convert our data from photographic density to 

relative intensities, we relied on a step-wedge calibration 

device. Transformations to an absolute-intensity scale were 



Table 2. Journal 

Object Plate NO. 
Wave Length 

Region 
Disper. 
(it/mm) 

Exp. 
(ntn) 

UT Date 
1974 Tel. 

NGC 157 MGS 342 I la - O 11 56 73 10 Aug. M 
MGS 496a 11a -• O II 56 120 e Dec. M 
MGS 496b H£ -• Ha 56 120 8 Dec. M 
I 1460b O II -• 10 96 10 20 Oct. SO 
1 1460c O XI -» 10 96 50 20 Oct. SO 

1 1460d O II -• 10 96 50 20 Oct. so 
1 1487b 0 XI -* H0 46 29 8 NOV. so 
1 1487c O II - 10 46 26 8 Nov. SO 
1 1512 0 11 - 10 46 10 7 Dec. SO 
1 1513a 0 II H0 46 60 7 Dec. so 

NGC 925 MGS 493b lla -* O 11 56 100 7 Dec. M 
MGS 494a 10 - Ha 56 100 7 Dec. M 
1 1514a O 11 - H0 96 10 7 Dec. SO 
I 1514b 0 II {0 96 60 7 Dec. SO 

NGC 972 MGS 500b 0 11 ^ Ha 112 110 9 Dec. M 
1 1522a O II • ttf 96 10 8 Dec. SO 
I 1522b 0 II • 10 96 60 8 Dec. SO 

NGC 1004 MCS 335 Ha -* O 11 56 68 8 Aug. M 
MGS 443a 10 -• Ha 56 82 25 NOV. M 
I 1461b 0 11 • lla 96 10 20 Oct. SO 
I 1461c O 11 • Ha 96 50 20 Oct. SO 
1 14bld 0 11 • Ha 96 50 20 Oct. SO 

NGC 2403 MGS 440a *0 * lla 56 74 24 Nov. M 
MGS 440b lla « O II 56 90 24 NOV. M 
MGS 444c 10 Ha 56 90 2S MOV. M 
MGS 497b *0 -» Ha 56 105 8 Dec. H 
I 1514c O 11 H0 96 10 7 Dec. SO 
I 1514d O II - 10 96 60 7 Dec. SO 
I 1522c O II •* H rt 96 60 8 Dec. so 

NGC 2903 MGS 446 f(0r O II 56 90 25 Nov. M 
MGS 491b 10 -• Ha 56 100 7 Dec. M 
I 1514e O 11 -» 10 96 30 7 Dec. so 

Observations 

Wavelength uisper. Exp. UT Date 
Object Plate No. Kegion (i/mm) (sin) 1974 Tel. 

NGC 3031 MGS 495 LLU •* O U 56 90 7 Dec. M 
MGS 498* 10 * Ha 56 105 8 Dec. M 
MGS 503b O 11 -• Ha 112 119 9 Dec. M 
I 1519a* O II H3 96 30 7 Dec. SO 
I 1519b* 0 II - 10 96 30 7 Dec. SO 
I 1522d O II -» |0 96 40 8 Dec. SO 

NGC 3593 MGS 504a O II * Ha 112 17 9 Dec. M 
MGS 504b 0 II -• Ka 112 53 9 Dec. H 
MGS 509a O 11 -* iia 112 100 10 Dec. M 

NGC 5194 MGS 498b Ha + O II 56 63 8 Dec. M 
MGS 509b 0 II -• Ha 112 108 10 Dec. M 

NGC 6161 I 1457 O II -• 10 96 10 20 Oct. SO 

NGC 6503 MGS 332 Ha -• O II 56 50 8 Aug. M 
MGS 337 Ha -• O 11 56 90 9 Aug. M 
MGS 340 Ha < O II 56 120 10 Aug. M 
MGS 435 10 « Ha 56 90 24 Nov. M 

I 1458 0 11 -• Hp 96 10 20 Oct. SO 
I 1459a O 11 -• H3 96 40 20 Oct. SO 
I 1486 O II - f0 46 120 8 Nov. SO 
I 1520 O 11 -• 10 46 75 8 Dec. so 

NGC 7331 MGS 492 Ha -• O II 56 110 7 Dec. M 
MGS 493a 10 Ha 56 lie 7 Dec. M 
I 1459b O II -• 10 96 10 20 Oct. so 
I 1459c O II Hi* 96 30 20 Oct. so 
I 1460a O II -• H3 96 50 20 Oct. so 
I 1487a O II -• 10 96 39 8 Nov. so 
I 1521f O II -• 10 96 60 6 Dec. so 

NGC 604 MGS 334 Ha -• O II 56 45 8 Aug. M 
MGS 344 Ha -« O 11 56 10 10 Aug. M 
MGS 4 36a f0 -• Ha 56 3 24 Nov. M 
MGS 436b Ha -* O II 56 3 24 Nov. M 



Table 2.—Continued 

Wavelength Diaper- Exp. UT Date Wavelen9th Disper. Exp. VT Date 
Object rlate No. Region (A/mm) (uin) 1974 Tel. Object Plate No. Region (1/BCI) (min) 1974 Tel. 

HGS 491a Ha -• 0 11 56 J 7 Dec. M NGC 604 I 1513b O II <4 H0 46 2 7 Dec. SO 
HGS 491b Ha -• 0 II 56 I 7 Dec. H 1 1513c O II H3 46 5 7 Dec. SO 
HGS 491c H0 -• Ha 56 3 7 Dec. M 1 1513d 0 II -% H0 96 0. .2 7 Dec. SO 
MGS 49ld H3 Ha 56 1 7 Dec. M I 1513« 0 II -• H0 96 2 7 Dec. SO 
MGS 499a 0 II * Ha 112 1 9 Dec. M I 1513f O II H0 96 5 7 Dec. SO 

HGS 499b O II -• Ha 112 3 9 Dec. M I 1521a 0 II •* IV 46 2 e Dec. SO 
MGS 499c O II -• Ha 112 6 9 Dec. H I 1521b 0 II -4 H0 46 5 8 Dec. SO 
I 1461a O 11 - H0 96 10 20 Oct. SO I 1521c o II H0 96 0. .3 6 Oec. SO 
I 1487d 0 II -» H/3 46 0.5 B Nov. so 1 1521d o II -* 96 2 8 Dec. so 
I 14B7e 0 II •* 40 3 ti NOV. so 1 1521e 0 11 -• 96 5 6 Dec. so 

Notes: Ho O ZI on MGS spectrograms have Ha, [N III. IS 111 first order red, [o III second order. 
< Ha on HGS spectrograms have Ha, [N 111, to III], H0 first order red. 

0 II « Ha on MGS spectrograms have [0 III second order. Ha, LN III, Is 111, [0 IIIl, Hfl first order. 
0 II -• H3 on I spectrograms have [0 111, [0 IIIl second order blue. Ha, [W III first order. 

'refers to two spectrograms taken along the minor axis of NGC 3031. 



Figure 2. A montage of spectrograms, ordered by [0 III]/HB 
ratio, for seven galaxies in our sample — The 
original dispersion is 56 A/mm (first order). The 
scale along the slit can be estimated from the 
length of the widest spectrograms reproduced 
(%300"). Note the increase in mean [N II]/[0 II] 
ratio as the mean [0 IIIJ/HB ratio decreases. 
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Figure 2. A montage of spectrograms, ordered by [O III]/H3 
ratio, for seven galaxies in our sample. 
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derived from observations of the well-studied H II region 

NGC 604 in M33. After correcting our observed relative 

intensities for atmospheric extinction by using a mean of 

the extinction coefficients derived by Oke (1965) and by 

Hayes (1970), we adjusted all line ratios, with the excep

tion of [N II]/Ha and [N II]/[S II], to the valued obtained 

by Searle (1971) for NGC 604. For [N II]/Ha and [N II]/ 

[S II], we used the values directly determined from our 

plate material. By adopting this convention, we differ from 

Searle by 0.2 dex and from Smith (1975) by 0.1 dex in the 

sense that our nitrogen strengths are larger by the quoted 

amounts. We suspect that these differences arise primarily 

from variations in the [N II]/Ha ratio within NGC 604 rather 

than from systematic errors in either our own or other data. 

This impression was confirmed by sampling the [N II]/Ha 

ratio at a few points in NGC 6 04 by using the Kitt Peak 

National Observatory (KPNO) image dissector scanner. In

ternal checks on the accuracy of our intensity-density con

version were provided by comparing the expected ratios of 

*6584 to A6548 of [N II) and A5007 to A4959 of [O III]; in 

both cases, the ratio, as determined by the atomic param

eters for these transitions, is nearly 3:1. In no case did 

our line ratios differ from the expected values by more than 

10 per cent. We estimate the typical internal plus external 

error for all measured line strengths in our survey to be 

±0.07 dex, unless otherwise noted. 



CHAPTER 3 

REDUCTION OF SPECTROSCOPIC DATA 

Our reduction of the large body of data that we 

obtained was greatly aided by the availability of KPNO's new 

Interactive Picture Processing System (IPPS) (Wells 1975) . 

This system, consisting of a Varian (V74) minicomputer, a 

disk, two tape drives, a Tektronix 4010 graphics/typewriter 

terminal, and a COMTAL television monitor, is designed for 

rapid, interactive processing of digital pictures. The 

COMTAL monitor displays a square picture array, 512 resolu

tion elements (pixels) on a side, and provides the user with 

an electronic pointer or "trackball" with which he can 

specify particular places on the screen for analysis. In 

order to prepare our data for display on the IPPS, we first 

scanned our spectra with the PDS microdensitometer. The 

resulting digital data were recorded on magnetic tape, con

verted to intensity using a V74 program developed for this 

purpose, and then displayed on the COMTAL screen. Following 

this, we visually selected an appropriate "galaxy-free" 

region from the picture display and defined this region as 

"sky." The trackball was used to designate the picture rows 

corresponding to sky and the intensity values at each point 

in the sky rows were averaged. To correct for geometrical 

21 
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distortions introduced by the image tubes, an interactive 

program was developed which allowed us to "follow" the 

centers of two bright, night-sky features across the plate. 

Interpolation between two parabolic functions fit to these 

centers proved quite successful in estimating geometrical 

distortions over short wavelength regions. After correcting 

for the local distortion, the averaged sky intensity was 

subtracted from each row in the scan. To provide a visual 

impression of the efficacy of this scheme, we compare, in 

Figure 3, the raw, intensity-coverted spectrogram of NGC 

2903 with the picture which results from the application of 

the sky-subtraction algorithm. 

Following sky-subtraction, the emission-line regions 

deemed suitable for measurement were selected with the 

trackball. An intensity-wavelength trace along the disper

sion, averaged over an appropriate number of pixels perpen

dicular to the dispersion, was then displayed on the 

Tektronix graphics screen. A "box" outlining the region 

selected was overlayed on the COMTAL display of the spectrum 

in order to permit a visual check on our emission region 

choice and averaging estimate. We then used the cursor 

facility of the Tektronix graphics device to specify the 

edges of a chosen emission line and to initiate computation 

of the line strength. The resulting "equivalent width" (in 

units of pixels times arbitrary intensity units) was then 

recorded for further analysis. In Figure 4, we illustrate 



Figure 3. The sky-subtraction algorithm applied to 
NGC 2903 — The top frame is a photograph from 
the COMTAL screen of an intensity-rectified 
spectrogram of NGC 2903. The bottom frame 
provides an indication of the efficacy of the 
sky-subtraction algorithm described in the text. 
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Figure 4. An indication of the interactive data reduction 
procedure with the KPNO IPPS — The top frame 
illustrates the sky-subtracted spectrogram of 
NGC 2903 reproduced in Figure 3. Superposed on 
this frame is a "graphics overlay" rectangular 
box whose size and position is selected on-line 
by the user. The bottom frame represents the 
intensity-wavelength plot which appears on the 
screen of a Tektronix 4010 terminal after the 
intensities are averaged over the height of 
the box illustrated in the top frame. Also 
illustrated in the bottom frame is a sample of 
the interactive equivalent width computation 
procedure as applied to the Ha line in the 
NGC 2903 spectrogram. 
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Figure 4. An indication of the interactive data reduction 
procedure with the KPNO IPPS. 
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both the appearance of the COMTAL screen and the Tektronix 

display during the reduction of a typical galaxy spectro

gram. 

In Table 3, we present, as a function of radial 

distance (arc-sec), the logarithmic emission-line ratios 

Ha/H6, Ha/ [N II], [N II]/[S II], [N II]/[0 II], and [0 III]/ 

H8 derived from our spectra of 12 galaxies. These ratios 

have been corrected for the effects of atmospheric extinc

tion and for instrumental response. They are not corrected 

for interstellar extinction either within our own galaxy or 

within the external galaxy. We expect each of the line 

ratios to have an internal precision of ±0.1 dex (m.e.); 

entries followed by a colon are believed to have uncertain

ties in excess of this value. This estimate is based on our 

assessment of the errors introduced by (1) improper 

selection of continuum levels and line edges, and (2) un

certainties in the characteristic curves. We note that 

[O III] refers to the sum of A5007 and A4959, [N II] to the 

sum of A6548 and A6584, [S II] to the sum of A6716 and 

A6731, and [O II] to the sum of A3727 and A3729. In cases 

where either A4959 or A6548 could not be distinguished, we 

multiplied the observed strengths for A5007 and A6584 by 

the factor 1.33. 



Table 3. Observed Line Strength Ratios for Galaxies in 
Our Sample 

At" 0 n-np  w 
X [OIIIVH0 [Kl l j /CSI I ]  C«i j/Coixl Ha/Kd \ 

NGC 157 £3p - 20 tan s~* kpc-1 ep  - 12?3 4r, • 15-

71 ME 0.41 0 0 0.19 -0,03 0.26 -0.36 0.39 0.0 
56 0.32 7 12 0.14 0.00 0.34 *0.29 0.51 0.3 
35 0.20 13 13 -0.31 -0.19 0.52 -0.16 0.45 0.0 
17 0.10 __17 9 0.27: 0.10 0.24 -0.06 0.84: 2.S: 

""5 "'5755— 
........ 

—572*7— 5732 —5757 —5718 —57757" "2717 
—5715— 

«I7— -r™ —5T28T— 573? —5721 ""-5753"— —57957" "3727 
30 0. LT 14 13 0.03 0.19 0.23 0.01 0 .82  2.3 
45 0.26 10 13 -0 .45 0.20 0.33 0.20 0.51 0.3 
78 sw 0.45 0 0 -0.23 0.14 0.23 -0.06 0.6 0 0 .9  

NGC 925 Clp - 5 lea «~l kpc-t 0p • 14°. 4 ir. - 15" 

147 SE 0.35 2: 5: 0.48 -0.23: 0.75 -0.84 0.42 0 .0  
93 0.22 2: 3: -0.11 -0.16 0.55 -0.54 0.43 0 .0  
62 0.15 2: 2 2 0.19: -0.33 0.53 -0. 60 i  0.701 2.1: 
44 0.11 2_J__ 2: 0.30: -0.10 0.48 -0.39 0.44 0 .0  
—g— ""3:83"" """""" —5713 —-5753 —37*2"— -"5739 5733"" "575" 
16 0.04 2:  1 : 0.01 0.02 0.40 -0.31 0.44 0 .0  
"?3— j... *"27""" —573S7 —-6753 —0735 ""-5735 573S7" "2777 

60  NW 0.19 2  i  3: 0.09 -0.08 0.58 -0.44 0.49 0 .2  

NGC 972 ap 24 km s-1 kpc"* ep » 9'8 Art » 4?5 

31.5 SE 0.33 6 4 0.02 0.33 0.35 0.64 0.81 2.3 
29.2 0.30 9 6 -0.15 0.36 0.35 0.39 0.80 2.2 
27.0 0.28 12 7 -0.13 0.29 0.40 0.24 0.82 2.3 
25.0 0.26 15 8 0.06 0.17 0.38 0.34 0.82 2.3 
22.5 0.23 19 9 -0.05 0.22 0.33 0.55 0.86 2.6 
20.2 0.21 22 9 -0.06 0.26 0.29 0.58 0.65 2.5 
18.0 0.19 24 9 0.20 0.25 0.34 0.49 0.86 2.6 
•I5:r- 5715 

27 
9 "0712 3729 —3732" —5735 """5793"" "371* 

13.5 0.14 30 9 -0.10 0.34 0.30 0.41 0.90 3.4 
11.2 0.12 34 8 -0.50 0.35 0.27 0.44 0.98 3.4 
9.0 0.09 34 6 -0.22 0.31 0.29 0.49 1.12 4.3 
6.7 0.07 40 6  -0.04 0.23 0.29 0.52 1.15 4.5 
4.5 0.05 > 43 0.63 0.95 0.25 0.57 1.30 5.5 
2 .2  0.02 0.46 0.33 0.17 0.77 1.05 3.0 
0.0 0.00 0.32 0.37 0.18 0.64 0.91 2.9 
2.2 0.02 0.22 0.31 0.21 0.75 0.95 3.2 
4.5 0.05 > 43 0.26 0.32 0.28 0.53 1.10 4.2 
6.7 0.07 40 6 0.00 0.28 0.31 0.51 1.12 4.3 
9.0 0.09 34 6  Q.01 0.21 0.32 0.55 0.97 3.3 
11.2 0.12 34 8 -0.09 0.27 0.31 0.53 0.92 3.0 
13.5 0.14 30 9 -0.18 0.36 0.31 0.63 0.80 2.7 
15.7 0.16 27 9 -0.25 0.37 0.32 0.62 0.85 2.5 

"1875 ,r~ ~j "-5735— 5733 """3733 5755 —5779"" "271" 
20.2 0.21 22 9 -0.38 0.31 0.32 0.55 0.79 2.1 
22.5 0.23 19 9 -0.22 0.37 0.33 0.56 0.97 3.3 
24.7 0.26 15 a -0.39 0.27 0.34 0.57 0.97 3.3 
27.0 0.28 12 7 -0.51 0.21 0.37 0.58 0.91 2.9 
29.2 0.30 9 6 -0.43 0.21 0.37 0.55 0.84 2.5 
31.5 0.33 6 4 -0.28 0.19 0.36 0.37 0.69 1.5 
33.7 0.35 3 2 -0.27 0.17 0.29 0.15 0.61 1.0 
36.0 NW 0.38 0 0 0.08 0.26 -0.05 1.04: 3.8: 

NGC 1084 Op • 31 km • •* kpc"1 ep  - 8*6 6r, - 15" 

54 SW 0.60 1 1 0.23 0.16 0.71 1.6 
29 0.32 38 15 0.07 0.39 0.70 2.1 
14 0.16 ^12 0.46 0.25 0.26 0.93 3.1 
~5~ ""3735"" '=3729 5753 —5731-"* •—5753 —5732"" "273" 
"II"" —5712— —53— -10-— —3725— •—57357 5730"" "272" 
22 0.24 53 16 -0.13 0.31 0.41 0.14 0.67 1.4 
42 NE 0.47 18 11 0.00 0.13 0.44 0.11 0.60 0.9 
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Table 3.-Continued Observed Line Strength Ratios for 
Galaxies in Our Sample 

Lt" o il-r.p Wx Conij/Hfl *NIt VCfiXI 1 Ho/Imt: jMllV'-OIi: Ha/HP \ 

NOC 2403 Hp » 26 km M~x kpc"1 0p - 19°. 9 Ar« - 15* 
254 W 0.29 0 0 0.66 0.38 0.0 
196 0.23 7 7 ' 0.21 -0.23 0.60 -0.48 0.53 0.5 
170 0.20 10 9 0.34 -0.15 0.55 0.73 1.8 
129 0.15 17 11 0.37 0.38 0.39 0.0 
120 0.14 16 10 0.56 0.34 0.87 2.7 
105 0.12 20 11 0.20 -0.32 0.40 -0.50 0.59 0.8 
80 0.09 24 10 0.17 0.59 0.46 0.0 
63 0.07 27 9 0.52 -0.28 0.36 -0.40 0.92 3.0 
24 "3" 

"13* 

0.03 
""B:B5~~ 
"5752*" —33" 

4 0.26 "3733 "3735 
-0.13 ""5739 "-=3735 

0.32 "3711 
"3735 

-0.59 :3777 -3753"""" 
0.70 

—3755 3793"" 
1.6 "172" "371" 

36 0.04 30 5 0.18 0.07 0.41 -0.65 0.45 0.0 
55 0.06 28 8 -0.17 0.27 -0.49 0.27 0.0 
70 E 0.08 26 9 -0.09 -0.97 

SGC 2903 ftp - 46 km kpc"1 6p - 10:2 irs » 15" 
137 sw 0. 33 0 0 -0.15 0.22 0.38 -0.20 0.41 0.0 
105 0.25 17 12 -0.38: 0.21 0.31 0.15 0.45 0.0 
*>3 

"38" 0.17 —5711— 37 
—51" 

18 —is -0^43 0.35 ""5737 __0.20 0.17 
"5725 

,__0.55_. .0.6. 

29 0.07 68 13 -0.05 0.47 0^26 0.15 0.71 1.6 
0 "73" ""RE* 

0.00 "-3:1s" — ig ^a:s5 3:32 "5733 0.55 -373r— —5752 -173-
M 81 fjp • 15 kn» »~l kpc -1 dp - 11? 8 &r9 • 24 

270: E 0.26 38 32 0.05 0.26 0.0 

NGC 3593 ftp • 24 km • kpc"1 ep • 5?4 trB • 4?5 

20 W 0.14 21 5 0.06 0.61 0.96 3.3 
18 0.13 25 5 -0.26 0.64 -0.02 0.47 0.98 3.4 
16 0.11 29 6 -0.21 0.49 0.20 0.21 1.33 5.7 
13 -3713"-"""33 —1719 '""3738 — "3723 —3733— 5793" "371" 
11 0.08 39 5 -0.56 0.38 0.28 0.40 0.91 2.9 
9 0.06 44 5 -0.47 0.34 0.32 0.36 0.82 2.3 
7 0.05 47 4 -0.54 0.33 0.32 0.34 0.75 1.9 
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CHAPTER 4 

CHOICE OF A "CHEMICAL ENRICHMENT INDICATOR" 

Before comparing local "chemical enrichment" in our 

sample galaxies with the predictions of the density-wave 

theory, it is essential to select appropriate indices which 

measure enrichment. The most likely enrichment indicators 

are the [0 III]/H$ and [N II]/[0 II] ratio The [0 lll]/H0 

ratio has a number of substantial advantages: 

1. It is extremely sensitive to the 0/H abundance ratio 

because the strength of the [0 III] lines depends 

critically on the local electron temperature ; 

T^ is, in turn, fixed primarily by the balance be

tween heating by photoionizing radiation from the 

exciting stars and cooling through collisional 

excitation of fine structure transitions (at 88 y 

and 52 m) in 0 III. Hence the cooling rate depends 

primarily on the oxygen abundance; where 0/H is 

large, the cooling is large and the ratio [0 III]/ 

HB is small. 

2. It does not depend sensitively on an accurate deter

mination of selective interstellar extinction 

within and external to the ionized regions observed. 

29 
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3. This wavelength region is nearly devoid of strong 

atmospheric emission features, thus minimizing the 

importance of extremely accurate sky subtraction. 

4. The proximity in wavelength of the [0 III] and HB 

transitions, which minimizes uncertainties due to 

variable instrumental response with wavelength. 

There are, however, some possible disadvantages to this 

choice: 

1. The volumes in which H$ and [0 III] are formed may 

be significantly different since the ionization 

potentials for neutral hydrogen (13.6 ev) and 

singly-ionized oxygen (35.1 ev) differ greatly. 

2. As a consequence of the above problem, [0 III]/HB 

may depend not only on the 0/H ratio but on the 

details of the ionizing radiation field and of 

selective extinction within the ionized region. 

3. The ionization characteristics of the disk gas may 

differ significantly from those which apply in H II 

complexes. Comte and Monnet (1974) suggest, on the 

basis of a somewhat indirect argument, that the 

[O III] may be entirely absent in the disk gas 

located in the vicinity of H II complexes which show 

relatively high [0 III]/H3 ratios. The regions 

selected for study here do not appear to suffer 

significantly from this problem. 



4. Models by Talbot and Arnett (1974) suggest that 0/H 

may actually reach a maximum slightly above the 

solar value and then decrease with further chemical 

evolution. If this effect is reflected in the be

havior of the [0 III]/HB ratio, then interpretation 

of this ratio in metal-rich regions becomes 

ambiguous. 

The [N II]/[0 II] ratio also appears, at first 

glance, to have major advantages as an abundance indicator: 

1. The ionization potentials of neutral N (14.5 ev) and 

neutral 0 (13.6 ev) as nearly identical; hence, 

these species should be formed in approximately the 

same volume. 

2. The ratio is also sensitive to T and hence to the 
—e 

0/H ratio. 

3. Because nitrogen may be formed as a "secondary" 

nuclear product (from conversion of C and 0 to N in 

the CNO cycle), the [N II]/[0 II] ratio may be 

sensitive not only to the overall "metal" abundance 

but to the relative abundances of oxygen and nitro

gen, which may in turn indicate the degree of 

processing. 

4. The model of Talbot and Arnett (1975) predicts a 

monotonic increase of N/0 with time. 



However, there are several difficulties, both 

intrinsic and technical, which render this choice somewhat 

less attractive: 

1. Both features can be significantly contaminated by 

night-sky emission. Although our sky-subtraction 

technique proved highly effective in general, in a 

few cases, galaxy emission stretched across the 

entire length of the slit rendering our subtraction 

procedure useless. 

2. In the 4-m spectrograms, the [0 II] line was con

taminated both by infrared and by ultraviolet night-

sky features, since we chose to observe this line 

simultaneously with Ha and [N II] by superposing 

first and second order spectra. 

3. Because the [N II] and [0 II] lines appear at such 

widely separated wavelengths, interstellar extinc

tion corrections become important. In principle, 

one can estimate a total visual extinction Av from 

comparing the observed and theoretical (Brocklehurst 

1971) ratios of Hcx/H8. By assuming a Whitford 

extinction law, the [N II]/[0 II] ratio can then be 

corrected. However, any systematic departures from 

the Whitford law, both within and among galaxies, 

will introduce (unknown) systematic differences in 

the final [N II]/[0 II] ratio. In Table 3, we have 

included a formal value for computed according 



to the above prescription. However, we have chosen 

to present the observed [N II]/[0 II] ratios, 

corrected only for instrumental sensitivity and 

atmospheric extinction. 

Despite these difficulties, our study shows a 

generally good correlation between the [N II]/[0 II] and 

[0 III]/HB line ratios. In Figure 5, we have plotted the 

[0 III]/H3 observations listed in Table 3 against our 

measured [N II]/[0 II] ratios. Drawn on the same figure are 

straight-line fits to the relations between these quantities 

derived by Smith (1975) and by Searle (1971) ; the Searle 

line has been shifted by 0.2 dex in order to correct for the 

difference between the [N II] line strengths found for NGC 

604 (see Chapter 3). While the scatter in the figure is 

somewhat large, primarily because of the uncertainties in 

our [N II]/[O II] ratios, it is not substantially greater 

than the scatter present in both Smith's and Searle's 

surveys. 

Because our data show the same slope and range as 

those of Smith and Searle, we believe that even though we 

have observed a more heterogeneous selection of ionized 

regions, we have not seriously compromised reliability of 

[O III]/HB or [N II]/[O II] as abundance indicators. 

The [N II]/[S II] ratio also has some value as an 

enrichment index. To the extent that nitrogen is a 
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Figure 5. A plot of observed log[0 III]/Hft against the 
observed log[N II]/[O II] for galaxies in our 
sample — Superposed on this plot are the mean 
relations between these emission-line ratios 
deduced by Smith (1975) and by Searle (1971). 
No corrections for interstellar reddening have 
been applied to either ratio. 
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secondary nuclear product and sulphur a primary species, 

this index measures the degree of secondary processing. 

However, because the ionization potentials of neutral (14,5 

ev) and singly-ionized (29.6 ev) nitrogen differ signifi

cantly from the corresponding values for sulphur, (10.4 ev 

and 23.4 ev), the volumes sampled by the [N II] and [S II] 

may differ. 

A consideration of all the above factors led us to 

adopt the [O III]/H8 ratio as our primary index of chemical 

enrichment. In the discussion which follows, regions of 

high excitation (large [0 III]/H$ ratios) are denoted 

"metal-poor" whereas low-excitation regions (small [0 III]/ 

H6 ratios) are denoted "metal-rich." While we shall indi

cate the behavior of [N II]/[O II] in metal-rich and metal-

poor regions, we will depend most heavily on the [0 III]/H|3 

ratio to select such regions. 

As an indication of the expected dependence of 

[0 III]/HB on 0/H, we excerpt in Table 4 the values derived 

by Sarazin (1976) in his recent theoretical study of the 

physical conditions in extragalactic H II regions. However, 

the uncertainties in deriving element abundances introduced 

by (1) density inhomogeneities in the ionized regions, (2) 

internal dust of unknown selective extinction character

istics, and (3) the unknown range in the spectral energy 

distribution of the exciting stars make us extremely wary 

of phrasing our discussion of chemical enrichment in 
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Table 4. Estimates of Oxygen Abundance from Sarazin (1976) 

"Dusty" H II Regions 

Dust-free Model9 Model3 
log 10 III]/H3 Modela A B 

0.75 0.19 -0.29 -0. 52 
0. 50 0. 28 0. 00 -0.22 
0. 25 0.33 0.07 -0. 09 
0. 00 0.38 0.10 0. 00 

-0.25 0. 41 0.14 0. 09 
-0. 50 0.44 0. 20 0.16 
-0. 75 0.46 0. 25 • 0.19 
-1. 00 0.48 0.29 0. 23 

aTable entries are log [ (O/H)/(0/H)Q] 

absolute terms Rather, we choose to argue our case in 

terms of an observed parameter ([0 IIIJ/H ) which shows 

considerable promise of providing a transformation to 

abundance sometime in the future. 



CHAPTER 5 

COMPARISON OF "ENRICHMENT INDICES" WITH THE 
PREDICTIONS OF DENSITY-WAVE-DRIVEN 

STAR FORMATION 

Correlations of Abundance with Galaxy 
Morphology/ Mass, and Normalized 

Galactocentric Radius 

Before embarking on a more elaborate discussion of 

our data, it is useful to recall two fundamental observa

tional characteristics of intra- and inter-galaxian abun

dance indices: (1) the general decrease in mean abundance, 

as inferred from [0 III]/H8, as one examines galaxies of 

increasingly later morphological types, and (2) the decrease 

in [0 III]/H(3 with increasing galactocentric distance. 

Both these trends are apparent from visual inspec

tion of the spectrograms reproduced in Figure 2. A more 

quantitative measure of the first of these characteristics 

is illustrated in Figure 6, where the galaxian average 

[0 III]/H$ ratio is plotted against galaxy type. The second 

is shown in Figure 7 in which we show the variation of 

[0 III]/HB with a normalized radius parameter, the ratio of 

radial distance to the Holmberg radius (Holmberg 1958) p/p„. 

In making these plots we have: 

1. Excluded points which fall within the nuclear bulge 

regions of the galaxies studied, since we desire to 

37 
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Figure 6. A plot of the galaxian mean log[0 IIIJ/H3 
against morphological type for the galaxies 
in our sample. 



Figure 7. A plot of log[0 III]/HB against the normalized radius parameter P/PH» 
the ratio of observed radial distance to the Holmberg radius — For 
each galaxy, the [0 III]/HB points represent means of this emission-
line ratio for "bins" range of 0.1 in p/pR. No points inside the 
nuclear bulge region are plotted. 
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the ratio of observed radial distance to the Holmberg radius. vo 
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study trends in abundance variations in regions 

where spiral structure dominates. The excluded 

regions are denoted by the dashed boundaries in 

Table 3 and were selected by inspection of galaxy 

photographs in the Hubble Atlas (Sandage 1961), or 

of those published in conjunction with the rotation 

curve studies cited in Table 1. 

2. "Binned" our data such that each plotted point 

represents a mean of all points in a given range 

(0.1) in p/p„ in order to minimize "noise" in the 
ti 

mean ratios arising both from observational scatter 

and from intrinsic variations in these ratios among 

ionized regions located at the same distance. 

3. Included values of the [0 III]/H3 ratios reported by 

Searle (1971); Smith (1975); and Rubin, Kumar, and 

Ford (1972) for M31, M33, M51, M101, and NGC 2403. 

The correlations summarized in Figures 6 and 7 have 

been noted by both Searle (1971) and by Smith (1975), and 

our additional data merely confirm their conclusions. 

In Chapter 1, we argued that the degree of chemical 

enrichment is controlled primarily by two factors: 

1. Differences in the star formation and consequent gas 
A 

depletion and chemical enrichment rates driven by 

differences in the frequency with which disk gas 
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encounters the density-wave pattern; this frequency 

is proportional to the quantity (ft - ft ). 
P 

2. Differences in the efficiency per star-forming event 

related to differences in the compression suffered 

by the gas in the spiral-arm region. The compres

sion depends on the square of the value of w = 

(ft - ft ) R sin i and on the amplitude of the spiral 
r 

wave; R is the galactocentric distance and i^ the 

pitch angle of the spiral pattern. 

Figures 6 and 7 may be understood crudely in terms 

of the density-wave picture. Examination of Figure 1, in 

which ft - ft is plotted against r„, reveals a general de-
P « 

crease of ft - ftp toward later morphological types. Con

sequently, we expect fewer star-forming events and less 

chemical enrichment in these galaxies, if our basic picture 

is correct. This trend appears confirmed by the data 

plotted in Figure 6. However, because the magnitude of 

ft - ftp and its variation with normalized radius depends 

implicitly on the total galactic mass and the mass distribu

tion, we thought it important to determine whether the 

intergalaxian abundance differences are determined primarily 

by (ft - ft ) or by galaxy mass. This check is particularly 
P 

important because studies of elliptical galaxies (Faber 

1973) suggest a decrease in mean chemical abundance with de

creasing galaxy mass. In Figure 8, we plot the galaxian 



Figure 8. A plot of the galaxian mean log[0 III]/H8 as a function of galaxy mass 
— If the [0 III]/H8 ratio is a measure of the mean abundance in a 
given galaxy, then we conclude that for disk systems in this mass 
range factors other than the mass play a dominant role in determining 
the chemical composition. 
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mean [0 III]/HB ratio against galaxy mass derived from the 

rotation curves and adjusted to the internally consistent 

distance scale quoted in Table 1. For our sample galaxies, 

there is no apparent trend in mean chemical abundance with 

mass. This conclusion confirms and extends the result 

obtained by Smith (1975). 

The decrease of inferred chemical composition at 

large values of P/PH can be understood by reference to . 

Figure 1. The ionized regions studied fall primarily 

exterior to the maximum in the (ft - ft ) vs R curve. Con-
P ~ 

sequently, the number of star-forming events and the degree 

of enrichment of the remaining disk gas can be related to 

the decrease of (ft - ft ) with increasing normalized radius. 
P 

However, the decrease of (ft - ft ) is also indicative of a 
P 

decrease in the surface mass density in the galaxy. It 

could be argued that the initial gas density in the disk 

follows the inferred decrease of surface mass density. If 

one then invokes a star-formation efficiency proportional to 

some positive power of the local gas density, then the 

observed trends in abundance enrichment (and gas depletion) 

can be understood in this way also. None of our subsequent 

discussion can exclude this possibility. Indeed, density-

wave-driven star formation demands a similar trend in the 

star-formation frequency. However, the predictive power of 

the density-wave picture permits, in our view, a less ad hoc 
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understanding or the range and absolute value of the 

inferred disk chemical composition. 

We note, however, that the nuclear bulge regions, 

thus far excluded from this discussion, in some galaxies 

(NGC 9 72, NGC 2903, NGC 3593) exhibit an increase in the 

[O III]/H ratio compared to the values which apply at the 

innermost manifestation of spiral structure. While the 

significance of this observation is somewhat uncertain, 

since the mechanisms of ionization in nuclear bulge regions 

are not clear, it may suggest that the chemical abundance 

does not increase monotonically toward the nucleus. If so, 

this observation further suggests that chemical processing 

of the disk gas by density-wave-driven star formation may be 

the dominant factor in determining the run of composition 

with radius outside the nuclear bulge. 

Direct Correlations of Abundance with 
(ft - ft ) and Compression Strength 

In Figure 9, we plot the observed log [0 III]/H8 

ratios for our sample galaxies against (ft - ft ). In this, 
P 

and in subsequent plots, we have: (1) excluded all galaxy 

not judged to show obvious evidence for spiral structure 

(see Chapter 4); (2) excluded entirely the galaxies NGC 972 

and NGC 3593, careful examination of photographs of these 

galaxies suggests no definite spiral structure in the region 

sampled by our spectrogram; and (3) "binned" our data so 

that the plotted points represent averages for 5 km s-"*" kpc-"'" 



Figure 9. A plot of log[0 III]/H$ measured in our sample 
galaxies against the quantity (ft - ft ) — For 
each galaxy, the plotted points reprlsent the 
average of [0 III]/H8 lines ratios for "bins" 
of width 5 dm s""1 kpc"1 in (ft - ft ) . The 
values of [0 III]/H3 derived by Smith (1975), 
Searle (1971) , and Rubin et al. (1972) have 
also been included. The points observed for 
each galaxy are plotted using the symbols noted 
in the lower left-hand corner of the figure. 
The solid line represents a least-squares 
regression line fitted to the entire data set. 
Note the increase of the [0 III]/H$ ratio 
(lower presumed abundance) in regions of low 
( f t  —  f t p ) •  
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intervals in (ft - ft ) . Table 5 summarizes the binned data 
P 

used in our analysis. 

The linear least-squares regression-line fit to 

these data plotted in Figure 9 shows a statistically sig

nificant correlation between [O III]/H3 and (ft - ft ); the 
P 

correlation coefficient is r = 0.40 which, for the number of 

points fit (52) , suggests a real correlation at the 99 per 

cent confidence level. The relation is in the sense 

expected from density-wave-driven star formation: regions 

of low [O III]/H$ (high abundance) correspond, statistically, 

to regions of high (ft - ft ). While the scatter in this 
P 

figure is at first glance alarmingly high, careful scrutiny 

of the dependence of [O IIIJ/H3 on ft - ft for individual 
P 

galaxies in our sample suggests that much of this scatter 

arises from the superposition of parallel relationships 

having somewhat similar slopes but displaced relative to one 

another. 

A possible explanation for .an increase in measured 

[0 III]/H3 (decrease in abundance) at a fixed (ft - ft ) is a 
P 

decrease in the efficiency of star formation per generation. 

The density-wave picture implicitly predicts such a decrease 

if we associate regions of low compression with regions of 

low star-formation efficiency. In regions where w^ and/or 

the wave amplitude is low, the compression suffered by the 

disk gas is low as well. Because neither an a priori pre

diction of wave amplitude nor direct observation of this 



Table 5. Group Averaged [0 III]/H3 Ratios 

Q-np  NGC 157 M31 M33 NGC 925 NGC 1084 NGC 2403 NGC 2903 M51 M101 NGC 6503 

0-5 -0.02 0.31 0.81 0.23 0.21 0.67 
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1 -0 .27 0.76 0.10 
5-10 -0.16 0.37 0.42 0.37 -0.61 0.32 -0.07 

10-15 -0.16 0.16 0.47 0.37 -0.52 -0.40 -0.11 
15-20 0.23 -0.12 -0.01 0.41 -0.38 -0.62 -0.95 -0.18 
20-25 -0.04 

o
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1 0 .17 -0.38 

25-30 -0.25 -0.11 0.23 
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-0.56 <-1.0 
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-0.75 
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quantity for the galaxies in our sample is available as yet, 

we first seek a correlation between w^ and the displacement 

of a given [0 III]/HB measurement from the mean line in 

Figure 9. In Figure 10, we plot two histograms which 

summarize the displacement frequency for galaxian regions 

with w > 15 km s ^ and with w <10 km s There is a ± 1 
clear and statistically significant (at the 3-a level) 

tendency for regions of large w to have lower [0 III]/H3 
X 

values (higher abundance) while regions of low w^ tend to 

have higher [O III]/HS values. Because regions of high 

(ft - ft) tend to have high w values and vice versa, the 
r ^ 

[0 III]/Hg - (ft - ft ) relationship is fixed at the high 
P 

(ft - ft ) end predominantly by regions of high w , while at 
P -i-

low (ft - ftp) values, the low w^ regions are the major con

tributors. Thus, by seeking displacements of individual 

[0 III]/H from the mean relationship, we tend to diminish 

somewhat the separation in terms of w^. We regard the 

evidence presented in Figure 10 as significant support for 

the belief that regions of greater chemical enrichment are 

characterized by high values of w^. A plot of [0 III]/H6 

against the quantity w (ft - ft^) reduces the scatter sig

nificantly when compared with Figure 9; however, significant 

galaxy-to-galaxy displacements remain in this plane as well. 

This suggests that another parameter which affects compres

sion, such as the wave amplitude, may be needed in order to 



Figure 10. Two histograms summarizing the frequency of 
departures from the mean line plotted in 
Figure 7 — The upper histogram includes all 
points with w (the gas velocity normal to the 
spiral arm) > 15; the lower histogram includes 
all points with w^ < 10. The arrows indicate 
the means of each distribution. Regions of 
higher w appear to have systematically 
higher abundances as estimated from 
log[O III]/HB. 
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Figure 10. Two histograms summarizing the frequency of 
departures from the mean line plotted in 
Figure 7. 
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explain the observed intergalaxian differences in chemical 

enrichment. 

Lacking theoretical or empirical estimates of the 

wave amplitude, we seek another method for selecting 

galaxies differing in mean compression. Empirical estimates 

of mean compression strengths are provided by van der 

Kruit's (1973) high spatial resolution measurements with the 

Westerbork array of the 21-cm continuum surface brightness 

in the arms and disks of several of our sample galaxies. 

The observed arm and disk continuum radiation is presumed to 

arise from synchrotron radiation. An increase in the syn

chrotron radiation in the arm regions is thought to be 

caused by an increase in the mean magnetic field which is 

expected in regions of strong gas compression. The sensi

tivity of available observations and the detailed theoretical 

interpretation at present preclude a precise statement re

garding the degree of compression and its variation across 

galactic disks. However, van der Kruit's estimates of mean 

compression strength—(1) for galaxies of low arm-to-disk 

contrast, (2) for galaxies of intermediate contrast, and (3) 

for galaxies showing the highest contrast and presumably the 

highest compression—appear to offer a useful qualitative 

sorting of our sample. 

In Figure 11, we plot the relation between [0 III]/ 

H3 and (ft - for the six galaxies in our sample for which 

compression estimates are available. Examination of this 



Figure 11. A plot of log[0 III]/H3 as a function of (ft - ftp) for the six 
galaxies for which estimates of mean compression are available from 
van der Kruit (1973) — Galaxies characterized by low compression 
are denoted by A, by intermediate compression by B, and by high 
compression by C. Note the systematic decrease of the [0 III]/H& 
values fat equivalent (ft - ftp)] as the compression increases. 
This indicates an increase in mean abundance as the mean compres
sion increases. 
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Figure 11. A plot of log [0 III]/H3 as a function of (ft - ft ) for the six 
galaxies for which estimates of mean compression are available from 
van der Kruit (1973). 
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figure reveals a systematic increase in deduced abundance at 

a given value of (ft - ftp) as the mean compression increases. 

This trend is also apparent in Figure 12 where we plot 

[N II]/[0 II] against (ft - ft ) for five of these galaxies; 

no data on the [N II]/ [0 II] ratio are available for M31. 

Again, regions of presumed higher chemical enrichment (high 

[N II]/[0 II]) are found where both (ft - ft ) and the com-
P 

pression are higher. The partially anomalous behavior of 

Ml01 in both Figures 11 and 12 may be explicable by a varia

tion in compression strength across the disk, undetectable 

given the current sensitivity of the Westerbork array at 21 

cm. We believe, however, that the bulk of the evidence 

suggests that for the galaxies in our sample: (1) the degree 

of chemical enrichment increases with increasing (ft - ft ), 
P 

and (2) the enrichment at a given (ft - ft ) value is 
P 

generally higher in regions of high compression. 

In Figure 13, we plot the mean galaxian [N II]/ 

[0 II] and [N II/[S II] ratios against the mean values of 

[0 III]/HB. Galaxies characterized by lower mean (ft - ft ) 

and lower compression again appear to have suffered less 

chemical processing. 
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Figure 12. A plot similar to Figure 9 except that log[N II]/[0 II] is used as the 
abundance indicator. 
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Figure 13. A plot of the galaxian mean log[N II]/[S II] and log[N II]/[0 II] 
against galaxian mean log[0 III]/H$ — The compression strengths 
derived by van der Kruit (1973) are indicated in parentheses 
following the galaxy designation. As expected, the [N II]/[0 II] 
and [N II]/[S II] ratios appear well correlated with our basic 
abundance index [0 III]/HB. 
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CHAPTER 6 

INFRARED SURFACE PHOTOMETRY OF 
THREE SPIRALS 

From a pragmatic standpoint, one of the great 

virtues of the picture we have constructed of spiral-

density -wave-driven star formation to account for the radial 

abundance gradients in late spiral galaxies is the variety 

of ways in which it is subject to observational check. 

Because it makes fairly specific predictions concerning, for 

example, the current dynamical state of the disk gas and 

stars and the current star formation rate as well as con

cerning the integrated chemical evolution as deduced from 

the heavy-element abundances in the disk gas, it has already 

suggested a number of observational studies which once 

carried out, should then retain their value as studies of 

the dynamics and chemical evolution of galaxies regardless 

of the eventual fate of the density-wave theory. We have 

just completed our discussion of one way in which our 

picture is subject to observational test; we now turn to a 

second and in some ways perhaps more fundamental test of the 

picture. We describe here a program of infrared surface 

photometry of three spiral galaxies. We actually had two 

motivations inspired by the spiral-wave picture in under

taking this program. The first was to deduce approximate 

55 
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rates of star formation in the arms of these spiral galaxies 

at the current epoch, to investigate whether, even in a 

crudely model-dependent way, these rates are consistent with 

a substantial fraction of the existing heavy-element abund

ance in the disk gas of these systems having been produced 

by star formation in the disk since the collapse of the 

galaxy. Our second motivation was to seek evidence that a 

spiral-density-wave-driven star-formation mechanism is 

operating in the arms of these galaxies, by looking for 

correlations between the amplitudes of the arms as measured 

in the light of the "old" disk, and both the current star 

formation rate and the integrated star formation as esti

mated by the abundance in the disk gas. The data on the 

three galaxies reported on here actually represent the 

initial results of large-scale program we are undertaking, 

which is intended to gather enough data on spiral galaxies 

so that differences in the amplitude of the spiral structure 

and star formation rates can be studied systematically as a 

function of galaxy morphology. In addition, the program 

will add to the yet-meager supply of disk galaxy basic data, 

such as disk colors and scale lengths. 

In undertaking our observational program, we have 

been greatly influenced by the recently-published work of 

Schweizer (1976), which represents the first systematic 

attack on the problem of star formation in the spiral arms 

of late galaxies by means of multicolor surface photometry. 
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Schweizer studied the spiral structure of six bright nearby 

spirals using photographic surface photometry in three 

visible passbands, roughly analogous to the U, B, and R of 

the Johnson system. He had hoped to extract from his data 

evidence of differential drift velocities that are predicted 

to exist between the spiral waves and the galaxy material, 

both stars and gas, in the density-wave picture. His idea 

was that if star formation were concentrated in a small 

enough region at, say, the crest of a density wave, then the 

arm would present a distinctly asymmetrical profile with a 

sharp peak of blue light where the star formation was 

occurring and a "wake" of progressively redder light in the 

direction of the galaxy's rotation, since as we have men

tioned, in the density-wave theory as it is generally 

interpreted it is expected that the rotation velocity of the 

material of the galaxy exceeds that of the density wave over 

the easily-visible galaxy surface. Schweizer's attempt to 

analyze his data on the basis of this straightforward 

picture was not entirely successful, however. Gross asym

metries of the kind predicted were not found in the profiles 

of surface brightness through the spiral arms that he con

structed. Furthermore, the angular arm widths that he 

measured were largely independent of radius, and his 

attempts to force-fit drift velocities to the data based on 

this picture gave vastly different answers in the three 

different passbands he employed. For these reasons 



Schweizer was led to the conclusion that the bulk of the 

light in the spiral arms he was observing was not light from 

stars just being formed in the arms but was instead due to a 

surface density fluctuation of the stars of the "underlying" 

disk and that, therefore, this "density wave" in the old 

disk had an amplitude many times what had been naively 

expected on the basis of the Lin-Shu density-wave theory, 

although the theory at its present stage of development has 

not yet really addressed the question of what value the 

amplitude of such a wave in a spiral galaxy might reasonably 

be expected to take. 

It was with these considerations in view that we 

began our investigation of spiral galaxy surface brightness. 

Schweizer's result was not ambiguous, but was so unexpected 

that some means of independent confirmation seemed desirable 

before further analysis of data such as his was undertaken. 

As Schweizer himself pointed out, the most valuable potential 

observational check on his results was to duplicate his 

observations at wavelengths as far into the infrared as 

possible, since as is well-known, the relative contribution 

to the total light of a spiral galaxy disk from the "young" 

0 
(< 10 years old) population decreases greatly from the 

visible to the infrared. Therefore, we undertook infrared 

photographic observations of three galaxies also observed by 

Schweizer, in order to confirm, if possible, his surprising 

finding that the bulk of the light of the arms lay in a 
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surface density fluctuation of the old disk, and also to 

provide a longer color "lever" to deconvolve the light of 

new stars and old stars and thus deduce a star formation 

rate. 

In the remainder of this chapter, we present the 

infrared surface photometry of the three spiral galaxies 

M51, M100, and M101, after first describing how the data 

were obtained and reduced. Our attempts to analyze these 

data to obtain surface density fluctuations and approximate 

rates of star formation will be presented in the next 

chapter. Obtaining surface photometry in the infrared, even 

in the near infrared, has always been extremely difficult 

for astronomers, and we therefore consider the technique 

that we hav(e developed in order to obtain this type of data 

to be worthy of some attention. Previous to this work, 

attempts merely to photograph galaxies in the infrared have 

been rare (Spinrad and Harlan 1973, Schweizer 1976), and our 

work is one of the first attempts to quantitatively map the 

brightness distribution of any extragalactic object at any 

infrared wavelength. 

The primary reason why infrared photography of 

extragalactic objects has previously been neglected is 

because photographic emulsions such as the Kodak I-N, IV-N, 

and I-Z emulsions that are even slightly sensitive in the 

infrared are so slow that even with the fastest telescopes 

a sky-limited photograph is all but impossible to obtain, a 
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typical exposure time being at least 4 to 5 hours for a 

"hypersensitized" I-N or IV-N with an f/2.7 telescope such 

as the Palomar 48" Schmidt or the 4-meter at the prime focus. 

An exciting development within the last few months has been 

the discovery of not one but two methods of hypersensitiza-

tion that dramatically shorten the exposure time for at 

least the IV-N emulsion. These two methods are soaking in a 

hydrogen atmosphere (Schoening 1976) and soaking in a silver 

nitrate solution. Not only do these methods shorten the 

exposure time sufficiently so that sky-limited exposures may 

in practice be obtained on fast telescopes, but they also 

produce exposures that are much more uniform than had been 

the case with previous methods. However, this new tech

nology was not known or available to us at the time we began 

this investigation, and would probably not have been of much 

use even if known, since the only telescope available either 

at Steward or KPNO which is fast enough to take advantage of 

these new techniques is the 4-meter at prime focus, and the 

competition for 4-meter time is so severe that it is some

what problematical whether time could have been obtained, 

especially to experiment with a new technique. 

An alternate technique for sky-limited infrared 

photography was available to us, however, since image tubes 

with excellent sensitivity in the near infrared were already 

in use to obtain direct photography both at Steward and 

KPNO. At Steward, a 146 mm F4094 ITT tube with a 
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multi-alkali extended-red photocathode was in use with the 

90" telescope, making possible sky-limited exposures with 

effective wavelengths as great as 8300 A in times less than 

an hour. In addition, an older 40 mm ITT tube with the same 

photocathode material was in use at the Lunar and Planetary 

Laboratory's 61" telescope on Mount Lemmon. This tube 

proved to have a somewhat superior infrared response to the 

140 mm tube, so that exposures of one hour with a 8000 A 

cut-on filter were still sky-limited despite the unfavorable 

f/13.5 focal ratio. At KPNO we were fortunate to be able to 

use an experimental direct camera developed by J. Cohen 

employing a two-stage magnetically-focused RCA image tube 

with an S-l photocathode. For use with this system, special 

interference filters were obtained from Infrared Industries 

of Waltham, Massachusetts. The filters employed had band-

passes chosen so as to avoid the emission lines of [S III] 

at A9069 and A9550, known to be strong contributors to the 

integrated light of spiral galaxies in this wavelength 

region. The two filters originally obtained had central 

wavelengths of 8500 A and 10,000 A and FWHM bandpasses of 

1000 A each. Unfortunately the original A8500 filter did 

not have the specified response of < 1% transmission at 

A9069. It was returned to the manufacturer and eventually 

replaced with another filter that met our specifications, 

but not in time to be used during the observing reported on 

here. The original Infrared Industries A8500 filter was 
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also used at the 61" telescope, although with the ITT tube 

employed we are confident that the long-wavelength cut-off 

is produced by the photocathode response and not the filter. 

Observations with the "big" 146 nun ITT tube at the 90" were 

made with a Hoya 80 filter, which is a sharp cut-off filter 

blocking wavelengths shorter than 8000 A. Intercomparison 

of A8500 plates of the same objects (M51, M101) taken with 

the S-l and the two ITT systems has convinced us that con

tamination of the stellar continuum by A9069 emission is not 

a serious problem in the few plates taken at A8500 with the 

original IR Industries X8500 filter and the S-l. Our 

belated discovery of this fact is a bit unfortunate, in

cidentally, since the filter that replaced this filter has 

a bandpass of only 500 A and its use in place of the 

original filter has greatly slowed the progress of an 

observing program we have begun this fall to extend the 

available sample of spiral galaxies with high-quality 

surface photometry, using the technique we are now de

scribing. The plates taken whose reduction and analysis 

we report on here are listed in Table 6. 

Great (though as we shall see in some ways insuf

ficient) care was taken in obtaining these exposures in order 

order to insure that quantitative surface photometry could 

be derived from the plates. As the initial step in this 

process, spot sensitometers were used to obtain calibration 

exposures simultaneously with each exposure at the telescope, 



Table 6. Journal of Infrared Imaging Observations 

Telescope U.T. Date 
Plate 
No. Galaxy 

O 
Bandpass, A 

Photo-
cathode Filter Exposure 

Emul
sion 

84" 31 May 76 2197 M51 9600-10500 SI I. R. Industries 50m Illa-J 
84" 31 May 76 2203 Empty Field 9600-10500 SI I .R. Industries 5m Illa-J 
84" 1 June 76 2205 Empty Field 7900-9100 SI I.R. Industries 4m Illa-J 
84" 1 June 76 2209 M100 9600-10500 SI I.R. Industries 45m Illa-J 
84" 1 June 76 2210 M101 9600-10500 SI I.R. Industries 60m Illa-J 
84" 1 June 76 2211 Ml 01 7900-9100 SI I.R. Industries 25m Illa-J 
84" 1 June 76 2217 Empty Field 9600-10500 SI I.R. Industries 6m Illa-J 
84" 2 June 76 2220 M100 9600-10500 SI I.R. Industries 45m Illa-J 
84" 2 June 76 2226 M51 7900-9100 si I.R. Industries 25m Illa-J 
84" 2 June 76 2227 M51 9600-10500 SI I.R. Industries 45m Illa-J 
61" 3 June 76 Anon. M51 7900-8500 ITT I.R. Industries 60m Ila-D 
61" 3 June 76 Anon. Empty Field 7900-8500 ITT I.R. Industries 3m Ila-D 
90" 23 June 76 1216 M101 8000-8400 ITT Hoya 80 60m 103a-D 
90" 24 June 76 1225 Empty Field 8000-8400 ITT Hoy a 80 4m 103a-D 



using plates taken from the same boxes and developed simul

taneously with the plates used at the telescope. At the 

sensitometer filters were employed to closely match the 

color of the sensitometer light to the color of the phosphor 

of the image-tubes: a Corning 5113 was used to match the 

purple P-ll phosphor of the S-l, while 2 mm Schott GG-485 + 

1 mm GG-495 were used with the sensitometer in conjunction 

with the Steward ITT tubes with their P-20 phosphors. 

There are at least three distinct background prob

lems associated with image tubes. These three problems are 

thermal background, signal-induced background, and response 

non-uniformities. In order to extract quantitative surface 

photometry from image-tube plates, these problems must be 

properly handled. The thermal background in an image-tube 

is the signal that arises in the tube as a consequence of 

the thermal activity of the photocathode material, which 

occasionally causes an electron to jiggle loose from the 

photocathode and strike the phosphor. For a given image-

tube it is a function of photocathode temperature only and 

can be measured (and hence subtracted from other signals) by 

obtaining exposures of suitable length with the dark slide 

closed. Signal-induced emission is the signal that arises 

from the photocathode's response to the phosphor's glow that 

leaks back through the image tube. Its effect is plainly 

apparent as an approximately uniform darkening of sky-

limited image-tube direct plates that happen to have a 
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moderately bright star in the field. Fortunately the phos

phor glow is close enough to being isotropic so that this 

effect may be considered equivalent to a uniform signal in 

addition to the sky background and therefore subtracted from 

the galaxy signal along with the sky. The most serious of 

these three problems associated with image tubes, from the 

point of view of one attempting accurate surface photometry, 

is the positional non-uniformities in the response of the 

photocathode material. For all three of the tubes at the 

wavelengths we employed these were at least on the order of 

10%, considering pixal sizes on the order of 100 microns and 

over scales of a few millimeters; for the S-l tube the non-

uniformities were on the order of 50%. It was thus 

essential to compensate for these. In order to do so, "flat 

field" exposures were obtained each niqht with each filter 

used, scanned in the same manner as the galaxy exposures, 

and the resulting maps of relative intensities were divided 

into the galaxy exposures themselves. 

The two essential ingredients that enable photo

graphic plates, however awkwardly, to substitute for a true 

panoramic linear detector, are an accurate spot sensitometer 

and a PDS microdensitometer. The third ingredient that 

tempted us into attempting a project such as this one was 

the KPNO IPPS (Interactive Picture Processing System). In 

principle, the manipulation that we have performed with the 

IPPS in reducing these data would have been possible without 



the interactive picture-display capability the IPPS provides, 

but in practice the difficulties we expected and encountered 

would have made the reductions all but impossible to com

plete had we undertaken this project without the capabili

ties of the IPPS at our disposal. In order to illustrate 

some ways in which we have employed the capabilities of the 

IPPS in our reduction of these data, we have prepared in 

Figure 14 a series of six pictures all but one of which 

showing the various stages of reduction of one plate. The 

first five panels are variously processed versions of a 

five-minute exposure of the twilight sky, with an effective 

wavelength of about 8500 A, taken with the 40 mm ITT image-

tube at the LPL 61" telescope. The sixth panel is the un

processed A8500 plate of M51 taken the same night, which 

after processing appears as Figure 15. The twilight sky 

exposure was used as the flat field to correct the relative 

intensities of the M51 plate. Each panel (as well as the 

five galaxy photographs in the following figures) is a 

photograph of the COMTOL television screen in the IPPS lab 

taken while the processing was in progress. 

Each of the six panels in Figure 14 shows a dif

ferent stage in the processing of the picture. Panel F 

shows the original PDS scan converted to an intensity-

proportional map; the two-tone background resulted from 

flipping the plate over during the drying process. In this 

display the contrast is somewhat enhanced, since the 
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A B 

Figure 14, Montage of partially-reduced image-tube plates 
This montage shows the various steps in the 

reduction of a single flat-field exposure taken 
with the 40 mm image tube at the 61" telescope. 
The various steps are described in the text. 
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Figure 15. M51 at 8500 k, with overlay showing positions of 
azimuthal profiles — Shown is anonymous 61" 
plate, one hour exposure taken 3 June 1976 
U.T., using the 40 mm ITT tube and Infrared 
Industries filter. The profiles shown correspond 
to 25", 31M, 38", 46", 55", 65", 77", 92", 110", 
130", 150", 170", and 190". 



Figure 15. M51 at 8500 A, with overlay showing positions of 
azixnuthal profiles — Shown is anonymous 61" 
plate, one hour exposure taken 3 June 1976 
U.T., using the 40 mm ITT tube and Infrared 
Industries filter. The profiles shown correspond 
to 25", 31", 38", 46", 55", 65", 77", 92", 110", 
130", 150", 170", and 190". 
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difference in density between the two parts of the plate 

amounted to only ~ 3% and was almost invisible. The same 

problem existed with the twilight sky exposure, as Figure 14 

shows, and it was felt necessary to devise a scheme to 

approximately correct it. Also, a careful inspection of 

panel F reveals a large number of pinprick defects on the 

exposure, due to the fiber-optics of the image-tube. Before 

the fog correction was made, these pinprick defects, which 

of course also appeared on the twilight sky exposure, were 

removed by use of an algorithm that replaced the value of 

each pixel below a certain threshold by the average value of 

a few pixels around it whose values lay above the threshold. 

The application of this algorithm to the density-proportional 

PDS scan produced panel A. The boundary between the two fog 

regions was set by using the trackballl to define a series 

of ten connected line segments across the picture, which 

were displayed (panel B) using the "graphics overlay" 

facility of the COMTOL. Then a small increment was added to 

the fog level of the upper left segment. Our first attempt 

to do this is shown in panel C. Evidently, too much was 

added. We repeated the process using smaller increments 

until we produced the result shown as panel D. We then used 

the HD curve to convert to an intensity-proportional map, 

and smoothed the result using a simple box smoothing scheme. 

The final result is shown in panel E—this is the map that 

was divided into the M51 plate shown as panel F, after that 
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plate also had its pinpricks cleaned and its two-toned 

background fixed. The final result appears in Figure 15. 

The following four figures are the other representa

tive processed pictures of each of the three" program 

galaxies in each passband used. As Table 6 shows, several 

plates of each galaxy were available in each passband, 

except for M51 at 8500 A. Each plate reproduced here was 

the best in its passband. Figure 16 is the processed 84" 

#2197, showing M51 at one micron. Figure 17 is the pro

cessed 90" #1216, showing M101 at A8500. Figure 18 is 84" 

#2210, Ml01 at one micron. Figure 19 is 84" #2209, showing 

Ml00 at one micron. Each figure has north at the top, east 

on the left. 

In order to study the spiral structure in these 

galaxies, and most especially so that the galaxies' appear

ance in the infrared might be compared with their appearance 

at shorter wavelengths, azimuthal profiles were constructed 

from each processed intensity map, closely following the 

prescriptions of Schweizer (1976) for each galaxy. The 

profiles were produced with the help of the IPPS. It was 

therefore a convenient and natural procedure to use the 

graphics overlay facility of the IPPS during the reductions 

to superimpose the positions of the profiles being computed 

onto the galaxies. This enabled us to get some feel for 

where in each galaxy such profile lay, and hence to visually 

identify each feature in a particular profile with the 
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Figure 16, M51 at one micron, with overlay showing positions 
of azimuthal profiles Shown is 84" #2197, 
divided by 84" #2203, 45 minute exposure, 31 May 
1976 U.T., using SI image tube and Infrared 
Industries filter. The profiles shown correspond 
to 25", 31", 38", 46", 55", 65", 77", 92", 110", 
130", 150", and 170". 
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Figure 16, M51 at one micron, with overlay showing positions 
of azimuthal profiles Shown is 84" #2197, 
divided by 84" #2203, 45 minute exposure, 31 May 
1976 U.T., using Si image tube and Infrared 
Industries filter. The profiles shown correspond 
to 25", 31", 38", 46", 55", 65", 77", 92", 110", 
130", 150", and 170". 

{ 
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| Figure 16, overiLa^. 
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Figure 17, overlay. 
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Figure 17. M101 at 8500 A, with overlay showing positions 
of azimuthal profiles — Shown is 90" #1216, 
divided by a lab flat field that was not used 
in actual data reduction. Sixty minute exposure, 
23 June 1976 U.T., using 145 mm ITT tube and 
Hoya 80 filter. The profiles shown correspond 
to 30", 50", 70", 90", 110", 130", 155", 185", 
and 225", The squares at edges are where sky 
was sampled. 
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Figure 17. M101 at 8500 A, with overlay showing positions 
of azimuthal profiles — Shown is 90" #1216, 
divided by a lab flat field that was not used 
in actual data reduction. Sixty minute exposure, 
23 June 1976 U.T., using 145 mm ITT tube and 
Hoya 80 filter. The profiles shown correspond 
to 30", 50", 70", 90", 110", 130", 155", 185", 
and 225". The squares at edges are where sky 
was sampled. 

Figure 17, overlay. 





73 

• • 

• 
• 

Figure 18. M101 at one micron, with overlay showing 
positions of azimuthal profiles — Shown is 84" 
#1210, divided by 84" #2203, one hour exposure, 
1 June 1976 U.T., using Si image tube and 
Infrared Industries filter. The profiles shown 
correspond to 30", 50", 70", 90", 110", 130", 
155", and 185". The squares at edges are where 
sky was sampled. 
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Figure 18. M101 at one micron, with overlay showing 
positions of azimuthal profiles — Shown is 84" 
#1210, divided by 84" #2203, one hour exposure, 
1 June 1976.U.T., using SI image tube and 
Infrared Industries filter. The profiles shown 
correspond to 30", 50", 70", 90", 110", 130", 
155", and 185". The squares at edges are where 
sky was sampled. 

Figure lMm ommlJay 
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Figure 19, M1Q0 at one micron, with overlay showing 
positions of azimuthal profiles — Shown is 84" 
#2209, divided by 84" #2203, one hour exposure, 
1 June 1976 U.T., using SI image tube and 
Infrared Industries filter. The profiles shown 
correspond to 25", 31", 38", 46", 57", 72", 
90", 110", 130", and a circle of radius 185". 



Figure 19, M1QQ at one micron, with overlay showing 
positions of aziimithal profiles ~ Shown is 84" 
#2209, divided by 84" #2203, one hour exposure, 
1 June 1976 U.T., using Si image tube and 
Infrared Industries filter. The profiles shown 
correspond to 25", 31", 38", 46", 57", 72", 
90", 110", 130", and a circle of radius 185". 

iFipnnttt Wi, overlay. 



corresponding feature in the galaxy. Thus it was also easy 

to remove from the profiles spurious features, such as 

stars, imperfectly subtracted "negative" stars from the flat 

field exposures, and glitches and flaws of every sort that 

appeared on the plates. Displaying the profile positions 

overlayed on the galaxies proved to be such an efficacious 

procedure, in fact, that it was thought desirable to try to 

carry the procedure over into the displays in this disserta

tion. Consequently, the overlay patterns created at the 

IPPS were photographed separately at the time the processed 

galaxy maps were being photographed, and transparent over

lays were prepared and bound into the dissertation along 

with the photographs. Using these overlays, then, the 

reader may reconstruct what features in the profiles pre

sented herein, as well as in Schweizer's profiles, corre

spond to what features in the galaxies, recalling that by 

Schweizer's prescription the profiles are plotted in the 

direction of rotation, starting at the eastern ray of the 

major axis (or due north for M101). The various profile 

semi-major axes plotted are: for M51 25", 31", 38", 

46", 55", 65", 77", 92", 110", 130", 150", 170", 190"; for 

M101 30", 50", 70", 90", 110", 130", 155", 185"; for M100 

25", 31", 38", 46", 57", 72", 90", 110". 

A careful, or perhaps even a casual, inspection of 

several of the processed galaxy pictures we have just pre

sented suggests that our efforts to rectify the various 
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image-tube non-uniformities we have discussed were not 

uniformly successful in the data presented here. Such is 

indeed the case, although the galaxy photographs we have 

just presented here were produced with very high contrast 

in order to accentuate the appearance of the spiral struc

ture, which is much harder to detect against the sky in the 

infrared than at visual and IJV wavelengths. Of course, 

since it was just this spiral structure we were trying to 

measure, the figures do, unfortunately, give a realistic 

feeling for the noise as it compares to the "signal" of 

interest to us. A careful analysis of the data, including 

additional plates not reported on here, using the inter

active capabilities of the IPPS to investigate various 

possibilities, has revealed the following difficulties: 

1. With the 84" plates, taken with the experimental S-l 

image-tube camera, there was evidently a slight 

light leak in the camera or in the offset-guider 

that produced an additional uneven background 

illumination on the photocathode during the expo

sures. This background was generally highest at one 

edge of the plate and decreased monotonically toward 

the opposite edge, but not in a manner easy to 

characterize or fit. The light source was appar

ently the red console light of the 84" control 

panel, which was left on during exposures at a 

barely-detectable level to make moving around the 
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platform a little safer. The additional contribu

tion to the background typically amounted to only 

~ 20% of the night sky, and so was not noticed for 

several nights—we finally realized what was 

happening after one exposure during with the lamp 

was accidentally left somewhat brighter than usual. 

In order to compensate for this uneven background 

illumination, we worked out a "sky"-subtraction scheme that 

involved sampling the sky at a number of points around the 

edge of the plate and subtracting from each point a distance-

weighted mean of the sampled points. We could judge the 

results by the evenness of the background left after the 

subtraction, in regions of the plate not too close to sky 

samples or to the galaxy. By a careful choice of sky-sample 

points, augmented by a trial-and-error procedure, we feel we 

were able to salvage most of the value of some of these plates 

by this procedure, particularly the M51 one micron plate 

(Figure 16), the M101 one micron plate (Figure 18), and an 

M101 A8500 plate (not shown). However, the M100 one micron 

plates were more severely contaminated, leading to a much 

less satisfactory result, as can be seen in Figure 19. The 

data from a A8500 plate of M51 which we reduced had to be 

completely discarded. 

We were able to further check our procedure by 

deriving relative magnitudes from our plates of Schweizer's 
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"calibration regions." Schweizer (1976) has published 

photoelectric photometry in these galaxies using an "I" 

passband defined by an S-20 photocathode and an RG-715. 

This yields an effective wavelength of about 7400 A, which 

is close enough to be profitably compared to our redder 

data, especially in light of the result of this work that 

the light of these galaxies at all red wavelengths is com

pletely dominated by the same old-disk population, so we do 

not expect a significant difference in disk scale-length 

from one near-infrared wavelength to another. The results 

of this comparison were quite encouraging--for the M51 and 

MlOl one micron plates there was no systematic difference 

between the photographic and photoelectric results. The 

same was true for the 90" MlOl A8500 plate, to be discussed 

further below. The 84" MlOl X8500 plate was not measured 

this way, but agrees most with the 90" plate. Not sur

prisingly, the results for the M100 plate were less good, 

and, disappointingly, the 61" M51 A8500 plate—our best 

plate in terms of resolution and signal-to-noise—also 

showed a systematic discrepancy. 

2. The reason for the systematic discrepancy in the 61" 

plate is thought to be our neglect of the thermal 

background in reducing this exposure. This back

ground had been evaluated and found to be insignifi

cant for shorter exposures taken with this 

telescope-image-tube system. In reducing this plate 
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we overlooked the fact that it was a long enough 

exposure for the background to be significant. 

Crudely speaking the thermal background adds a con

stant density to the whole plate, which must be 

correctly subtracted from the plate before the flat 

field is divided into it, or the size of any signal 

in the center part of the plate relative to the out

side will be reduced, which is the effect we ob

served for this plate. We have attempted to approxi

mately correct for this empirically in the profiles 

we are presenting by adding a constant value to each 

profile so that the disk scale length derived from 

the profiles matches that given by Schweizer. 

3. The third difficulty we encountered in reducing 

these plates was an insufficiency and inadequacy of 

flat-field exposures. Of course, this problem was 

exacerbated by the hodge-podge of telescopes, image-

tubes, and filters that we used that made it diffi

cult to intercompare any data but the final results. 

A good example of this problem is the sharp drop-off 

in the background in one corner of Figure 17. This 

drop-off does not exist on the galaxy plate. It is 

an artifact of a slightly different background 

intensity distribution on the "flat" field from the 

M101 exposure. The flat field exposure used was a 

Illa-J plate taken in the lab by Eric Craine, some 
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months before the galaxy was observed, and was 

employed for the purpose of creating Figure 17 be

cause of its very high signal-to-noise. The two 

twilight sky flat field exposures obtained with this 

filter the night this galaxy was observed both pro

duced a much more satisfactory background, but were 

both badly underexposed 103a-D plates with therefore 

a very low signal-to-noise. It was these exposures 

that were actually used to extract azimuthal pro

files, but neither was used for Figure 17 because so 

much less detail in the galaxy was visible using 

these exposures. 

The problem of getting suitable flat field exposures 

proved to be a vexing one. Exposures taken of the sky in 

twilight at the beginning and end of each night did not 

always agree—this was probably due as much as anything to 

non-uniformities in the plates or their processing (partic

ularly for the large 146 mm image-tube plates), and could 

have been alleviated by obtaining more plates. However, the 

procedure of photographing the twilight sky made getting 

even two flat fields per night in each passband very diffi

cult, as exposure times are very difficult to judge and the 

appropriate time is very short—too early in (evening) twi

light could conceivably damage the tube (a problem that, 

using these practically-opaque filters, we tend to doubt the 
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seriousness of, but one that always caused great anxiety in 

the telescope operators, particularly at the 90" with the 

enormously-expensive 146 mm tube) while too late in the 

twilight results in an exposure time equivalent in length to 

a galaxy exposure, in other words about one hour for the 

tube-filter combinations used here. 

We now present in Figures 20 through 24 the azi-

muthal profiles we have derived for each of the program 

galaxies, at the same radii and approximately in the same 

manner as employed by Schweizer (1976). The center of each 

profile follows the path shown on the overlay for each 

galaxy, starting at the Eastern ray of the major axis and 

increasing in the direction of rotation (in each galaxy the 

arms are assumed to be trailing)• No absolute photometry is 

as yet available in these passbands, so the profiles have 

been plotted on a linear intensity scale with the mean level 

of the innermost profile of each galaxy defined to be 1.0 

unit. In most cases the profiles are composites of profiles 

derived from several plates, or derived from the same plate 

in different ways (using two different flat fields, or two 

different approaches to the subtraction of a non-uniform 

background). 

Having just completed our enumeration of many of the 

troubles that plagued us during the reduction of these data, 

it is probably unnecessary to restress the painstaking, time-

consuming effort that was poured into this work. 
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(a) 

Figure 20. Azimuthal intensity profiles for M51 at 
8500 A — Profiles for 25", 55", 110", and 
190" are shown in (a); 38", 77", and 130" are 
shown in (b). Arm profiles are most easily 
discerned in the 55" and 77" profiles. The 
large variations in the inner profiles may be 
an artifact of the measuring technique. 
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Figure 20.—Continued Agimuthal intensity profiles for 
M51 at 8500 A. 
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Figure 21. Azimuthal intensity profiles for M51 at one 
micron — Profiles for 25", 46", 65", and 110" 
are shown in (a). Profiles for 36", 55", 77", 
and 150" are shown in (b). 
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Figure 21.—Continued Azimuthal intensity profiles for M51 
at one micron. 
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(a) 

Figure 22. Azimu£hal intensity profiles for MlOl at 
8500 A — Profiles for 30", 70", 110", and 155" 
are shown in (a). Profiles for 50", 90", and 
13 0" are shown in (b). 
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(b) 

Figure 22.—Continued Azimuthal intensity profiles for MlOl 
at 8500 A. 
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(a) 

Figure 23. Azimuthal intensity profiles for MlOl at one 
micron — Profiles for 30", 70", 110", and 155" 
are shown in (a). Profiles for 50", 90", 130", 
and 185" are shown in (b). 
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(b) 

Figure 23.—Continued Azimuthal intensity profiles for MlOl 
at one micron. 
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(a) 

Figure 24. Azimuthal intensity profiles for MlOO at one 
micron — Profiles for 25", 38", 90", and 130" 
are shown in (a). Profiles for 31", 57", and 
110" are shown in (b). 
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Figure 24.—Continued Azimuthal intensity profiles for 
MlOO at one micron. 
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Nonetheless, despite our best efforts, and despite the 

rather remarkably good agreement between our plates and 

Schweizer's photoelectric photometry for several of these 

galaxies, we feel it would be more an act of charity than of 

strict honesty to label our results as quantitative, al

though it was our original hope to derive really quanti

tative data from these plates. Realistically we expect even 

the innermost few profiles of the best plates to be no.more 

than 20% accurate. However, we wish to emphasize the value 

of these observations to us as a means of exploring a new 

observing technique. With the experience we have gained, 

we look forward to extracting quantitative, accurate data 

from the plates obtained in the remainder of our program. 

Furthermore, as we are about to discuss, even this semi

quantitative or indicative result has turned out to be very 

significant, and has led us into the analysis that will take 

up the bulk of what remains of this dissertation. 

What we had expected to find as we examined the 

profiles of spiral arms at successively redder and redder 

wavelengths was that the profiles would smooth out--that the 

amplitude of the arm would steadily decrease as the young 

stars being created in the arm made a smaller contribution 

to the integrated light. Despite the somewhat uncertain 

quality of our data, it is crystal-clear that there is no 

sign whatsoever of this happening. It can be seen almost by 

inspection of the plates we have presented. For example, 



after allowing for the lower signal-to-noise in the infrared 

due to the relatively high sky brightness, it may be per

ceived that there is no particular difference between the 

two plates of M51 we present (Figures 15 and 16) and an 

ordinary yellow picture of this galaxy. Our careful study 

of the profiles through the arms of this galaxy merely 

verifies this. In fact, we can make the general statement 

that to within our 20% errors, we can distinguish no differ

ence between the profiles of the galaxies M51, M101, and 

M100 we have derived at one micron and A8500 and Schweizer's 

"0" profiles (-A6000). This apparently implies that the 

bulk of the light in the spiral arms of these galaxies, even 

in visual wavelengths, is due not to stars now being formed 

in the arms but rather to a surface density fluctuation of 

the stars in the disks of the galaxies. That this was 

probably the case was ascertained by Schweizer, although it 

is not clear he completely grasped the overwhelming extent 

to which it is true. Our work should be regarded therefore 

as a rather spectacular confirmation of this result, and we 

regard this confirmation as one of the principal achieve

ments of our dissertation. 



CHAPTER 7 

ANALYSIS OF THE SPIRAL STRUCTURE OF M101 

In this chapter we explore some consequences of the 

rather unexpected observational results that we reported in 

the last chapter. We show how a calculation of the star 

formation rate in the arms of a spiral galaxy, using broad

band surface photometry, is possible in principle, by 

combining the results of our surface photometery with the 

photometry of Schweizer (1976)- We carry out a sample 

calculation of this kind for the galaxy M101, by assuming an 

initial luminosity function and a characteristic age for the 

"young" stars we observe in the arms, and by neglecting 

internal extinction in the star-forming regions. We find 

that the star formation we calculate from this procedure is 

consistent with our claim that it does not contribute sig

nificantly to the yellow, red, and infrared light fluctua

tions in the arms. We compare the results of our calcula

tions to the predictions of the shock-driven star-formation 

model, finding that our results are apparently consistent 

with the model, but only if sufficient care is taken in 

evaluating the perturbing effect of the large spiral arm 

amplitude on the shock strength. We show that the overall 

current star formation rate in M101 is apparently consistent 
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with the hypothesis that much of the processing has occurred 

in the disk since the initial collapse, although this 

calculation is necessarily crude. We compare star formation 

rates we calculate along the arms with the H I density from 

the improved Westerbork map (Allen 1975), but surprisingly 

find no correlation. Finally, we discuss briefly the 

possibility that trends in arm amplitudes in a galaxy and 

between galaxies might provide an additional observational 

parameter in studying the hypotheses of density-wave theory, 

but we find that existing data are too scant for any con

clusions to be drawn. 

Choice of Galaxy 

The analysis we have undertaken has proved to be 

quite lengthy so it was possible to analyze only one galaxy. 

For this analysis, the galaxy M101 was selected, for the 

following four reasons: 

1. It was the one of the three galaxies in our sample 

for which the most reliable data were felt to exist 

both at one micron and 8500 A. 

2. Of the galaxies studied by Schweizer (1976), M101 

was one of two (M81 was the other) for which 

Schweizer developed ultraviolet data that he 

appeared to have some confidence in. 
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3. Due to the work of Smith (1975) and Searle (1971) , 

its H II regions are the best-studied of any of the 

late spirals. 

4. It is one of a handful of galaxies with a really 

high-quality high-resolution map of the 21 centi

meter H I radiation (Allen 1975). 

As we have said, in undertaking to deduce star 

formation rates we were proceeding on the assumption that 

we could use the excess light in the bluer profiles over 

the redder ones to estimate the star formation rates. 

Accordingly, we began by converting the intensity profiles 

given by Schweizer for U, (similar to B), and 0 (between 

V and R) to color profiles. After discovering the general 

consonance between our infrared profiles and Schweizer's 0 

profiles, we chose to carry through our analysis using 

Schweizer's profiles only, since we could then work with a 

homogeneous data set with lower inherent noise than our 

infrared data. Schweizer's paper contains only plots of the 

various intensity profiles. We contacted Schweizer to try 

to get tabulated data from which to work, but it was not 

conveniently available, so we were reduced to extracting the 

data from the plots. In order to do this we obtained very-

much-enlarged prints and, overlaying them with vellum graph 

paper, read the data off the plots. We then converted these 

measurements back to magnitudes and formed differences to 
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get colors, which we then plotted in Figure 25 along with 

our re-derived 0 magnitudes. We measured a total of 80 

points on each of 45 different plots (15 in each color), a 

surprisingly long and tedious process. 

Choice of Assumptions for Star 
Formation Calculation 

Having calculated the color indices U-0 and B.j-0, 

we could now proceed to estimate star formation rates in the 

arms. To do this, we needed to make a number of assumptions, 

which we now discuss. The key assumption, which we were led 

to by our infrared data, was that despite their large 

amplitude, the redder profiles, i.e. the 0 profiles, are 

essentially unaffected by star formation currently pro

ceeding in the spiral arms. For our second assumption we 

had to assume an initial mass function for the star forma

tion in the arms; we chose to take the power-law N(m) « 

-2 45 
m * since values for this form were tabulated by Searle, 

Sargent, and Bagnuolo (1973) and there is some observational 

evidence that supports the hypothesis that an initial mass 

function rather closely approximating this form is a fairly 

universal phenomenon (Searle et al. 1973, Limber 1960). 

With this assumption we could at once check our original 

assumption (that new stars are not significantly affecting 

the O profiles) for self-consistency. Using the cluster 

evolution calculations of Searle et al. (1973), we found 

that for our assumed initial mass function a cluster of 
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Figure 25. Color and magnitude azimuthal profiles for MlOl. 



Figure 25.—Continued Color and magnitude azimuthal pro-
files for MlOl. 
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Figure 25.—Continued Color and magnitude azimuthal pro-
files for MlOl. 
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Figure 25.—Continued Color and magnitude azimuthal pro-
files for MlOl. 
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6 7 young stars of age t, 10 < t < 3 x 10 years, sufficiently 

large to increase the U surface brightness of a region of 

M101 disk by one magnitude, would increase the V surface 

brightness by only about 0.3 magnitudes. Careful inspection 

of the profiles in Figure 25 reveals that assuming all of 

the O light is due to a density fluctuation in the old disk 

never produces more than about a 10% error. The few pro

files that actually have a U-0 contrast of one magnitude or 

more have a contrast in O of several magnitudes, at least. 

We must make further assumptions about the age 

distribution of the young stars we see in the arms and about 

reddening and extinction associated with the young popula

tion. The last is easy; since we have no way to properly 

treat extinction we simply neglect it. As to the age 

distribution, our original hope was to do the following: we 

wanted to use the U-0 plots to identify regions of active 

star formation in the arms, then force-fit the regions so 

located to model star-formation regions in which star forma

tion is assumed to be occurring instantaneously at only a 

single azimuth, leaving a wake of aging stars whose ages 

are proportional to the difference in azimuth between their 

position and the position at which star formation is 

occurring. The behavior of such model regions is discussed 

by Dixon, Ford, and Robertson (1972), and by Schweizer 

(1976), who tried to fit such regions to his intensity pro

files, as we have discussed. One of our motivations in 
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constructing the color profiles was the prospect that the 

color-dependent asymmetries Schweizer was largely unsuccess

ful in finding would become apparent in the color profiles, 

which we believe show the star formation activity largely 

unconfused by density fluctuations in the old stellar 

population. This prospect was not born out, however. Not 

only were asymmetries no more apparent in the color profiles 

than in the intensity profiles, but many of the star-

formation regions identified in the color profiles were so 

wide, especially in some of the outer profiles, that it 

would obviously introduce gross errors (of orders of 

magnitude) to force-fit them to star-formation models of 

infinitesimal width. This seems to substantiate Schweizer's 

conclusion that this model for star formation in spiral arms 

is an inappropriate one. 

Still searching for some scheme that would allow us 

to plausibly estimate star formation rates from the color 

profiles, we finally adopted what is essentially the 

opposite point of view from the above discussion. We 

adopted the assumption that wherever we could perceive 

evidence of recent star formation the young stars we ob

served were in the age range 10^ to 3 x 107 years (over 

which there is a broad maximum in the integrated U magnitude 

of an evolving stellar cluster). We justify this assumption 

simply by noting that since we have failed to find usable 

evidence of time-dependent behavior in the young population 
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of M101, this assumption is the simplest and most straight

forward one we can adopt to make an estimate of the current 

star formation rate. Furthermore we note that in a key 

sense it is a conservative assumption/ since by attributing 

all "young" light to stars in this age range we can only 

underestimate the star formation rate if our assumed IMF is 

correct. (This is not as obvious as it sounds, but it can 

be shown by integrating cluster luminosity evolution 

functions over time.) 

On the other hand, it is necessary to point out that 

our having to resort to this kind of assumption has made our 

calculations of star formation rates extremely sensitive to 

the choice of IMF we have made. A small difference in the 

slope of the function from the one we have assumed will 

greatly affect the ratio of ultraviolet light to total mass 

7 of a cluster 10 years old. Ironically, the best of what 

little evidence there is that the Salpeter IMF that we are 

using is ever deviated from comes from MlOl, as follows: 

Israel, Goss, and Allen (1975) have shown from radio con

tinuum observations made at Westerbork that there exist in 

MlOl H II regions whose emission measures imply an enormous 

amount of excitation—the equivalent of as many as 1000 05 

stars. Adopting an IMF of slope -2.45 and O-star mass 
O 

estimates from Allen (1973), we find a mass of ~10 Mo for 

zero-age clusters with these O-stars, integrated to stars of 

0.1 Ma as a lower limit. Regarding the existence of such 
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massive young clusters in M101 as improbable, we take this 

as evidence that star formation at least some places in M101 

is proceeding with a somewhat different IMF than that 

derived for the solar neighborhood. (I am indebted to S. 

Strom for pointing out to me this consequence of the Israel 

et al. observations.) 

At this point, we wish to point out that with suf

ficiently high quality three-color data, and the assumption 

that the light at any point in an arm consists only of disk 

light plus younger light of a single age, and neglecting 

reddening, we can in principle rigorously derive the rela

tive contributions to the light from the young and old 

populations, and the age of the young population, from the 

following system of equations: 

^ d 
°B " 1 

— = d 
°u 2 

Nv 

nb 
4= a2(t) 

whe 

IV NV + °V' IB NB + °B' XU NU + °U' 

re d^, d2 are disk colors (known); a^ and a2 are known 
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functions; Iy, Ig, Iy are arm intensities (known); and we 

must solve for NTT, N„, N.f, 0„, 0D, 0,T, and t. We note this U D V U D V 

in passing; it is not clear that in practice the age-color 

dependence is sufficiently strong that it could ever be 

deconvolved with real (noisy) data, and a complete investi

gation of this relation is beyond the scope of this work. 

Description of Star Formation Calculation 

At last, we are ready to describe the details of our 

calculation of the star formation rates. We picked out 

star-formation regions from our tediously calculated pro

files by the following recipe: 

1. We picked the two or three strongest peaks in each 

U-0 profile. 

2. We picked only peaks that corresponded to arms in 

the 0 profile. 

3. We tried to be conservative in picking a "base" 

level in each U-0 profile above which to measure the 

U color excess that determines the star formation 

rate. We did not try to take all light above some 

mean disk color, but tried to pick out just the 

youngest light. The "base" levels we chose are 

shown as dotted lines in the profiles. By adopting 

this procedure, we (correctly or incorrectly) tended 

to compensate for the galaxy's apparent tendency to 

get bluer at larger radii. 
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Having picked out the star formation regions, we 

calculated a star formation rate separately for each resolu

tion element by first using the U-0 color to derive the 

ratio of old stars to young stars within that element and 

then using the O magnitude to relate the amount of new 

population to new population elsewhere. We computed the 

ratio of old stars to young stars from the model cluster 

calculations of Searle et al. (1973). The ratio as derived 

from U-0 (or, more-or-less equivalently, U-V) is strongly 

dependent on the age of the old disk population. Fortu

nately, this age can be determined from the well-established 

UBV colors of the disk of M101, which Schweizer (1976) gives 

as: 

(U-B)D = +0.21 

(B-V)D = +0.70, 

from which, using Searle et al. ' s (1973) models we can 

9 deduce mean photometric disk ages of 2 x 10 years from U-B 

9 and 3.3 x 10 years from B-V. Since we are using the ultra

violet excess above the disk to estimate the star formation 

rate, we adopt the lower of these two values. In Table 7 

we therefore list U,B,V values for Searle et al.'s model 

clusters, interpolated from their Table 1. 

Since we have chosen to neglect the relatively small 

addition to the O light from the young stars, we extract 

from the table only the U difference 6.28 magnitudes which 



Table 7. Model Cluster Colors 

108 

Age U B V 

1 0 7 - 7 . 8 6 - 7 . 0 8 - 6 . 9  

2xl09 -1.58 -1.78 -2.35 

we will take to be the U brightness ratio of two clusters of 

7 9 equal mass of ages 10 years and 2 x 10 years. We can now 

carry out our star-formation estimate in a straightforward 

manner by use of the formulae: 

... i M(old) /new ̂  , 
M(new) 325 

(IQld(U)) 

I ..(U)+I (U) 
2.5 log ( °ld ) = (U-0)-(U-0)ba8e 

Results of the Calculation 

We have carried through the star formation calcula

tion for each of the inner 14 of the 15 profiles given by 

Schweizer, and plotted the results in Figure 26. We have 

added to Figure 26 a plot of the azimuthally-smoothed radial 

distribution of neutral hydrogen in M101 as given by Rogstad 

and Shostak (1972) . We use this work rather than the more 

recent higher-resolution Westerbork data because the paper 

containing the complete Westerbork map (Allen 1975) does not 

give the data in conveniently-usable form, while the earlier 
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Figure 26, Radial dependence of star formation, neutral 
hydrogen density, and shock strength in MlOl 
Units of W. are kilometers/sec; units of a, 
are 10^0 atoms cm ^ 
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version of this map (Allen, Goss, and van Woerden 1973) is 

seriously marred for our purposes because it lacks the in

formation coming from short baseline observations; i.e., 

whether there exists a "disk" of H I beneath the spiral 

structure and if so what its density is. We have also added 

to Figure 26 a plot of the spiral density wave theory 

parameter w^, which was discussed in the first part of this 

dissertation. In the "shock-driven star formation spiral-

density-wave picture," it is expected that the star forma

tion at a given place in the spiral wave should be a 

function of the strength of the shock and the local gas 

density only. If such a relation holds for M101, the data 

we have assembled in Figure 26 could possibly have per

mitted us to deduce something about its form. The actual 

appearance of Figure 26 therefore appears at first glance to 

be somewhat of a disappointment—there is no obvious rela

tion between the two independent quantities and the one we 

hoped to derive from them. There are a number of possible 

reasons for this: 

1. Our prescription for star formation is so totally 

unrealistic as to be meaningless. 

2. The H I density plot we are using is wrong or mis

leading. What we really wanted, of course, was not 

the azimuthally-smoothed density, but the H I den

sity in the regions where star formation is 

actually occurring. 
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3. The shock strength parameter w^ is wrong. This 

could happen if we had chosen a grossly wrong co-

rotation radius. Also, though, we must point out a 

sloppiness that has permeated our entire discussion 

concerning w^. What we call w± is actually the 

parameter wiQ in the density-wave theory (e.g., 

Roberts et al. 1975). To properly evaluate w^, it 

is necessary to take into consideration the effect 

on the velocity of the gas of the pertubing density 

wave. Particularly in view of the large amplitudes 

we have found for the density wave in the underlying 

disk, this effect is likely to be very substantial, 

and will vary systematically, being larger in the 

outer parts of the galaxy. 

4. The shock-driven star formation density-wave picture 

is wrong. 

We now comment on these possibilities briefly. As 

to the first, we of course do not feel our prescription for 

star formation is totally unrealistic. We especially doubt 

that it could be wrong in the way necessary to make the star 

formation rates agree with the w^ prediction: star forma

tion is obviously going on in the outer parts of M101! In 

fact, it is perhaps most surprising that our prescription 

yielded so high a rate as it did for the inside relative to 

the outside. 
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In order to investigate the possibility that we have 

misled ourselves in plotting the azimuthally-averaged H I 

surface density, we have used the Westerbork map to explore 

the relation between H I surface density and star formation 

in a slightly different way. Instead of working with the 

total amount of star formation in each of Schweizer's (1976) 

annuli, normalized to annuli of equal width, which is what 

we plotted in Figure 26, we extracted from each arm the 

resolution element (Schweizer's "spiral cell") that by our 

reckoning contained the most star formation, then located 

the same position on the new Westerbork map (Allen 1975) and 

read off the H I density. We have plotted the result in 

Figure 27. We see no correlation. In order to provide a 

rough check on our procedure we picked out a few of the 

bluest regions in Schweizer's two-color "maps" and compared 

them to the H I map. We found that although very often 

there were striking coincidences in position between the 

bluest regions and the H I peaks, much of the time there 

were not. One may find both H I peaks without blue regions 

and blue regions without H I peaks. 

We find it difficult to assess the meaning of this 

result. Surely the rate of star formation has something to 

do with the local H I density! It is possible, however, 

that the correlation is weak and masked by other effects. 

Perhaps the H I is clumped on a scale much smaller than the 

Westerbork resolution. One likely problem is our neglect of 



113 

--L-I 

t 
IS* 

$ 
< 

dl 
<£ 
<c 

a 
"T "  lot 

£ 

' • 
f 

IE-

a 
5 
2 
oc 
o 
(L 

__ u: 

\ aC cc o 
o 

t.fe us* i-3l aa o.fc 
(Thx Ii*lOa,arA-^] 

0.3 

Figure 27. Star formation rate as function of neutral 
hydrogen density along arms in MlOl. 
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reddening—it is very likely that there are many young 

associations in MlOl completely veiled by local extinction 

whose presence will greatly confuse a plot like Figure 27. 

Another more intriguing possibility is that a substantial 

fraction of the hydrogen in regions of star formation along 

the arms is in the form of molecular hydrogen and hence un

detectable at 21 centimeters. Baffled, we can only note 

that Figure 28 provides no support for the idea that star 

formation in MlOl is proceeding as a function only of the 

local H I density and of "grand design" factors such as the 

presence of a spiral arm. 

We have made a brief investigation of how our so-

called "shock strength" parameter is actually related to the 

shock strength, and have found this to be a much more en

couraging line of inquiry. Briefly, it is quite plausible, 

if the spiral arms are Lin-Shu density waves, that the 

greater amplitude of these waves at the larger radii can 

provide a perturbation in the gas motion sufficient to 

offset the decreasing relative velocity of the density wave 

and the material. To show this we have used Schweizer's 

(1976) "arm strength" parameter to estimate the density-wave 

amplitude by the formula: 

AI I. /0 , . ̂  j arm A/2 amplitude = = = T rT — 
mean D A/2 

where I. and I_ are defined by Schweizer such that I_ is the 
AD D 

intensity minimum in a profile and IA is the excess of the 
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maximum over the minimum. We expect the velocity perturba

tion to be proportional to the density perturbation, so we 

can use this amplitude to get some feeling for what the 

velocity perturbation might be. We have listed the results 

in Table 8. 

Table 8. Velocity Perturbations in MlOl 

r" Amplitude wxo Wx 

30 . 08 7 7 
50 . 08 10 11 
70 .11 13 14 
90 . 13 15 17 
110 .07 17 18 
130 .13 19 21 
155 .14 20 23 
185 .19 21 25 
225 .29 19 25 
275 . 30 18 23 
325 .29 15 19 
375 .40 12 17 
425 .44 8 12 
475 . 47 3 5 
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We are encouraged by this calculation, although we 

hasten to remind ourselves that it gives only the crudest 

notion of what actually may be occurring. A real calcula

tion of the streamlines not unlike Roberts' (1969) seems to 

be called for, although it is beyond the scope of this work. 

It appears, however, that whether or not the star formation 

rates we have derived for M101 are correct, we may very well 

be able to explain them within the confines of Roberts! 

model, if it is properly and not crudely applied. 

Finally, we note that if the star formation rate is 

approximately constant across the face of M101 as we have 

found, and the spiral arms are in fact Lin-Shu density 

waves, then this fact alone provides additional support for 

our hypothesis that density-wave-driven star formation is 

responsible for setting up the observed abundance gradient. 

Since the material passes through the pattern more often on 

the inside, then if star formation in the past proceeded as 

it is doing in the present, a composition gradient in the 

gas must inevitably have formed. 

Absolute Calibration of the Star 
Formation Rates 

We have delayed for several paragraphs completing 

our description of Figure 26, since we have to deal with 

the matter of our absolute calibration of the star formation 

rates. Inevitably, as we have mentioned, this is a very 

uncertain calculation, since the light we observe never 
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gives very much information about the dim end of the 

luminosity function where most of the mass is. In fact, 

Searle et al. (1973) do not even bother to list the mass of 

their model cluster whose evolution we have used in our 

calculations. Consequently we derived a mass estimate for 

their model cluster using M = 35 M , M, = 0.25 M , 
^ upper »' lower ®' 

and My(t=0) = -6.6, which are the parameters that they give, 

by assuming 

(L/L ) = (M/M )3 * 5 
(5 © 

and taking My(®) = 4.83 from Allen (1973). This leads to a 

mass of about 270 M for their cluster. Again taking the 

g 
age of the old disk light in MlOl to be 3,x 10 years and 

using the distance 7.2 Mpc we derive a photometric surface 

5 density of 1.5 x 10 Mq per arc second squared for V = 20.51 

= O = 20.00, from which the young star mass follows since we 

already derived the ratio of old star mass to young star 

7 mass. The rate comes from assuming an age interval of 10 

years for all visible young star light. 

It is interesting that integrating the surface 

density we have just derived over the surface of MlOl yields 

a mass of only ~1.8 x 10*^ M@, thf actual mass being 

11 /C-». -1.4 x 10 M@. One of the ways ian account for this 

difference is by extending Searle et al.'s (1973) luminosity 

function to M^ower = 0.06 M@, which would presumably be 

observationally indistinguishable (at least with broad-band 
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photometry) from the luminosity function they used. If one 

wants to take the point of view that nearly all of the mass 

of M101 lies in the stellar population of the old disk, and 

that M101 now and at all times in the past has had a 

Salpeter luminosity function, then it follows that the star 

formation rate scale we have affixed to Figure 26 is under

estimated by about a factor of eight. By adding together 

the star formation in each of our 14 annuli we arrive at a 

combined rate of almost exactly one solar mass per year 

using Searle et al.'s luminosity function, or as much as 

eight times that using the Salpeter function that puts all 

the mass into stars. In either case, the implication is 

that the current star formation rate is less than a factor 

of two less than the mean rate since the formation of the 

galaxy. 

Trends in Arm Amplitudes 

One of our motives in beginning our infrared study 

of spirals was to measure arm amplitudes, in order to test 

our hypothesis that trends in these amplitudes with radius 

in a galaxy and between galaxies would provide us with a 

parameter analogous to van der Kruit's (1973) compression 

strength, which could then perhaps be used to explain the 

galaxy-to-galaxy scatter in Figure 9, the plot of the 

[0 III]/HB ratio vs. ft - ft . The data we have obtained and 
P 

reduced for this dissertation are insufficient to show any 
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trends; however, as we have seen, we can confidently employ 

Schweizer's (1976) "arm strength" index as a measure of the 

amplitude of the spiral pattern in the old disk. For only 

two of Schweizer's six galaxies, M51 and M101, does enough 

data exist on the H II regions for an excitation gradient 

to be derived. Hence the data are still sparse, and some

what confusing. Schweizer finds stronger arms in M51 than 

in M101, but the difference (28% vs. 25% in 0) seems hardly 

significant. In all six galaxies in his sample, arm 

strength increases radidly from the interior to the 

exterior, but from our analysis of M101 we have found that 

if this is interpretable at all in the density-wave star-

formation picture its explanation is inextricably entwined 

with the galaxies' shock strengths. Although arm strength 

measurements in a larger sample of galaxies might uncover 

correlations between arm strength and galaxy morphology, 

"compression strength," or excitation, we feel we can con

clude nothing concerning this matter from the fragmentary 

data we have. 

Summary 

In this chapter we have shown how our surface 

photometry may be combined with that of Schweizer (1976) to 

yield estimates of arm amplitudes and star formation rates 

locally in spiral galaxies. Our sample calculation for the 

galaxy M101 has yielded the following results: 
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1. The star formation rates we derive from the UV 

excess in the arms are consistent with our claim 

that most of the arm light is due to a surface 

density fluctuation in the disk. 

2. The radial distribution of star formation in M101 is 

likely to be consistent with the predictions of 

Roberts' (1969) shock model, but only if proper 

allowance for the large effect of the wave amplitude 

on the shock strength is made. 

3. The total current star formation is consistent with 

the hypothesis that much of the star formation in 

Ml01 has occurred in spiral arms since its initial 

collapse. 

4. There is no obvious correlation between visible 

regions of star formation and concentrations of H I 

along the arms. 

We have also found the existing data to be in

sufficient in extent to allow an evaluation of galaxy-to-

galaxy differences in arm amplitudes. 



CHAPTER 8 

CONCLUSIONS 

We have investigated observationally several con

sequences of the hypotheses that the Lin-Shu spiral density 

wave produces the observed spiral structure in spiral 

galaxies, that the star formation that is observed to occur 

in the arms of these galaxies occurs as a consequence of the 

density wave, and that this star formation is sufficient in 

quantity so as to significantly affect the chemical evolu

tion of these galaxies. We have found that the heavy-

element abundances and the radial gradients in heavy-element 

abundances in the interstellar gas in late spiral galaxies, 

as deduced from measurements of the excitation of H II 

regions, are consistent not only with the general picture 

of enrichment by star formation triggered by repeated 

passage of a density wave, but also with the more detailed 

predictions of star formation by a shock wave propagating 

through the gas as a consequence of the passage of the 

density wave through the disk of stars. 

We have also found that our estimate of the current 

star formation rate in the arms of one spiral galaxy, though 

riddled with uncertainty, seems consistent with these 

hypotheses. Furthermore, the constancy of the star 
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formation rate between the inside and the outside of the 

galaxy that we have deduced seems to support our hypotheses, 

since the material passes through the arm more often on the 

inside. We have also been able to derive spiral arm ampli

tudes with some held from our infrared plates. There are 

indications that this kind of data may lead to a better 

understanding of the star formation processes in spiral 

arms, with the help of further development of Roberts' 

(1969) shock model. Likewise simple empirical comparisons 

of amplitudes between galaxies of the kind that partially 

motivated our surface photometry project will have to wait 

the existence of more data. 

On the other hand, the large amplitudes we have 

derived for the intrinsic spiral structure are quite sur

prising and puzzling. The size and shape of the spiral arms 

exclusive of the young star component do not appear at first 

glance to be anything like what one would expect as a 

manifestation of a wave phenomenon, particularly a linear 

wave. We feel it is possible that our discovery that the 

spiral patterns are such large-amplitude features in the 

old disk (actually this was confirmation of Schweizer's 

[1976] discovery) may turn out to be the most significant 

finding of this research. 

It is not hard to think of further observational 

tests to explore the nature of spiral structure. More 

accurate surface photometry should yield more information 
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about spiral arm amplitudes and star formation rates, and 

must ultimately, with sophisticated enough analysis, show 

the existence of drift motions of the young stars through 

the arms, if such motion is there to be found. An extremely 

promising possibility is to spectroscopically study the gas 

motions in the vicinity of spiral arms. Velocity perturba

tions of the kind found in M81 at Westerbork by Rots (1974) 

should be observable on high-quality spectra, with much 

better positional resolution than is possible with 21 

centimeter measurements. Finally, the completion of the 

short-baseline portions of the Westerbork 21 centimeter maps 

of MlOl and M81 should make accurate comparison between arm 

amplitudes in the gas and in the stars possible; this will 

be a very powerful discriminant between the density-wave 

theory and the tidal theory of arm formation. 
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