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ABSTRACT
A 21-CM STUDY OF THE SPIRAL GALAXY MESSIER 33
by
Kurtiss Jay Gordon

Chairman: Freeman D, Miller

The distribution of neutral atomic hydrogen and the kinematic prop-
erties of the late-type spiral galaxy M33 are derived from observations
obtained at 21-cm wavelength with a multichannel radiometer attached to
the 300-foot paraboloidal transit telescope of the National Radio Astron-
. omy Observatory. The effective half-power beam and band widths of the
telescope system are IOZO in §, 11!4 in o, and 21 km/sec in radial velocity.
The assumed distancevto M33 is 720 kps. The galaxy contains MHI =
1.6 x 10° %:)of neutral hydrogen distributed in a broad ring of radius 18!
plus an underlying uniform distribution of radius ~35' and two outlying
"wings' or companions. The companions contain ~10% of the total hydrogen
content, The center of the H I ring and of the distributions of H II
regions and luminous stars in M33 are offset by a few minutes of arc from
the optical center of the galaxy.

The systemic radial velocity is S = -180 km/sec (heliocentric). The
rotation curve peaks at Vr =S5 + "85 km/sec, 30' from the galactic center,
For an inclination of 55°, this leads to a total mass of Mt = 4.9 x
10'° M_, of which 2.3 x 10’° M_ is contained within 60' of the center
(roughly the extent of the observations). An asymmetry of the rotation
curves for the two halves of the major axis leads to a mass ratio of
My/Mg = 1.2, Noncircular motions are small in the main body of the galaxy.
Velocities in the wings deviate by 40-50 km/sec from those predicted by

the rotation curve, The data are consistent with a picture of the wings



as stable gaseous companions of M33, gravitationally bound to the galaxy

but not physically connected to the galactic plane. The global parameters
of M33: MHI/Mt = 0,03, MHI/L0
are not significantly different from average values of the corresponding

= 0.34, and Mt/LO = 10.4 (solar units),

parameters for galaxies of similar structural type.
A search for a bridge of neutral hydrogen between M31 and M33 yields

14 -
an upper limit of NH <5x10 cm 2 in the region between the galaxies.

I
This limit is roughly 1/4 of the observed surface density in the bridge
between NGC 4631 and NGC 4656 and 1/6 of the observed density in the

bridge between the Magellanic Clouds. The model-fitting technique de-

scribed and used in this study has been‘shown to be a powerful tool for

studying the kinematics and hydrogen distribution of galaxies.
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CHAPTER I1: BACKGROUND
1. Introduction
Messier 33 (= NGC 598) in the constellation Triangulum has the
largest angular size of any late-type spiral galaxy. Only three other
. extragalactic objects, the Magellanic Clouds and Messier 31 in Andromeda,
exceed the apparent dimensions of M33. And only M3l is also visible from

the northern hemisphere. The large size and favorable inclination of

M33 make it an excellent object for study. Our own galaxy, the Milky Way,
has traditionally been compafed to the Andromeda galaxy. However, several
recent observational results indicate that the Milky Way may be later in
morphological type than M31l. Hence the best model for our galaxy may
turn out to be a judicious interpolation between modéls obtained for M31
and M33.

The observations used in this study are of the 2l-cm spectral line
of neutral atomic hydrogen, caused by a transition between two hyperfine
" levels in the ground state of the atom. They were obtained witﬂma multi-
channel radiometer attached to the 300-foot meridian transit reflector
of the National Radio Astronomy Observatory in Green Bank, W. Va. The
equipment and observational techniques are described in Chapter II. The
data from these observations provide information on the apaéﬁai’;;stri—
bution of neutral atomic hydrogen in the galaxy. The distribution may
be compared with the distributions of other constituents of the galaxy,
obtained by other investigators in previous studies. These results are
described in Chapter III.

The frequency resolution of the receiver yields Doppler-shift measure-

ments of the component of motion of the neutral hydrogen in the line of



sight. With the aid of these measurements and some assumptions regard-
ing the possible types of motions in the galaxy, we describe in Chapter
IV the kinematic properties of the neutral hydrogen in M33. By consider-
ing theée atoms as test particles in the gravitational field of the
galaxy, we draw conclusions about the galaxy's total mass and mass dis-
tribution. In the final chapter, we summarize the results of our study

of M33 and relate them to findings for other galaxies of similar type.

2. History
a) The Island Universe Theory —

The idea that our sun 1s just one of myriads of stars in a huge
stellar system, the Milky Way, and that there may be many other stellar
systems of equal rank outside the Milky Way can be traced back to the
early 18th ceﬁtury (Lundmark 1927). These early speculations by the
Swedish philosopher Emanuel Swedenborg and, independently, by Thomas.
Wright of Durham in England had no basis in actual observations. Yet
they are remark;bly close to the present day views of the cosmos. The
best-known of the early exponents of the "island universe” theory are
the German philosopher Immanuel Kant, who acknowledged his indebtedness
to the ideas of Wright, and the English astronomer Sir William Herschel,
who was the first to bring observational techniques to bear specifically
on the study of nebulae and clusters of stars. In contrast, Messier
compiled his catalog of nebulae and clusters, which predates Herschel's
work, primarily as a list of '"nuisances' to be avoided in his search for
new comets (Gingerich 1960).

At first it was not possible observationally to distinguish between
gaseous nebulae and stellar aggregations, and it was thought that all

nebulae were groups of stars--some of them so distant that individual



stars could not be resolved. Herschel even attempted to estimate the
distances to nebulae on the basis of the amount of incipient resolution
into stars. Then he found the planetary nebula NGC 1514 which, from its
appearance (see Curtis 1918, P1l., IX), was obviocusly a single star as-
sociated with faint nebulosity, a "nebuloﬁs star.'" Because of this, and
from the fact that star counts in selected regions (''gauges') did not
enable him to penetrate to the outside of the Milky Way, Herschel total-
ly revised his thinking, now maintaining that all nebulae were small
compared to the Milky Way and were encompassed within it. The controversy
between the two views was not to be resolved for more than a century
after his death in 1822.

The observations by the Earl of Rosse with his 72-inch reflector
raised the fortunes of the island universe theory again, In 1845 he
found the spiral nature of M51. His paper in 1850 contained drawings of
five spiral nebulae, including M33 (see Fig. 1), and listed fourteen more.
He also remarked that some of these spirals could be resolved into stars.
On this basis, and using the star couﬁts made by the Herschels, Alexander
(1852) suggested '"that the Milky Way and the stars within it together

' and traced

constitute a spiral with several (it may be four) branches,’
the branches across the sky. But Herbert Spencer argued in his book,
published in 1862, that since all stars are of similar sizes, all nebulae
should be of similar sizes; and if the nebulae are actually stellar ag-
gregations, then the apparently largest and presumably closest should be
resolvable while the smallest and furthest should remain unresolved. 1In

arguing that many qaite small nebulae could in fact be resolved, Spencer

mistook small clusters for nebulae. However, this was not immediately

recognized.



Plate XXXVI. fig. 5, H. 131 — This figure represents the central
portion of a very large nebula. The nebula itself has not been suffi-
ciently examined, but as yet no other portion appears to have a spiral,
or indeed any regular arrangement., The sketch is not very accurate, but
represents sufficiently well the general character of the central por-
tion.

"September 6, 1849. — A spiral.

"September 16, 1849. — New spiral; o the brightest branch; y faint;
8§ short but pretty bright; 8 pretty distinct; e but suspected; the whole
involved in faint nebula which probably extends past several knots which
lie about it in different directions. Faint nebula seems to extend very
far following: drawing taken.

"September 10, 1849. — An attempt at a drawing taken: fog.
"October 1849. — The whole nebula in flocculi."

Figure 1. — The Earl of Rosse's Drawing and Description of Messier 33
(from Rosse 1850).




In 1864, Sir William Huggins observed several nebulae with a spec-
troscope, finding first an emission-line spectrum for the planetary nebula
NGC 6543 and, a few nights later, a continuous spectrum with a hint of
absorption features for the great Andromeda nebula. This showed that
nebulae could be divided into two fundamentally distinct classes: those
that were clouds of luminous gas and those that were stellar aggrega-
tions. All of the spiral nebulae were found to belong to the latter class.
The conclusive evidence of this was presented by Scheiner (18995 in the
form of the first good-quality spectrogram of a spiral nebula, M3l.

The application of photography to studies of nebulae made it pos-
sible to get more detailed pictures of the form of the spiral nebulae.

The pioneering work in this field was done by the Irish amateur astronomer
Isaac Roberts (Roberts 1893, 1899: M33 is in Plate 10 of the latter) and
by J. E. Keeler with the 36-inch Crossley reflector of the Lick Observa-
tory (Keeler 1908: M33 is in Plate 3). On the basis of these photo-
graphs, the spiral nebulae were subclassified into a "condensed" type,
showing condensations or knots of incipient resolution over the entire
face of the nebula, and an "uncondensed" type, showing incipient reso-
lution only in the outermost parts of the nebula, if at all. The proto-
types of the two groups were M33 and M31, respectively. Dreyer (1904),
using photographs taken by Roberts, published a catalog of the conden-
sations in M33 with the intent that it fbrm a basis for determining
whether there were any changes in the nebula in the course of time.l

Van der Pahlen (1911) attempted to fit the forms of the arms of spirals

to mathematical curves. He found that the two main arms of M33 fit



logarithmic spirals quite well, but that they had different rates of
coiling and that they were not 180° apart. Wolf and Ernst (1913) cata-
logued 517 knots of nebulosity in a region centered on M33, extending
over a diameter of several degrees but omitting the portion within 25'
of its nucleus. They found that the nebulae tended to concentrate in
patterns which- looked like extensions of the spiral arms so prominent
in the inher part of M33. They claimed that the spiral pattern could
be followed over a region 8° in diameter and concluded that M33 must
therefore be quite nearby.

The following year Slipher (1914) reported a radial velocity of
-300 km/sec for M3l, and Wolf (1914) reported the first gpectrographic
measurements of internal motions of spirals, finding rotational veloc-
ities of 100 km/sec in M8l. In a larger-scale survey of the motions
of spirals, Slipher (1915) noted that their average velocity was roughly
25 times as large as the average stellar velocity, larger than for any
other class of astronomical objects. He also found large internal
motioné, evidenced by a rotational velocity of the edge-on spiral
NGC 4594 of 100 km/sec.ZO" from the nucleus. Pease (1915, 1916) con-
firmed the finding of large internal motions in spirals by measuring a
difference of roughly 200 km/sec between the radial velocities of the
nucleus of M33 and of NGC 604, a bright condensation 10' from the
nucleus. The large systemic radial velocities indicated that the spi-
rals could not be gravi;ationally bound by the Milky Way, and were thus
at least not permanent members of it. The radial-velocity measurements
of internal motions, 1f they could>be combined with proper-motion data,

would provide a direct measurement of the distances of the spirals.



During the first few years the Mt. Wilson 60-inch telescope was in
operation, Ritchey had obtained the best nebular photographs yet. His
pictures of the condensed type of spirals showed many points in the
nebulae which could be measured for proper motion. Second epoch plates
were taken and measured by van Maanen. In 1916 he reported finding
motions in M10l1l which could be inﬁerpreted either as rotation or as out-
ward streaming along the spiral arms. In either case, the fact that
proper motions could be measured in the spirals indicated that they were
nearby objects. His paper on M33 (1923) contains a summary of his
measurements and interpretations. To provide a check on these critical
measurements, Lundmark independently remeasured the more than 400 points
on van Maanen's plates of M33. Although his results correlated well
with van Maanen's with respect to both direction and relative size of
proper motion, the absolute scale of Lundmark's proper motions was less
than 1/10 as large as those van Maanen had measured (Lundmark 1926).

Meanwhile, evidence supporting the extragalactic interpretation of
spiral nebulae began to mount up. Spurred by the first photographic
discovery of a nova in a spiral nebula (Ritchey, reported by Pickering
1917), Ritchey (1917) and Curtis (1917) examined the large plate col-
lections of Mt. Wilson and Lick Observatories and found a score of others
that had gone undetected in previous years, including two in M31l. Sys-
tematic surveys over the next two years produced 14 additional novae in
M31, but none in any other spiral. Thes; formed a homogeneous group,
all peaking at about mpg = 17, about 10 magnitudes fainter than the
visually detected nova S Andromedae of 1885 in M31l. S And, on the other
hand, was the only nova in M3l which conformed to the pattern of the

novae discovered in other spirals, all of which had light outputs which



were appreciable fracticns of the total light outputs of the agsociated
nebulae. At this time there was no compelling reason to choose either
type of nova to represent the analog of the galactic novae.

In 1921, Lundmark found that counts of stars brighter than mpg =
15.7 in the field of M33 were not influenced by the presence of the neb-
ula. Hence M33 had to be further away than the average 1577 star,
roughly 3 kpc. Moreover, if the brightest stars in M33 had absolute
magnitudes of -6, it had to be 300 kpc away. In 1922, Duncan discovered
three recurrent variable stars in M33, the first found in any spiral.
He dlso reported a suspected nova, By the end of 1924, Hubble (1925)
had assembled data on 47 variables in M33, 22 of which were Cepheids obey-
ing the same period-color index and period-amplitude relations as the
Cepheids in the Milky Way and the Magellanic Clouds. Applying the period-
luminosity law, Hubble derived a distance of 285 kpc to M33, and a com-
parable result from similar data for M31l. These distances agreed with
those derived from the brightest nonvariable stars and with those de~
rived by choosing to identify the fainter of the two types of novae in
M31 with galactic novae. Star counts in M33 (Hubble 1926), coupled with
the Cepheid distance scale, showed that its luminosity function agreed
with Kapteyn's 1umiﬁosity function for the Milky Way, and thus appeared
to settle the island-universe controversy. The one remaining loose end
was the question of the reality of van Maanen's rotations. This was
decided negatively on the basis of plates of M33 and M74 from the Mt.

Wilson 100-inch telescqpe (Hubble 1935, van Maanen 1935).

b) Modern Studies of M33

(1) Photometry. — Whitford (1936) measured M33 photoelectrically

through a.54' circular diaphragm, and obtained mpg = 6,9 after correction



for foreground stars and conversion to the international scale. Stebbins
and Whitford (1937, 1948, 1952) included M33 in their photoelectric photo-
metry of galaxies. In all three studies they used diaphragms of fixed
sizes, centered on the nucleus; none of the diaphragms was large enough

to include more than a small central portion of M33. Tifft's (1961)
four-color photometry and McClure's and van den Bergh's (1968) five-color
photometry also included only the nuclear region of M33. Seyfert (1940)
found that'the spiral arms were barely visible on NS and EW tracings of
photographs of M33 in red and blue light. The arms were somewhat bluer
than the nucleus. Patterson (1940) discovered that the gradient of photo-
graphic luminosity followed an exponential law--photographic magnitude

a linear function of radius--except within 6' of the nucleus. From micro-
photometer tracings every 30° of position angle, she found a position
angle of the major axis of 20°, an inclination of the galactic plane of
60°, and an integrated mpg of 6.0 out to 30'. Danver's (1942) results

for position angle and inclination disagreed with those of Patterson and
of more recent studies. However, he also noted the difference in pitch
angle of the two main spiral arms (cf. van der Pahlen 1911), and he

found that isophotes crossed the north-preceding half of the minor axis
further away from the galactic nucleus than they crossed the south-
following half. Currently, the definitive photometric studies of M33

are the photographic photometry by Holmberg (1950, 1952, 1958) on the
international system and the photoelectric photometry by de Vaucouleurs
(1959) on the UBV system. Voshakidze (1955) measured 13% mean optical
polarization for M33, which was in.line with the trend he found of per-
centage polarization increasing with advancing morphological type in a

sample of 11 galaxies.
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(2) Morphology. — The morphological type of M33 has been classi-
fied on all the existing systems: Sc (Hubble 1936), sct (Holmberg 1958),
Sc II-IITI (van den Bergh 1960), SA(s)cd (de Vaucouleurs 196la), £S3 or
£S4 (Morgan 1958, 1959), and L; cdcd, Ha (Vorontsov-Velyaminov and
Arkhipova ‘1964). Vorontsov-Velyaminov (1956a) noted that the spiral arms
could be traced to within 75 pc (20") of the nucleus.

(3) Emission Nebulae. — The existence of emission nebulae within

M33 has been known at least since Pease (1915) obtained a spectrogram of
NGC 604. Detection of these emission regions has been accomplished pri-
marily by comparison of blue plates (sensitivé to [0 II] 3727 K) and/or
red plates (sensitive to Ha) to yellow plates and/or infrared plates.
Catalogs of emission regions have been compiled by Haro (1950), Aller
(1954, 1956), Shajn (1954), and Sérsic (1959a). By means of narrow Ho
interference filters Courtés and Cruvellier (1961, 1965) found many emis-
sion regions in the central portion of M33, which is burned out on plates
obtained by more classical methods. Within the errors of measurement,
the H II regions in M33 have the same chemical composition as those in
our own galaxy (Mathis 1962; Aller, Czyzak, and Walker 1968), and the
Magellanic Clouds (Aller and Faulkner 1962). Most of the emission nebulae
aée sf low excitation (Mayall and Aller 1939), but some higher-excitation
regions are found further from the nucleus (Aller 1942b). The linear
diameters of the largest H II regions are quite similar to those in the
LMC. They have been used as calibrators for a method of distance deter-
mination to the more distant galaxies (S¥rsic 1959b, 1960; Sandage 1962;
Tammann - and Sandage 1968). The masses of the largest H II regions have
been calculated by Shajn and Haze (1952, 1953). Their measurements yield,

after conversion to the presently accepted distance scale, a mass of the
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order of 3 x lO6 MQ) for NGC 604, the largest H II region in M33. (All
distance~dependent quantities have been recalculated for consistency
with a distance of 720 kpc; Sandage 1962.)

In addition to the emission lines in the H II regions, a diffuse
background  of line emission has been found at 3727 A (Mayall 1939) and
at Ho and [N II] (Carranza, Courtas, Georgelin, Monnet, and Pourcelot
1968). The ratio of [N II] to Ho indicates higher excitation for this
diffuse component than for the classical H II regions.

(4) Radio Continuum. — Continuum radiation from M33 at radio fre-

quencies has been observed by Brown and Hazard (1959, 1961), Leslie (1960),
Heeschen (1961), Venugopal (1963), Heeschen and Wade (1964), Kuril'chik
and Sytsko (1965), and DeJong (1965, 1967). These measurements were

made between 159 MHZ and 3 GHz. The integrated flux densities can be
represented ‘approximately by a power-law spectrum, with S(1 GHz) ~ 5 flux
units and o = -1.0 (see Fig. 2). The 4C catalog (Pilkington and Scott
1965) contains no source within 45' of the position of the galaxy.

(5) Neutral Hydrogen. — The neutral hydrogen distribution was

found to extend "far beyond the structure visible on the available photo-
graphs' (Dieter 1957) even in the earliest 2l-cm line observations of
M33. The angular resolution of these data was, however, insufficient

to provide any details of the distribution. Davies and Burke (discussion
following Burke, Turner, and Tuve 1964b) noted that their observations
with the 250-foot and 300-foot telescopes, respectively, indicated a
ring-shaped distribution of the neutral hydrogen in M33. The radius of
this ring has been placed between 15' and 20' (Burke et al. 1964b; Meng

and Kraus 1966; Roberts 1967). However, the .center of the ring is
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displaced by a few minutes of arc from the optical center of the galaxy
(Gordon 1968), and there are other departures from axial symmetry.

(6) Stellar Content. — The first individual stars recognized in

M33 were Duncan's (1922) three variables and a nova. Hubble (1925, 1926)
--who at the time was interested primarily in determining the distance

to M33-~discussed this nova, Cepheids, and a luminosity function derived
from star counts of selected fields within M33. De Vaucouleurs (1961b)
extended the star counts to cover the entire face of M33 down to 20th
photographic magnitude. On the basis of these counts, he found

(de Vaucouleurs 1968) the center of the distribution of Population I stars
to be displaced to the southwest of the optical center. Hubble and
Sandage (1953) found that the brightest variable stars (intermediate-type
supergiants) formed a group with a small dispersion in luminosity, thus
providing another distance criterion for galaxies. Johnson and Sandage
(reported by Johnson, Hoag, Iriarte, Mitchell, and Hallam 1961) re-
derived the distance to M33 by comparing a color-magnitude diagram of
stars in M33 to a composite color-magnitude diagram of young galactic
clusters. In 1932, Hubble reported finding 12-15 objects in M33 which
he tentatively identified as globular clusters. He noted, however, that
they were fainter and bluer than most globular clusters in M3l and our
galaxy, Hiltner (1960) performed UBV photometry on 23 clusters, including
those found by Hubble. He suggested that they might be rich galactic
clusters rather than globulars, but noted that, on the other hand, ther
might be counterparts of the faint blue globular cluster NGC 7492 in the
Milky Way. These results were corroborated by Kron and Mayall (1960),
who included 4 clusters in M33 in their PV photometry. Vorontsov-

Velyaminov (1955, 1956a, 1956b) found that the supergiants in M33 tended
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to crowd together and form compact groups, 65 of which he catalogued.

He stated that the dust in the spiral arms appeared to avoid close con~
tact with such groups. The only trace of a Population II nucleus he
could'find for M33 was a feature no larger than a single globular cluster.
Walker (1964, 1967) obtained an infrared plate (103a-U + RG8) of M33,
with-a limiting magnitude between the apparent magnitudes of Populations
II and I red giants, and a blue plate (103a-0 + GG13) exposed to the

same density for OB stars as the infrared plate. Making a composite from
the blue negative and an infrared positive, Walker brought to light the
existence of a smooth, elliptical distribution of Population II red giants
in M33. From this evidence he argued that M33 must be just as old as
M31, and that the difference in their morphological appearance was due
solely to different initial conditions.

‘(7) Kinematics. — Although the rotation of M33 was discovered in
1916 (Pease 1916), the first study of the rotation appeared more than two
decades later (Mayall and Aller 1940, 1942). This study was based upon
the radial velocities of 25 emission nebulae, determined from low-
dispersion spectrograms. The rotation curve was roughly linear within
15' of the nucleus, reached a peak of V105 km/sec radial velocity (V125
km/sec circular velocity) between 15' and 20', and decreased thereafter.
Models of the mass distribution responsible for the observed rotation
were discussed by Wyse and Mayall (1941, 1942), Aller (1942a), Mayall
(1951), Lohmann (1954), Schwarzschild (1954), Kerr and de Vaucouleurs
(1956) , and Takase (1957). 1In contrast to the situation in M3l and the
Milky Way, no rapidly rotating nucleus has been seen in M33 (Walker and
Fish, reported by Whitford 1962, 1963). The observations of M33 were

of limited usefulness in the discussions of whether spiral arms lead or
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trail in galactic rotation (Hubble 1943; Lindblad and Brahde 1946;
Lindblad 1948; de Vaucouleurs 1958) because of the difficulty in deter-
mining which side of M33 is closer to the observer.

New kinematical data for M33 were added by the observations of
Dieter (1962) and Volders (1959) in the 2l-cm line of neutral atomic hy-
drogen. These observations yielded much better velocity resolution than
did the optical data. However, the positional accuracy of the measure-
ments was quite low, since the half-power beam widths of the telescopes
were respectively 53' and 34'. The masses derived in the two radio stud-
ies were both significantly larger than the mass Mayall and Aller had
found. Burke, Turner, and Tuve (1963) obtained 2l-cm observations with
angular and velocity resolution both improved over those available to
Dieter and Volders, but restricted their study to the major and minor
axes of M33. They found that the systemic veiocities obtained from the
observations along the two axes disagreed by 5 km/sec, an amount which
they stated "is significant but is not understood." They did not derive
a mass for M33 from their observations.

Brandt (1965) used 110 K/mm spectrograms to determine radial ve-
locities from the Ho emission of 24 H II regions in M33, mostly the same
regions used by Mayall and Aller. Brandt's measurements indicated that
the turnover point of the rotation curve lay beyond the outermost op-
tical features within M33 (in disagreement with the earlier optical
measurements). Because his measurements &id not reach the turnover point
of the rotation curve, he supplemented them with Dieter's and Volders'
radio data, finding a total mass of 3.9 x 10lO M() for M33, He also

noted that, by truncating his model at appropriate distances from the
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center of the galaxy, he found '"remarkably consistent" agreement between
his results and all of the previous mass determinations.

The most detailed kinematical study of M33 available is by Carranza
et al. (1968). Using Fabry-Perot interferograms of the Ho emission from
M33, they measured 1048 points in the galaxy at dispersions of 15-30
K/mm, They found an asymmetry between the northern and southern halves
of the rotation curve; the mean of the two agreed with Brandt's measure-
ments. Furthermore, in the southern half of the galaxy they found that
the gas in the spiral arm appeared to be rotating more rapidly than the

gas in the adjacent interarm region at the same distance from the nucleus.



CHAPTER II: OBSERVATIONS

Observations of M33 in the 21-cm line of neutral atomic hydrogen
were made during two observing periods with the 300-foot radio telescope
of the National Radio Astronomy Observatory. The first period extended
over six weeks in December 1965 and January 1966; the second period over
seven weeks in January, February, and March 1968. Because the 300-foot
telescope is a meridian transit instrument, the observations were obtain-
ed in the form of drift curves lasting about half an hour and spaced at
intervals of one sidereal day.

During the first observing period, the paraboloidal reflector was
illuminated by a rectangular horn feed (E-plane NS), which produced a
primary beam pattern with a width of 10' at the half-power points in both
right ascension and declination. The multichannel receiver contained 21
crystal-filter channels with an average bandwidth qf 95 kHz (20 km/sec)
at half-power points plus two wider (~0.5 MHz) channels. The narrow
channels were spaced at intervals of 100 kHz center to center. The wider
channels served as monitors for signals too weak to show up in the nar-
row channels. The channels were frequency-switched between a 2-MHz
wide signal band centered at a frequency appropriate to radiation ema-
nating from M33 and a similar comparison band centered at 1425 MHz. The
output of each channel was filtered by an RC network with a 1l0-second
time constant, and sampled every 10 seconds by a digital volfmeter. The
combination of the receiver time constant and the drift rate of the galaxy
through the beam broadened the effective antenna pattern (Howard 1961)
to a half-power width of 11!4 in right ascension. The readings of the

voltmeter were recorded on magnetic tape. In addition, analog records

17
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of the output of each channel were maintained in order to allow visual
monitoring for interference and equipment malfunction. Before and after
each observation, a neon bulb which projected slightly into the wave-
guide near the base of the horn was switched on to provide a calibration
signal. The equivalent antenna temperature of the signal from the bulb
was calibrated in the laboratory and against sources of known flux
density with the total-power channel of the receiver. The system noise
temperature was 200° K, and the beam efficiency of the telescope was

ng = 52%. Further details about the system have been published by Roberts
(1965) and Héglund and Roberts (1965). The latter reference includes a
block diagram of the receiver.

During the second observing period, a feed consisting of a pair of
crossed dipoles illuminated the dish. The beam shapes and sizes were
the same for both feeds, to within the errors of measurement. The half-
power beam widths were 9!0 in o and 10'2 in 6. The outputs of the or-
thogonal polarizations were connected to separate parametric amplifiers——
numbers 2 and 4 of the four-feed system (Davis and Hagstrom 1968)--each
of which fed 25 channels of a 50-channel receiver (Balister 1968). This
arrangement permitted the acquisition of two independent observations
during each day's drift scan. The 50 filters consisted of double-tuned
LC circuits yilelding an average bandwidth of 97 kHz at half-power points.
Each bank of 25 channels was switched between the 2.5-MHz wide signal
band and a similar comparison band centered 4.0 MHz away at a lower fre-
quency. An on-line DDP-116 computer controlled the frequency switching
of the radiometer, alternating 50-msec periods at the signal and compar-
ison frequencies. A noise tube was fired during the signal portion of

every twentieth cycle. The outputs of the channels were integrated
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electronically for 45-msec periods, converted to digital form, and com-—
bined numerically in the on-line computer. After 10 seconds, the re-
sults, expressed as fractions of the equivalent antenna temperature of
the noise tube, were written on magnetic tape.. The system noise tem-
peratures were 150° K for both receivers. The beam efficiency of the
telescope was 427.

On 17 days of the second observing period, the 100-channel auto-
correlation receiver (Weinreb 1963; Shalloway 1964) was. substituted for
one bank of the multichannel receiver. The physical arrangement of the
receivers necessitated that the other bank of the multichannel receiver
also be disconnected while observations were being obtained with the auto-
correlation receiver. Two bandwidth settings, 2.5 MHz and 625 kHz, were
used, yielding effective channel bandwidths of 25 kHz and 6.25 kHz,
respectively.

A log of the observations is given in Table 1. For all of the obser-
vations during the first observing period, and for most during the second,
the telescope was fixed in declination while the earth's rotation car-
ried the telescope béam across the galaxy. However, on five days during
the second observing period the telescope was driven southward at a con-
stant rate while data were being obtained. The scan rate was chosen
such that the telescope beam passed through the optical centers of both
M31 and M33.

In the reduction of the drift curves, linear baselines were fitted
to six minutes of data at each end of the scan. Baseline curvature, as
evidenced by a difference between the slopes of the left and right base-
lines greater than an arbitrary amount, formed a critefion for rejection

of individual observations. Removal of the baseline fitted to both
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TABLE 1

NUMBER OF OBSERVATIONS OBTAINED AT VARIOUS DECLINATIONS

Nominal Declination Offset Dec. 1965-Jan. 19662 Jan.-Mar. 1968b

70!
65"
60"
55!
50
45!
40!
35!
30
25"
20"
15
10°
5'
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8'.
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15!
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a, Obtained by M.S. Roberts b. Obtained by author
* Autocorrelation receiver, 625 kHz bandwidth
+ Autocorrelation receiver, 2.5 MHz bandwidth
¢ Scans along a line through the centers of M31 and M33

ends of the scan corrected for a possible linear receiver drift over the

duration of the scan.



CHAPTER III: NEUTRAL HYDROGEN DISTRIBUTION

1., Mass

Figure 3 is a contour map of the integrated 2l-cm line emission
s TB(vr) dvr, where TB is brightness temperéture in °K and v, radial
velocity in km/sec) from M33, and was constructed in the following man-
ner. At each declination the channels which contained visible signals
at or near the position of the galaxy were noted. The brightness tem-
peratures in these channels, plus an additional channel at either end
of the velqcity range, were then summed. The signal in each channel
of the sum was weighted according to the channel bandwidth. Contour
levels were chosen at intervals of one-tenth of the maximum value at-
tained in any of the resulting drift curves. The positions at which the
various contour lines intersected the drift curves were determined by
linear interpolation between adjacent 1l0-second points. Freehand con-
tour lines were drawn connecting these positions.

Under the assumptions that (1) the galaxy is optically thin to
21-cm line radiation and (2) there is no interaction between line and
continuum radiation, one may derive (e.g., Roberts 1968b) the following
expression for the mass of neutral atomic hydrogen responsible for the

observed 2l1-cm radiation:

Mo /Moy = 1.236 x 1072 p? IIITB(vr) dv_ do ds. (3.1)

Here, D is the distance in parsecs and do and d§ are measured in minutes
of arc. Planimetry of the WMap in Figure 3 yields a mass of 1.4 x 109 M(;
within the lowest contour, for an assumed distance of 720 kpc. However,

there is still neutral hydrogen outside this contour. Numerical
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Figure 3. — Integrated 21-cm Brightness Distribution. The map contains
contours of beam-averaged brightness temperature integrated over all
velocities appropriate to line emission from M33. The three arrows
at the left of the map indicate declinations at which scans were
obtained which remained below the level of the lowest contour.
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integration over a region 2° in diameter in declination by 8" in right
ascension (about three times the area of the lowest contour in Fig. 3)
yields 1.6 x 109 MC;. Increasing the EW diameter of the region by 257
changes the value of the integral by less than 1%. The mass of neutral
atomic hydrogen may thus be considered known to within an estimated
mean error of + 10%, the uncertainty arising primarily from the calibra-
tion of the brightness temperature scale. The present value may be
compared with values of MHI/MC) = 1,3 x lO9 (Volders 1959), 1.3 x 109
(Dieter 1962), and 2.4 x lO9 (Meng 1968) obtained in previous studies.
These values have been corrected for differences in. the assﬁmed distance

to M33.

2. Form of the Distribution

From the contours of Figure 3 it can be seen that the distribution
of beam-averaged 21-cm brightness temperature is flat-topped wifh a cen-
tral depression. Although the depth of this central depression is only
about 10% of the maximum brightness in Figure 3, its reality is not in
doubt. Every one of the drift curves between declinations 5' N and 10' S
of the optical center used in the constructién of the contour map is
double peaked, while the drift curves outside this declination range are
all single peaked.

If one takes advantage of the ordered motions existing within
galaxies, one can restrict the region of the galaxy from which signals
are received to a source which is narrower in one dimension than the beam.
This technique will be discussed in more detail in Chapter IV. Figure
4 shows cross sections parallel to the minor axis of M33 of contour maps
constructed from the responses of the individual 20 km/sec wide channels.

The major-axis positions were chosen such that the cross sections go
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through the peaks of the individual contour maps. The depth of the cen-
tral depression is somewhat emphasized in this technique, by an amount
which depends upon the kinematics of the galaxy. However, it will be
shown that the central depression cannot be attributed to effects of
the kinematics alone, and that the shape of the neutral hydrogen distri-
bution can best be described as a broad ring.

Two more features of the hydrogen distribution are worthy of note.
Its center is displaced from the optical center of the galaxy by several
minutes of arc. Since the pointing accuracy of the 300-foot telescope
is better than + 1', this effect is real. Also, there are departures
from axial symmetry. In particular, the NE and SW quadrants of the ring
contain more hydrogen than do the SE and NW quadrants. This can be
seen from the difference in height of the two peaks in Figure 4 for a
given channel. A second type of departure from axial symmetry can be
seen in the wings extending from the NW and SE ends of the galaxy in

Figure 3.

3. Comparison with the Distributions of Other Galactic Constituents

a) Star Counts

The star counts upon which Figure 5 is based were made by de Vaucouleurs
on unfiltered 103a-0 plates taken with the 20-inch Carnegie astrograph,
and were very kindly made available to me (de Vaucouleurs 1968) in ad-
vance of publicatiog. The limiting magnitude of the counts is mpg = 20.2
over most of the galaxy, but in the central region crowding of images
and the strong background of unresolved fainter stars may make the effec-

tive limitingvmagnitude as much as a magnitude brighter. The star counts

cover the region -30' < Aa < 30', -36 < A§ < 40' with respect to the
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Figure 5. — Distribution of Stars Brighter than m,, = 20.2. The
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(de Vaucouleurs 1968), smoothed to the resolution of the 2l-cm
data.
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center of M33. They were corrected for a mean foreground level, obtained

by averaging the counts from the portion of the region outéide the faint-

est contour of the photoelectric photometry (de Vaucouleurs 1959, see

below), and were presented as the number of stars within squares 2' on

a side. This finite resolution was taken into account when numerically

convolving the data with a Gaﬁssian beam to achieve the same resolution

as the 2l1-cm data in Figure 3. The star counts place 2136 stars in M33.

Planimetry of Figure 5 accounts for 2004 of these within the lowest contour.
The apparent blue distance modulus for M33 is mB—MB = 24,6

(de Vaucouleurs 1966). Since m, = mpg + 0.11 (Johnson and Morgan 1953),

the counts down to mpg = 20.2 include stars intrinsically brighter than

MB = -4,3, Thus the contribution from the main sequence is restricted

to stars of spectral type BO and earlier (Blaauw 1963). Stars of later

spectral types must be superglants.

b) B Photometry

The contour map of surface brightness in the B filter of the UBV sys-
tem (Fig. 6) 1s based upon the contour diagram in de Vaucouleurs' (1959)
photoelectric study of M33. Points were read from the published map at
intervals of 2!5 in both right ascension and declination; these points
were then numerically convolved to yield the same resolution as is shown
in the 2l-cm contour map (Fig. 3). The diameter of the diaphragm used
in the original photoelectric observations, 2.3, was taken into account
in the convolution. Planimetry of Figure 6 yields m, = 6.44 within the
outermost contour. The extrapolated total magnitude is m, = 6.27.

An effort was made to see what types of stars contribute to the ob-
served B light distribution and, in particular, how much this light dis-

tribution was influenced by the stars included in the star counts
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described above. Luminosity functions were taken from van Rhijn's

(1936) description of the solar neighborhood, from Sandage's (1958)
discussion of the initial luminosity function ¥ ("'Salpeter function'),
and from Wood's (1966) multicolor photometry of galaxies. Although
papers by Luyten and by McCuskey have made minor revisions to

van Rhijn's values for Mpg i -2.5, these more recent works did not con-
sider the bright end of the luminoesity function and are therefore of
limited use in the present connection. Four of Wood's models were in-
vestigated: the solar neighborhood, an Sb spiral arm (from observations
of M31 and M8l), the central region of M51, and a spiral arm in M51. (M51
is the only Sc galaxy for which Wood presented a luminosity function.)
The van Rhijn luminosity function and the first three Wood models agree
in assigning less than 10% of the light in the B filter to stars lumi-
nous enough to have been included in the star counts in M33. In contrast,
the intial luminosity function assigns about 40% of the light to such
stars; and the luminosity function for the M51 spiral arm, which in-
cludes a comparatively large proportion of OB stars and significant
numbers of blue supergiants, assigns nearly 507 of the light to such
stars. In contrast to M51, M33 is a low-surface-brightness object. It
is likely, therefore, that the luminosity function of M33 is'iptermediate
between the two extremes described above. Thus most of the light mapped

in Figure 6 originated from stars too faint to be counted.

c) Ionized Hydrogen

The H II regions catalogued by Aller (1954, 1956), S&rsic (1959a),
and Courtés and ervellier (1965) form the basis of the contours in
Figure 7. In an attempt to make the contours reflect the distribution

of ionized hydrogen, each catalogued region was weighted by [d1 x d2]1'5,
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where dl and d2 are the major and minor diameters of the H II region.
These weights should be proportional to their volumes and thus to their
H 11 content, if one neglects statistical fluctuations caused by the
irregular shapes of the reglons, and those caused by variations in the
mean density of ionized hydrogen within the H II regions. Although

thls procedure is the best esiimate of the distribution presently avail-

.~ EE

able, it suffers from several shortcomings. First are the uncertainties
outlined above. Second is the incompleteness of the catalogs. Finally,
even if the catalogs were complete, they would still overlook the dif-
fuse background of ilonized hydrogen outside the H II regions of classi-
cal appearance (Carranza et al. 1968). In order to overcome these de-
ficiencies, future studies of the H II distribution should be based upon

surface photometry with an Ha interference filter.

d) Diacusgion

The most striking difference between the H I digtribution and the
distributions of the other constituents of the galaxy is the much greater
extent of the neutral hydrogen. The diameter of the outermost contour
(at a level 0.1 of the observed peak of the distribution) of the 2l-cm
brightness.distriﬁutian is 93', while the corresponding figures for
Figures 5-7 are approximately 50', Table 2 displays these comparisons
in greater detail and contains, in addition, the diameters of continuum
radio-frequency contours from the two studies made with 10' beams
(Venugopal 1963; DeJong 1967).

The second difference is in the forms of the various distributions.
While three of the distributions are centrally condensed, the neutral-

hydrogen contours reflect a flat-topped distribution with a central
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TABLE 2

OBSERVED DIAMETERS AND OFFSETS OF M33 CONSTITUENT DISTRIBUTIONS

Diameter at Diameter at
Constituent 0.5 x peak 0.1 x peak Offset
Major. Minor Major Minor Aa AS
Integrated neutral hydrogen 67' 36' 93! 56" -3' =2
- Optical continuum (B filter):
obgerved (de Vaucouleurs 7 5 33 19 0 0
1959)
smeared 21 16 50 34 0 0
Star counts, smeared 29 19 52 35 -1 =2
(de Vaucouleurs 1968)
H II regions, smeared:
weighted 29 12 47 26 -5 +1
counts 26 17 42 32 -1 -2
Radio continuum:
1410 MHz (Venugopal 1963) 34 26 - - - -
2695 MHz (DeJong 1967) 28 20 - - 0 0

depression. This is illustrated in Figure 8, which 1s a graph of the
fraction of a particular distribution contained within a given contour.
This graph is essentially independent of the sizes of the distributions
and reflects only their shapes. A two-~dimensional Gaussian distribution
would produce a straight line on the graph. For this reason, the Gaus-
sian distribution forms a convenient standard for comparison with the ob-
served distributions. Also, many distributions in nature can be quite
well approximated by a Gaussian function. The flat-topped chargcter of
the H I distribution is shown by the deviation above the diagonal of the
points referring to the imner H I contours. The deviation below the dia-
gonal of the points referring to the inner B-photometry and H II-region
contours indicate that these distributions are more centrally condensed

than a Gaussian.
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The fact that the points referring to the outer contours of the H i
and B-photometry distributions fall below the diagonal indicates that
these distributions have tails which are stronger than would conform to
a Gausgian distribution. In the case of the photometry, this is to be
expected, since both Patterson (1940) and de Vaucouleurs (1959) found
that the outer parts of the light distribution decayed exponentially
with distance from the galactic center. In the case of the 2l1-cm data,
the result may be ascribed to the effects of the wings visible on the
north-preceding (np) and south-following (sf) ends of M33. The star
counts, on the other hand, cut off more sharply than would be predicted
by a Gaussian distribution.

A third noteworthy feature of the distributioms is the fact that only
the B photometry is centered at what is commonly considered to be the
optical center of the galaxy. The centers of both the 21-cm and star-
count distributions are displaced to the south and west of this center.
The peaks of the distribution of the Ho emission are determined primarily
by the heavily weighted H II regions with NGC numbers. However, if the
H II regions are weighted equally rather than by size, the peak of their
distribution also lies south and west of the optical center of M33. The
displacements of the centers of the various distributions are listed in
Table 2.

In our own galaxy, O stars, H II regions, and interstellar neutral
hydrogen are considered to belong to the extreme Population I, while . _
the fainter stars that contribute most to the light to the B photometry
are assigned to older population groups. The displacement of the cen-
ters of the different distributions raises several questions. 1Is this

unique to M33 or a common phenomenon? Is the displacement of several
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hundred parsecs the result of a fairly quiet perturbation, and cyclical
in nature? Or is it the aftermath of a single cataclysmic event in the
evolution of the galaxy? These questions cannot be answered by looking
only at the forms of the various distributions. However, the frequency
resolution of spectral-line observations provides information about the

kinematics of the galaxy, yielding additional clues to these problems.

4, Search for a Neutral-Atomic-Hydrogen Link Between M31 and M33

Observations in the 2l-cm spectral line have shown that, as a gen-
eral rule, the neutral atomic hydrogen associated with spiral and ir-
regular galaxies extends throughout a much larger region of space than
do any of the optically detectable components of the galaxy. As a result,
there have already been cases where an H I bridge has been found linking
galaxies which appear close together but separate optically. The first
of these cases to be reported was the common envelope of the Magellanic
Clouds (Hindman, Kerr, and McGee 1963). More recently, Roberts (1968a)
found a bridge between the galaxies NGC 4631 and NGC 4656. Also,
Strauss (1968) reported tracing an extension of an outer spiral arm of
our galaxy more than half way from the Milky Way to the Small Magellanic
Cloud. However, reobservation with improved equipment failed to con-
firm the original detection of this feature (Turner 1968).

Within the Local Group (see Fig. 9) one can recognize two major
subgroups: one dominated by the Milky Way, and the other by Messier 31.
Messier 33 lies quite close to M31l; the distance between them is 15°%3
as seen on the plane of the sky. This translates into a linear separa-
tion of 190 kpc if one accepts distances of 690 kpc for M31 and 720 kpc
for M33 (de Vaucouleurs 1966). This separation is 5 times the minimum

separation between NGC 4631 and 4656, and about 4 times the distance



36

M 10 ! teoh ! !
pcC .
Y
oS A
0.5} -
° Leol
LEWTY;
Dre
Golexy ©
or L:a;;. : T
SMC
o Sct o 'C10
147
nes22, ofor s
20
2:’ (31]
oMM
-05 -
o 11613
oYLM
-1.0 1 1 1
-0.% o 0.8 1.0 X Mpcts

Figure 9. — Local Group Projected into the Supergalactic Plane. The
positions of galaxies in the Local Group projected into the plane
defined by the great circle toward which the brighter galaxies are
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2T = 15°, bl = +5°, and longitudes are reckoned from the line of
nodes, OX, with the galactic plane at 2I = 105°, bl = 0° (from
de Vaucouleurs and Ables 1965) .
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from us to the Magellanic Clouds. In terms of the galaxies themselves,
the separation is roughly 4 times the diameter of M31 and 10 times the
diameter of M33.

Observations were obtained on 5 days in February 1968 (see Table 1).
The drift scans lasted for an hour and a quarter;-and during this time
the telescope was driven southward at a constant rate such that the beam
passed through the centers of M3l and M33 as they transited. The sig-
nals were integrated for 10 seconds at a time, ylelding 450 readings
per channel per scan. Because of the large number of data points and
limited space in the computer, the scans had to be reduced either in
two sections or with pairs of adjacent points averaged together. 1In
practice, both methods were carried out, and their results compared.

Since no signals could be recognized in the drift curves of the in-
dividual 20 km/sec-wide channels, adjacent channels were averaged to-
gether. This procedure will be effective if signals are being emitted
from regions in which tée velocity dispersion is larger than the channel
bandwidth. Figure 10 shows the results of averaging channels in groups
of five, for an effective bandwidth of 0.5 MHz or 105 km/sec. In ad-
dition to the centers of M3l and M33, the position of the lenticular
galaxy NGC 404, which happens to lie within 2' of the scan line, is in-
dicated. The vertical scale is labelled in units of the product of
brightness temperature and bandwidth. Since the bandwidth is about
100 km/sec, the height of one box is roughly equivalent to 1° K. There
are no convincing signals in these drift curves, except for those seen
in the directions of the 3 galaxies. The noisy nature of the lowest

scan is caused by irregularities in local foreground hydrogen.
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Summation of points along the scan channel by channel yields a
velocity profile. The points in the intergalactic region, from 0h 45"
to lh 27m, were used to create the profiles in Figure 1ll. The dashed
curve is for data from the scans reduced in two sections, the solid
curve from the reduction by means of averaging adjacent points. The
last few channels suffer from confusion with foreground hydrogen. The
negative bias of the latter profile probably results from a slight
curvature of the baseline. The scatter of the points is only slightly
larger than would be expected from the noise in the system, and there
is only one point among the first 20 channels which falls more than 20
away from the mean for those channels. Hydrogen in the region between
the galaxies might have been expected to show up particularly in chan-
nels 10 to 16, which cover the range of radial velocities between the
systemic velocities of M31 and M33.

The number of neutral hydrogen atoms in a square-centimeter column
is proportional to the integrated 2l1-cm brightness temperature. Adopt~-
ing 30° K km/sec (which is four times the r.m.s. scatter in the top
four drift curves of Fig. 10) as an upper limit for the integrated
brightness temperature in the bridge leads to an upper limit of
5 x 1014 atoms/cm2 on the surface number density of H I. This upper
limit is roughly four times lower than the observed brightness tempera-
ture of the bridge between NGC 4631 and 4656. It corresponds to an
upper limit of 1.6 x 108 MQ) of neutral hydrogen in the surveyed area,
a strip 10' wide and 15° long between M31 and M33.

If a bridge does exist between M31l and M33, and if it is a cylinder
with the same linear cross section as Roberts found for the bridge be-

tween NGC 4631 and NGC 4656, then the bridge should appear 6 times as
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apparent from Fig. 10.
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broad as the surveyed area. Hence, the upper limit for its H I mass

[od

is 109 MQj or less than 19% of the mass of neutral atomic hydrogen in
M31 and M33 proper. The mean excess density of neutral hydrogen in
the bridge, aboye the density of the general extragalactic medium, would

32 grams/cm3 (an order of

be less than 1.2 x 10°° atoms/cm3, or 2 x 10°
magnitude lower than the mean density of the intergalactic medium;
McVittie 1965).

A comparative listing of the parameters of the three pairs of gal-
axies (the Magellanic Clouds, NGC 4631/4656, 32? M31/M33) is given in
Table 3. The values for the masses of the Magellanic Clouds refer only
to the "main bodies" of the galaxies, and the value for the bridge re-
fers to the "envelope" of the galaxies—-of which perhaps half should be

considered as forming the bridge and the rest as belonging to the

individual Clouds.

TABLE 3

COMPARISON-OF INTERGALACTIC H I BRIDGES

Parameter LMC/SMC NGC 4631/4656 M31/M33
Distance (assumed) 46 kpc 4 Mpc 700 kpe
M /Mo galaxy a 3.2x108 4.0x109 3.7x10°

galaxy b 2.8x108 1.4x10% 1.6x10°
bridge 4.0x108 0.7x109 <1.0x109
complete system 1.0x10° 6.4x109 <6.3x109
% H I mass in bridge 40(20) 11 <16
J TBdV in bridge 170 120 <30

[°K km/sec]




CHAPTER IV: KINEMATICS

1. General Considerations and Assumptions

In order to describe completely the kinematics of a galaxy, one
would have to set up a mass or density function of six independent phase-
space coordinates--three positions and three velocities. However, all.
observational quantities are functions of only three coordinates-~po-
sitions projected against the celestial sphere, and radial velocity. In
order to make any headway in the description of~ga1§xy kinematics, one
must invoke symmetry arguments to reduce the number of independent var-
iables. The particular symmetries used are derived from observational
experience and from the assumption that galaxies form a class of objects
with many properties in common.

The two primary assumptions generally made are that spiral galaxies
are highly flattened objects, describable in the limit as planes of in-
finitesimal thickness, and that they are axially symmetrical about axes
perpendicular to their primary planes. While the stellar content of
Sb and Sc galaxies seen edge-on displays a distribution with an axial
ratio typically in the range of 0.2 3 c/a A& 0.1, the gas and dust have
an even flatter distribution. In our own galaxy, for example, the
neutral hydrogen within Ro = 10 kpc forms a layer with a full width at
half density of 160-220 pc (corresponding to c/a ~ 0.02) and a deviation
from the central plane of ~ 25 pc (Kerr and Westerhout 1965). It is
only outside the circle corresponding to the solar distance from the
galactic center that the hydrogen layer begins to thicken and to become
subject to the "hatbrim effect'. The thinness and flatness assumption

should therefore be quite a reasonable approximation to the true state

42
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of affairs; and minor corrections to values obtained on the basis of
this assumption can be applied to account for the effects of finite
thickness.

The assumption of circular symmetry appears to be at least roughly
satisfied in all normal spiral galaxies. For this reason, and because
of the simplicity of circular as opposed to noncircular models, cir-
cularly symmetric models are used as a starting point in the fitting
of models to the data. The departures of the data from circular sym-
metry can then be described by differences in parameters obtained for
various subsets of the data.

The derivation of the kinematics of galaxies from observations at
21-cm wavelength is hampered by the limited angular resolution of radio
telescopes. Rotation curves obtained from observed position-velocity
loci are distorted by the effects of beam smearing. Roberts (1968a) has
shown how severe the distortion is in the case of a galaxy with a di-
ameter approximately twice the half-power beamwidth of the telescope.
In the case of M33, where the radio diameter is at least six times the
half-power beamwidth, the effects of beam smearing are not nearly as
serious. However, it is still true that, because of the interplay of
a large number of parameters in the creation of a position-velocity
locus or rotation curve, the corrections for beam smearing must be made
on the original observed data. One such approach would involve a two-
dimensional deconvolution of antenna-temperature contours for each of
the observed velocity intervals. The danger of this approach is that
the process of deconvolution forces a deterioration of the signal-to-
nolse ratio of the data. As a result, some of the features in the de-

convolved picture of the data may in fact be spurious, even though
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resmeafing of the deconvolved picture produces very small departures

from the observed data. An example of such a spurious feature is the
strong central peak originally found (van de Hulst, Raimond, and

van Woerden 1957) in the density distribution of neutral pydrogen in

M31, which is not present in observations obtained with higher resolution
(Roberts 1966). An alternative method, adopted here, is to construct
simplified but reasonable models of a galaxy, smear them numerically,

and choose from these models the one which best fits the data.

2, The Model-Fitting Program

The purpose of the computer program is to take a circularly sym-
metrical thin-disk model of the galaxy with known hydrogen distribution,
rotation curve, and orientation; to convolve this model with a circular
Gaussian beam and a number of narrow filters, thereby simulating the
smearing action of the telescope and receiver; and to determine the
r.m.8. deviation of the resulting model drift curves from the observed

drift curves.

a) Coordinate Systems

Consider the following four coordinate systems, illustrated in
Figure 12:

(1) £, n: rectangular, in plane of the sky, origin at center
of galaxy

(2) p, ¢: polar, in plane of the sky, origin at center of
antenna beam

(3) x, y: rectangular, in principal plane of galaxy, origin at
center of galaxy

(4) r, 8: polar, in principal plane of galaxy, origin at center

of galaxy
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Figure 12. — Cocrdinate Systems Used in the Model-Fitting Program.
The coordinates and the conversions between coordinates are de-
scribed in the text. The ellipse represents the projected out-
line of a circular galaxy, A represents amn arbitrary point in
the galaxy, and * represents the center of the antenna beam.
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The plane of the galaxy intersects the plane of the sky along the
x-axis (6 = 0 axis), which is the major axis of the galaxy or, more
precisely, of its image projected on the plane of the sky. Thé +xvaxis
makes an angle y as measured from the +n axis around through the +£
axis (i.e., clockwise, if £ and n are plotted as a right-hand coordinate
system). Thus the +x axis is the eastern half of the major axis of the
galaxy. The +y axis is the northern half of the minor axis. The ¢ = 0
axis is parallel to the +x axis; ¢ and 6 are both measured counter-
clockwise. The inclination angle (i) between the two principal planes
is measured from the sky to the +y axis, positive away from the observer.
Rotational motions (Vc) are considered positive if they occur in the
sense of increasing 6, i.e., from the +x axis through the +y axis.

The following relationships represent the conversions between the

coordinate systems:

(&,n) + (x,y):

X =ncos y + g sin y

(4.1)
y =(nsiny - £ cos y)/cos i
(rpe) > (X,Y) :
X =1 cos 0
(4.2)
y = r s8in 6
(ps9) » (x,y):
X = + p cos ¢
k (4.3)

Yy =g + p sin ¢/cos i

b) Parameters of the Model Galaxy

(1) Kinematics. — Assume a rotation curve, which gives circular

velocity in the plane of the galaxy as a function of galactocentric
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distance, having a form first suggested by Brandt (1960):

Ar
1+ @BoM

vc(r) = 3/2n s (4‘4)
where A, B, and n are arbitrary constants. This equation can be re-

written in a form which makes the rotation curve somewhat easier to

visualize:

(r/Rm) Vm cosec i

5+ Zemy ™

. (4.5)

Vc(r) =

The three parameters Vm cosec i (the maximum circular velocity), R (the
distance from the center of the galaxy to the radius at which Vm occurs) ,

and n (an index of the breadth of the plateau region of the rotation

curve) determine the rotational velocity for all values of r. Also allow ex-

pansion velocities in the plane of the galaxy of the form
E(r) = Eo <. (4.6)

These yield a radial-velocity field, for a galaxy with systemic radial

velocity S, of

Vr(r,e) Vc(r) sin 1 cos 8 + E(r) sin i sin 0 + S

(4.7)
(Vm/Rm) r cos 8

i
= [l +.§(r/R )n]3/2n + E° ¥ sin i sin 6 + S.
3 3 m

Finally, assume a Gaussian velocity dispersion with a constant standard

deviation o, in radial velocity at all points.
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(2) Hydrogen Distribution. — Assume a Gaussian ring of radius

T, and width O> sitting on a uniform disk of radius r, > 0. The sur-

face density of neutral atomic hydrogen is then

Ho exp [—(r—r°)2/20H2] + HD for r < N
H(r) = (4.8)

2 2
Ho exp [—(r—ro) /20H ] r >

The parameters Ho and HD determine the relative surface densities of
hydrogen associated with the ring and disk distributions, respectively.
By the choice of r, = 0, the Gaussian ring becomes a central Gaussian
distribution. If the hydrogen is everywhere optically thin to 21-cm

line radiation and there is no interaction between line and continuum

radiation, then the amount of line radiation emitted will be proportional

to the surface density of neutral hydrogen atoms.

c) Parameters of the Receiving System

(1) Antenna beam. — Assume a circular Gaussian antenna pattern:
A(p) = exp [—p2/20B2], where oOp = HPBW/ 2 V2 In 2.

(2) Filter bandpass. — Assume for each filter a rectangular fre-

quency response with high- and low-frequency cutoffs v and vy in terms

H
of radial velocity, and that iy for one channel is equal to vy for the

adjacent channel.

d) The Channel Receptivity Field

If the hydrogen in the galaxy were subject only to large-scale
ordered motions with no velocity dispersion, the radial-velocity loci
corresponding to Yy and VL would define a strip in the galaxy inside of
which all hydrogen atoms would emit 21-cm radiation of frequencies
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accepted by the filter and outside of which no hydrogen atoms would emit
acceptable 2l-cm line radiation. The channel receptivity field, F(r,68),
would then resemble one of the shaded strips in Figure 13, having a
value of unity inside the shaded strip and a value of zero outside.
Since, however, the hydrogen in the galaxy has a non-zero velocity
dispersion, the channel receptivity F(r,6) will not be a discontinuous
function. It will instead be a function whose value is the area between
v and vy under a normal error curve with parameter o, centered at
Vr(r,e), this area being the fraction (percentage) of hydrogen atoms at

a given (r,0) which have radial velocitles suth that their 2l-cm radiation

can be accepted by the filter. Thus

V. .
1 H 2, 2
F(r,0) = -———or0 exp [—(v—Vr) /20V ] dv
Oy V2n v '
L
(4.9)
V. - v v., - V o
=-% erf | — L + erf H L3 ,

o V2 o V2
v v

where Vr = Vr(r,e) is given in equation (4.7).

e) The Antenna Temperature

The antenna temperature is the convolution of the antenna pattern
with the source function. In the preceding development, the source
function is the product of the hydrogen distribution and the channel re-

ceptivity field. Hence the antenna temperature is

TA(EB,nB) = [[A(D) H(p,9) F(p,$) pdpd¢ , (4.10)

where pdpd¢ is an element of area in the plane of the sky.
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However, it is advantageous in conformance with the preceding discussion

to carry out the integration in the plane of the galaxy:

T, (x5,yg) = f,[ A(r,6) H(r) F(r,6) rdrde. (4.11)

£) The Numerical Integration Algorithm

The plane of the sky is divided up for the purpose of numerical
integration into a series of circular annuli concentric with the antenna
beam. The diameter of the central disc and the width of the inner-

most annulus are taken to be

1 upBw]. V&, (4.12)

dp = Min [(30 km/sec)/A, Ogs Tps

where A = 33/2n

(Vm csc i)/Rm is a measure of the
maximum slope of the rotation curve,

o4 is a measure of the width of the hydrogen ring,
L is the radius of the hydrogen disc,

HPBW is the half-power beamwidth of the antenna, and

€ is a measure of the desired fractional accuracy of

the computation.

The area of the central disc in the plane of the galaxy is (n/4) dp?/cos i,
The width of the mth annulus is given by
= d Ty A
hm do YA(p m)’ (4.13)
where A(p'm) is the antenna response at a distance
p'm and p'm is the distance of the inner edge of the

mth anrulus from the center of the beam.
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The first annulus is divided into eight sectors; the mth annulus into 4v

sectors:

v = (1/2) pm/hm . (4.14)

where Pn is the distance from the beam center of the
th .
midpoint of the m~ annulus, and hm is the width

of the mth annulus.

It can be seen from these considerations that the product of antenna re-
sponse and the area (dS) of the integration element remains practically
constant throughout the entire integration. The center of each area ele-
ment is chosen as a representative point for that element. The positions.
of the area elements are determined by specifying that four representative
points lie on the x and y axes, and the remainder be spaced uniformly

in ¢. The coordinates of the representative points are transformed from

(p,%) to (x,y) and the element of antenna temperature calculated.

Summation takes place over all sectors in the mth annulus. The integra-

tion continues until two conditions are simultaneously satisfied
(1) Ay < ¢
(4.16)
e f)0
(2) /- dij dij < g
h| o

or, in words, the integration must proceed until reaching points of small

antenna sensitivity and until the contribution to the antenna temperature
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of the last annulus is less than a desired fraction of the total antenna

temperature.

g) Comparison with Observed Data

After computing a model temperature for each point on the observed
drift curve, the program normalizes the model drift curve and computes the
r.m.s. of the point-by-point differences between the observations and the
model predictions. Two different normalizations are used: one to the
observed peak value of a drift curve (defined by the mean of the three
highest points), and one to the area under the curve. When all drift
curves have been processed, the program calculates the mean of the r.m.s.'s
for the drift curves, and the r.m.s. scatter of the individual normali-
zation factors about their mean. These two numbers for each type of
normalization form quantitative criteria of the goodness of fit of the
model to the observations.

The normalization to the peak of a drift curve provides an indication
of the relative shapes of the observed and computed drift curves in that
portion of the curves where the signal-to-noise ratio is highest. The
normalization to the area under the drift curve fixes the amount uf
hydrogen measured by that drift curve. The scatter about the mean of
the individual area normalization factors provides information on how well

the model distributes the hydrogen among the various drift curves.

3. The Observations and the Models

a) Observational Data
Figure 14 contains contour maps of antenna temperature for eleven
frequency intervals covering the range of radial velocities found in M33.

These maps were constructed in the same manner as that in Figure 3, using
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Figure 14(a-d). — Individual-Channel Contour Maps. These maps show
the distribution of beam-averaged antenna temperature in each
of the eleven channels covering the range of radial velocities

in which 21-cm radiation from M33 was detected.

The contours

are drawn at intervals of 0.1 times the peak Tp in each map:

thus the contour levels change from one map to the next.

For

comparison between the kinematics of neutral and ionized hydro-
gen, the data of Carranza et al. (1968) from Ho interferometry

are included.

The optical data are more nearly complete for
the southern half of M33 than for the northern.

The maps on

this page cover the velocity intervals -70 to -91, -91 to -112,
-113 to -134, and -134 to -155 km/sec.
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The maps on

this page cover the velocity intervals -155 to -176, =176 to
~-197, -197 to -218, and -218 to -239 km/sec.
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Figure 14(i-k). — Individual-Channel Contour Maps.

The maps on

this page cover the velocity intervals -239 to -260, -260 to
-281, and -281 to -302 km/sec.
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drift curves of individual channels. Because the channel centers for
the scans 25' N and S of the center of M33 were offset by ~7 km/sec
(v1/3 of a channel) from the channel centers at other declinations, the
scans at these two declinations could not be used in the preparation of
the contour maps.

These maps show a systematic positional displacement as a function
of radiél velocity, the maps for more negative radial velocities being
centered progressively further north along the major axis of the galaxy.
Also, the contours for chamnels near the systemic velocity are broadest
in a direction parallel to the minor axis of the galaxy. From comparison
with Figure 13 one may see that this 1s the expected behavior if the
observed radial-velocity range is produced'primarily by the rotation of
the galaxy. Further evidence that circular motion is dominant over non-
circular motions comes from the good agreement ip position angle between
the geometrical minor axis of the galaxy (112°) and its kinematical minor
axis, defined by the lines connecting the peaks of double-peaked con-
tours in Figure 14 (cf. Table 4). Radial motions in the galactic plane
wopld produce a rotation of the kinematical minor axis with respect to

the geometrical minor axis.

b) Hydrogen Distribution

Because the channel receptivity field for an individual channel
forms a strip whose width increases with increasing dist;gge from the
galactic center (see Fig. 13), the contour map of antenna temperature
for an individual channel near the systemic velocity will display a

slight central depression even if the surface density of neutral hydro-

gen is uniform throughout the galaxy. However, the central depressions
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TABLE 4

PEAKS OF SINGLE-CHANNEL CONTOUR MAPS

Channel Peak Position Peak-to-Peak

Vr[km/sec] Ao A separation p.a.
- 81 - 9!'3  -25!9
-102 - 9.7 -18.4

-123 -11.2 -10.6 10'7 111°
- 1.3 -14.4

-144 -l4.4 - 5.1 20.6 111
+ 5.2 -12.5

-165 -12.5 + 1.3 22.6 112

+ 8.4 -7.2 -

-186 -10.8  + 7.5 22.7 115
+9,9 -2.1

-207 -9.1  +11.3 22.9 110
+12.9 + 4.1
- 309 +12u5

228 e i 14.6 104
-249 + 4.5 +14.9
-270 + 8.0 +26.2
-291 + 6.7  +32.8

in the maps in Figure 14 (see also Fig. 4) are quite pronounced. (The
antenna temperatures at the saddle points in Figure l4e,f are “65% of
the peak temperatures.) Therefore there must indeed be a lack of hy-
drogen in the central regions of M33, compared to the amount found at
distances of 15'-20' from the center. Figure 15 contains contour maps
for one channel of model galaxies with a ring of hydrogen, with uni-
form hydrogen, and with a ceﬁtrally condensed hydrogen distributiom.
These maps may be compared with panel (f) of Figure 14, which contains
the observed contours for the same radial-velocity interval. The model

parameters adopted as representing the hydrogen distribution in M33
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were derived from comparison with the integrated H I contours (Fig. 3)
and with the two individual channels nearest the systemic velocity
(Fig. l4e,f). The adopted parameters refer to the main body of the
galaxy, because of the assumption of circular symmetry. In particular,
the np and sf wings were ignored in the fitting. Table 5 contains the

adopted values of the H I distribution parameters.

TABLE 5

ADOPTED VALUES FOR H I DISTRIBUTION PARAMETERS

Parameter Value
r, ring radius ' 18’ 3.9 kpc
oy ring thickness 10’ 2.2 kpc
r, digk radius 35! 7.6 kpe
P fraction of H I associated .33

with ring
Maximum relative density ring/disk .66

H, /H)

c) inclination

In order to achieve a fit for the hydrogen distribution, one ad-
ditional parameter has to be considered: the inclination i. The
adopted value of 55° is compared in Table 6 with optical determinations
by previous authors. Three of the values were derived from major and
minor axis diameters of M33. Patterson derived her value from fitting
ellipses by eye to isophotal contours at 30° intervals of position
angle. The present value was determined from comparison of observed

3

and computed integrated-H I contours, with greatest Qeight given to the

contours near the half-maximum level. The optical values for the
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TABLE 6

DETERMINATIONS OF THE INCLINATION OF M33

Author b/a i(0.0) 1(0.2)
Roberts (1899) .57 56° 57°
Patterson (1940) (.50) 60° (62°)
Holmberg (1950) .64 50° 52°
de Vaucouleurs (1959) .62 52° 54°
Gordon (present paper) 55°

inclination are listed both for the thin-disk assumption (c/a = 0)

and for a finite axial ratio (c/a = 0.2). The latter values should be
compared,with the value derived from the distribution of neutral hy-
drogen, because the neutral hydrogen probably has a much flatter

distribution than does the luminous matter in the galaxy (cf. §IV.1).

d) Systemic Velocity

Table 7A lists the values for the systemic velocity of M33 ob-
tained by previous authors. Most of these refer to the value at the
optical center of the galaxy. Some, on the other hand, were derived
from the assumption of a symmetrical rotation curve or, equivalently,
from the midpoint of the global velocity profile. Burke, Turner, and
Tuve (1963) presented values obtained by both methods. They found a
difference of 5 km/sec between the two, which they stated 'is signi-
ficant but is not understood.”" 1In the present study the systemic
velocity was derived by five different methods, subject to the assumption
that the rotational center of M33 coincides with its optical center.
(1) The placement in the sky of the contours for the two channels

nearest the systemic velocity was compared between models and observations.
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TABLE 7

THE SYSTEMIC VELOCITY OF M33

A. Previous Investigations

Author S [km/sec]
Pease (1916). - 70
Hubble (1936) -320
Mayall and Aller (1942) -167+ 5 p.e.
ﬁumason, Mayall, and Sandage (1956) -189+15 est.
Volders (1959) =175+ 2
Dieter (1962) -186+ 5

Burke, Turner, and Tuve (1963)

-179+ 1 (minor axis)
-184 (major axis)

Brandt (1965) -195+ 7 p.e.
Meng and Kraus (1966) -169
Davies (1967) -179
Carranza, Courtes, Georgelin, Monnet, -172.5
and Pourcelot (1968)
B. Present Study
Method S[kn/sec]

(1) Single-channel contours -178
(2) Minor-axis velocity profiles =177
(3) Velocity profiles, central major axis -183
(4) Symmetrical rotation curve ‘—183
(5) Best rotation curve, northern major axis -180

" southern major axis -180

Adopted ~-180+2.5 (internal
m.e.)*

*

External error amounts to 7 km/sec per minute of arc pointing in-
accuracy., An estimated mean pointing error of 20" in. each co-
ordinate, plus 20" for the optical position, yields an estimated

external mean error of '+ 4 km/sec.
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(2) The quality of the model fits was evaluated, using the.criteria
outlined in §IV.2.g), for velocity profiles at points along the minor
axis of M33. (3) The best-fitting model was found for velocity pro-
files in the central section of the major axis (between 10' N and 10' S
of the galactic center); (4) for velocity profiles along the entire
major axis, assuming a symmetrical rotation curve; and (5) for velocity
profiles along the northern and southern halves of the major axis,
without assuming a symmetrical rotation curve. The results are listed
in Table 7B. The agreement between methods (2) and (4) and the cor-
responding values from the study by Burke et al. 1s quite satisfying.
Although the differences between the values found using the five dif-
ferent methods may be real, they are not significant, since the filters
used in this study were 20 km/sec wide. In addition to the internal
uncertainty in the adopted value of -180 km/sec, there are external
uncertainties introduced by the limited accuracy of the optical po-
sition of M33 and the pointing accuracy of the 300-ft telescope. The

estimated mean error from both internal and external sources is + 5 km/sec.

e) The Rotation Curve and the Total Mass of M33

From the factors sin 6 and cos 6 in equation (4.7), one can see
that observations along the minor axis of a galaxy yield no hold on
the rotation curve, while observations along the major axis yield the
rotation curve uncontaminated by effects of expansion or contraction in
the plane of the galaxy. Observations at other position angles contain
the effects of both circular and radial motions. Model-galaxy ve-
locity profiles were fit to profiles chosen along the major and minor
axes, and at eight other position angles spaced at 30° intervals on

the plane of the sky.



64

Table 8 contains the rotation-curve parameters determined from
velocity profiles along the two halves of the major axis (-38' < x
< +43"). The shapes of the two halves of the rotation curve are quite
similar, but the amplitudes differ by 5 km/sec in radial velocity,
or 6 km/sec in circular velocity, at maximum. This amount is signi-
ficant with regard to the internal accuracy of the model-fitting pro-
cedure, and it could indicate that the rotational center of the galaxy
lies slightly to thé north of the optical center. Alternatively, it
could indicate an asymmetrical mass distribution or the presence of
asymmetrically distributed forces of nongravitationak nature (e.g.,
magnetic fields) or large-scale motions perpendicular to the galactic
plane. The indicated amount cf the displacement is, however, only a
fraction of a minute of arc and thus within  the uncertainty of measure-
ment of the relative optical and radio positioms. On the other hand,
placing the rotational center at the apparent centers of the H I and
star-count distributions (which are south of the optical center)
would increase the asymmetry of the rotation curve considerably. The
low value of the shape parameter n V1--by contrast, the Bottlinger
(1933) rotation law sets n = 3--indicates a steep rise of the rotation
curve and a broad plateau region.

Valﬁes of the rotation-curve parameters outside the permissible
ranges yielded fits in which the r.m.s. deviation of the model points
from the observations was at least 10% greater than for the best value.
The quoted ranges are based on varying a single parameter while holding
all others constant. However, it is possible to compensate partially
a change in one parameter by an appropriate change in another: e.g.,

to decrease Vm and either increase o, or adjust 8. In particular, the
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TABLE 8

PARAMETERS OF THE ROTATION CURVE

Northern Half Southern Half
Parameter Best Value Permissible Best Value Permissible
Range Range
S ~-180 km/sec ~-182~ -178 -180 km/sec -182- -178
Vm 87 km/sec 85-89 82 km/sec 80-84
Rm 29' 26~32 30' 26-34
n 1.0 0.8-1.3 1.1 0.9-1.4
o, 12 km/sec 9-14 13 km/sec 11-15
MM 5.4x1010 3.5-8.4 4. 4x1010 2.9-6.7

compensating effects of simultaneously adjusting Vm and S produced a very
broad range of acceptable fits for the major-axis velocity profiles. The
magnitude of the asymmetry in the rotation curve is therefore critically
dependent upon the value of the systemic velocity. From the results of
methods (1) and (2) in §d) and from the model fitting described in §f),
one may conclude that the asymmetry may be a few km/sec larger than quoted
in Table 8, but that it is unlikely to be smaller.

An infinitesimally thin galaxy with a rotation curve of the form of

equation (4.4) has a total mass (Brandt 1960) of

] M, = A% (4.17)

where G 1s the gravitational constant. Using the parameters of equation

(4.5), one obtains
- 4 3/n 2 2
Mt/M() 6.77 x 107(1.5) Rm D Vm cosec” i , (4.18)

where D 1s the distance to the galaxy in megaparsecs. Masses correspond-
ing to values of D = 0.72 Mpc, i = 55°, and the rotation-curve parameters

in Table 8 are listed in the last line of the table.
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Table 9 compares an average mass for the galaxy with the masses de-
rived in studies by previous investigators. The published values were
corrected for differences in the assumed inclination of and distance to
M33 and, where necessary, for the assumption of an infinitegimal axial
ratio. Brandt (1960) has shown, for the inner parts of a galaxy with a
given rotation curve, that the mass is approximately proportional to
1+ c/a. For an Sc galaxy like M33, an axial ratio of c/a = 0.1 is prob-
ably appropriate. Strictly, this correction factor must be a function
of radius and must approach unity as r - «, The data used by many of the
previous authors extend over only a portion of the area covered by our
measurements. In addition, the models in some of these studies are termi-
nated at still smaller radii. Hence, the comparisons are made with the
mass of the present model contalned within a cylinder of the appropriate
radius. The values of the mass fraction used in the computation of the
truncated masses were taken from the table published by Brandt and
Scheer (1965).

If one restricts one's view to values of the mass contained within
a cylinder defined by the limit of the data, one finds agreement within
a factor of two between the present study and all previous studies.

This discrepancy can easily be accounted for within the measurement error.
The values for the total mass, however, range by an order of magnitude.
(Note that the 10% correction for finite axial ratio was not applied to
these values.) These values are all based upon extrapolations beyond

the data under the assumption of a particular shape of the rotation

curve. The present observations cover a larger portion of the rotation
curve with greater resolution than do any of the previous surveys, in-

cluding the one by Brandt (1965) in which all of the data beyond the
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peak of the rotation curve originated from the studies by Volders (1959)
and Dieter (1962) with half-power beamwidths of 34' and 53', respectively.
Within the framework of the assumed family of rotation curves, there-
fore, the present data should more accurately define the shape of the
curve than did any of the previous observations. One may legitimately
question whether equation (4.5) adequately represents the rotation curve
of the galaxy--since it predicts that less than half of the total mass

of M33 is contained within the limit of the data, and this fraction in-
creases quite slowly with increasing radius. But it is doubtful that this

question could be decided on the basis of the present data.

£) Comparison of the Distributions of Mass, Light, and Neutral Hydrogeh

The form of the rotation curve and the projected surface distri-
bution of mass in a galaxy are uniquely related. Brandt and Scheer (1965)
have tabulated dimensionless surface densities for rotation curves of
the form of equation (4.5). The values for the mass surface density of
M33 are tabulated in the second column of Table 10 as a function of radius.
The surface brightnesses in the third column are derived from the B photo-
metry by de Vaucouleurs (1959). Characteristic radii were obtained from
the areas contained within given isophotes. The effects of inclination
were removed by use of the average apparent axial ratio <b/a> = 0.615.

The conversion to solar units is based upon an apparent blue distance
modulus of 24.6 (de Vaucouleurs 1966) and an absolute solar magnitude of
+5.47 (Stebbins and Kron 1957). A similar procedure applied to the con-
tours in Figure 3 yields the surface densities of neutral atomic hydrogen
in the fourth column. In this case an inclination of 55° was assumed in

correcting the calibration of equation (3.1).
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TABLE 10

COMPARISON OF THE DISTRIBUTIONS OF MASS, LIGHT, AND NEUTRAL HYDROGEN

r 2t42 B ZHI Lt/Ip Br/fs .
("1 Mg/ec?l  [Le/ee®l M /pe?l /L 1 W /Lgl "HI
5 275 | 111 8.5 2.5 0.077 .031
10 180 54 8.3 3.3 0.154 .046
15 130 30.5 7.9 4.2 0.26 .062
20 85 17.3 7.4 4.9 0.43 .087
25 73 9.5 6.7 7.7 0.71 .092
30 48 4.5 5.1 10.7 1.13 . 106
35 36 2.0 3.5 18 1.8 .097
40 29 0.9: 2.1 30: 2: .073
50 19 0.1: 0.9 150: 7: .046

Thé fétios in the last three columns of the table show that both the
total-mass and light distributions are centrally peaked, but the distri-
bution of neutral hydrogen is not.~ In the outer part of the galaxy, the
distribution of hydrogen and total mass are more nearly proportional to
each other than either is to the distribution of blue light. Both the
hydrogen and total-mass distributions are more exterided than is the light.
This could be interpreted as support for the hypothesis that the formation
of stars, and particularly of highly luminous stars, depends on a power

greater than one of the density of matter.

g) Departures from Circular Motion

Because all velocity profiles within each group used in the fitting
program lie along a single radius vector in M33 [see §e)], the fitting
is free of any assumptions regarding the dependence of noncircular motions

on position angle (8). These motions may manifest themselves to the
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fitting program either by requiring different rotation curves for each

set of velocity profiles or by requiring non-zero values for the expan-
sion parameters in equation (4.7). In either case, the program is actual-
ly fitting the magnitude of the line-of-sight component of the non-
circular velocity as a function of r. This component may contain con-
tributions from motions along a radius vector in the plane of the galaxy
(expansion/contraction), or motions perpendicular to the galactic plane,
or both.

Table 11 contains the results of the model fitting for the several
position angles. In the last two colummns of the table the departures from
circular motion are expressed respectively as the change in maximum ve~
locity of the rotation curve from the values in Table 8 (Avm) and as the
amplitude of expansion in the galactic plane (Eo)' With two exceptions,
the basic rotation curves fit the data with an r.m.s. inside the accept-

able range of 10% above the best fit. One of the exceptions (p.a. 352°)

TABLE 11

MODEL FITTING FOR VELOCITY PROFILES OFF THE MAJOR AXIS

Position  No. of Basic AVm Ej(k = 3)
angle profiles rotation curve [km/sec] [10~%4(km/sec) /min arc3]
52° N ~9+4 +12 +4
82-262 8 N -7+5 + 2 +3
S -137 +0.5+2.5
112-292 7 - - 0+2
142 5 S +3+6 + 242
172 7 S +1+3 + 24
232 5 S +3+3 - 3+3.5
322 7 N ~2+6 - 242
352 10 N +3+3 +  3+4
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is only marginally outside the permissible range. Different values of

€ > O produced very little difference in the quality of the fits achieved.
Values of k < 0O did not produce acceptable fits. Although the param-
eter values in the table refer to sets of models in which the systemic
velocity was taken to be -180 km/sec, better fits were obtained for the
minor-axis profiles with § = -177 km/sec and for the other groups with

8§ = ~-178 or -179 km/sec. Again, the differences in fit were at most
marginally significant. However, the trend of S with position angle
[already noted in §d) and by Burké et al. (1963)], together with the re-
sults of Table 10, probably indicate that there are noncircular motions
of several km/sec in M33 with a more complex positional dependence than

can be handled by the equations used in the model-fitting analysis.

h) Comparison of the Kinematics of Neutral and Ionized Hydrogen

The general agreement between the kinematics of neutral and ionized
hydrogen in M33 can be seen in Figure 14, which contains, in addition to
the H I contours for individual channels, the data of Carramnza et al.
(1968) in the corresponding velocity intervals. The optical points fall,
on the whole, in a band between the peaks of the radio contours. They
conform to the pattern, shown in Figure 13, of a smaller optical distri-
bution and a larger 2l-cm distribution‘delineating the inner and outer
portions, respectively, of the same radial-velocity loci.

Carranza et al. have noted an asymmetry in the rctation curve in
M33, in the same gense as described invée), but of greater magnitude.
Much of the discrepancy‘in magnitude can be accounted for by the different
values chosen for § (-172.5 vs. -180 km/sec). They also found that gas
in the spiral arms appeared to follow a different rotation law than gas

between the arms. This may explain the indications for noncircular
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motion found in §g). The group of 21-cm velocity profiles with the
strongest indication of noncircular motion is the group containing pro-
files of NGC 604, Scans obtained at the declination of NGC 604 with the
100-channel autocorrelation receiver (§elocity resolution 2 km/sec) in-
dicate the presence of a concentration of neutral hydrogen at the po-
sition of NGC 604 with a radial velocity of -245 km/sec (approximately
20 km/sec negative of the main peak of the velocity profile). The ve-
locity width for the feature cannot be determined from the present data,
since it occurs on the shoulder of the main peak. The optical measure-
ments of the velocity of NGC 604 show a wide range: the mean of four
plates from the study by.Mayall and Aller (1942) differs by 45 km/sec
from the mean of two plates by Brandt (1965). The observations of Carranza
et al. indicate internal motions in the region with a range of 50 km/sec,

encompassing the other optical values and centered around -255 km/sec.

1) Kinematics of the Outermost Parts of the Galaxy

As noted above, the adopted parameters of the neutral-hydrogen dis-
tribution refer to the main body (r £ 9 kpc) of the galaxy. Beyond this
radius, the surface density of ..eutral hydrogen appears to decrease more
slowly than predicted--particularly in the position angles at which the
"wings' are encountered. Velocity profiles from the outermost portions
of M33 were therefore excluded from the model fitting described in the
previous sections. Most of the signals from these outer regions are
weak, There are, however, signals in these reglons which are strong
enough to invite at least semi~quantitative analysis.

Figures 16 and 17 depict the velocity field in M33, uncorrected for
the effects of beam smearing. They are analogous to the drawing in the

left half of Figure 13, which represents a model galaxy in pure rotation.
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Figure 16. — Radial-Velocity Loci. The isovels in this figure
depict the radial-velocity field in M33, uncorrected for the
effects of beam smearing. The loci were derived from the peaks
of velocity profiles every 10%® in right ascension at the decli-
nations indicated by the horizontal bars along both sides of
the map. Dashed lines indicate portions of the loci which are
uncertain because of poor signal-to-noise ratio. The triangles
locate the peaks of the contour maps in Fig.l4.
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Figure 17. — Radial-Velocity Loci. The isovels in this figure
were constructed from the midpoints of velocity profiles
rather than their peaks. Otherwise the remarks of the caption
to Fig. 16 apply.
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Figure 16 is constructed from the peaks of velocity profiles recorded at
intervals of 10%° along each drift curve. Figure 17 is constructed from
the same velocity profiles, but is based on the velocities midway be-
tween the points at which the profiles reach an antenna temperature of

TA = 0.75° K. This level was chosen to lie safely above the r.m.s. noise

and yet include profiles at large distances from the center of the galaxy.

The differences between these two diagrams can be ascribed totally to

the effects of beam smearing. (One clear difference is in the spacing of
the isovels near the galactic center.) The conto;;; in Figure 18 show
how the widths of the velocity profiles decrease with increasing distance
from the center of M33. This effect reflects both the increasing spacing
between the isovels and the weakening of the signals from the outer parts
of the galaxy. The former phenomenon dominates within r~ 6 kpc, while
the latter phenomenon controls the appearance of the lowest contours.

Two local extrema can be seen in Figure 16 on the major axis of M33,
near the positions of the peaks of the rotation curve. But the real
extremes of the velocity field, in both figﬁres, occur further out from
the center of M33 and well away from the major axis. The outer ends of
all the isovels are bent in the same direction as these extrema are dis-
placed from the major axis. The gas which 1s at these extreme radial
velocities cannot be traveling in circular orbits in the galactic plane.

If one assumes that all gas in M33 is situated in the galactic plane,
then'the displacement of the velocity extrema from the major axis is a
result of expansion. The model-fitting approach was applied to ten ve-
locity profiles in the Eﬁ wing and to seven in the sf wing. On the basis

of the rotation-curve parameters in Table 8, these velocity profiles re-

quire the expansion parameters in Table 12. The first two lines of the
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TABLE 12

MODEL FITTING FOR VELOCITY PROFILES IN THE WINGS

North~Preceding Wing South-Following Wing
Parameter Best Value Permissible Best Value Permissible
Range Range

K 1 0 - 2 -0.5 -1.5 —+0.5
Eo[(km/sec)/(min arc)®] 1.05 0.9 -~ 1.2 500 425 - 575
R['] 70 55
EORK[km/sec] 74 64 - 84 67 57 - 77
AVr[km/sec]' -48 . =41 - =55 40 34 - 46
Zo[km/sec] 88 75 - 101 73 62 -~ 84
KZ[IO‘lO cm/sec?] 8.9 13.6
zm[kpc] ’ 14.3 10.5-18.8 6.6 4,8 - 8.7

table contain the values of the parameters of equation (4.7). In the next
two lines, the solutions are expressed as act.al expansion velocities at
representative galactocentric distances in the wings. In the fifth line
of the table, the trigonometric factors have been removed to show the ob-
served deviation of the radial velocity in the wings from the radial ve-
locity predicted by the rotation curve. The derived expansion velocities
are V70 km/sec, an order of magnitude larger than those found in the main
body of the galaxy, and there is an indication (at least in the np wing)
that the expansion velocity 1s still increasing outward. Both of these
factors would have to be explained before this model of the kinematics
could be accepted.

The model discussed above has dealt purely with the kinematics. How-
ever, one must also note that the Wings contain significant amounts of

neutral-hydrogen gas--since they are visible in the integrated H I contours
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of Figure 3., Planimetry of this figure, includiné a contour below the
lowest one shown, yields estimates of 1.0 x 108 M() of hydr&gen in the np
wing and 0.5 x 108 M@ in the sf wing. The integrated surface density is
5-10 times larger in the wings than at similar distances from the center
at other position angles. These numbers are quite uncertain because of
the difficulty of separating the wings from the main body of the galaxy.
There are three basic ways in which one might explain the difference
in surface density as a function of position angle while maintaining the
concept of a layer of neutral hydrogen comprising a galactic plane:
either by a difference in space density, or by a difference in the thick-
ness of the hydrogen layer, or by a warp in the layer producing a dif-
ference in the line-of-sight distance throﬁgh it.
In order to produce an effect of the observed magnitude, the warp
would have to change the effective inclination of the galactic plane
from 55° to 85°. The increased inclination would account for about
15 km/sec of the observed AVr (cf., Table 12) as projected circular ve-
locity. However, most.of the remainder would still have to be explained
as expansion, since motions perpendicular to the galactic plame would
also be very nearly perpendiculéi to the line of sight. The warp would
produce a "hatbrim" effect in M33 with a semi-amplitude of 7 kpc at
r = 12 kpc (= 57' along the major axis), if one assumes that the 'hatbrim"
has a form z(r,0) = A(r) sin (e~eo), and the amplitude A(r) is chosen
to produce a maximum tilt of 30° with respect to the mean plgne Qf the
galaxy. By contrast, the "hatbrim" observed in the outer part of the
Milky Way Galaxy reaches a height of 900 pc above the plane (along a
diameter perpendicular to the sun-center line) at r = 15 kpec, the largest

distance for which both northern and southern data are available (Kerr
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1969). On the northern side, with the larger warp, the "hatbrim" reaches
a height of 1600 pc at r = 16 kpc.

In attempting to account for a possible hatbrim in M33, one may com-
pare the tidal force exerted on M33 by M31 to that exerted on the Milky
Way by the Magellanic Clouds. Using the data compiled by Roberts (1968b),
one finds that M3l is 26 times as massive as the Clouds (31 vs. 1.2 x
1010 M()) but 3.3 times as far away from M33 (190 kpc) as the Clouds are
from the Galaxy (57 kpc). Since tidal forces vary inversely as the cube
of the distance, the tidal attraction of M31 for M33 is only 0.7 times
that of the Magellanic Clouds for the Milky Way. To complete the analogy,
and calculate the expected relative heights of the hatbrims, one should
know the relative surface densities of matter in the plane of M33 at
12 kpc from its center and in the plane of the Galaxy around 17 kpc from
its center. Brandt and Scheer (1965) have tabulated the necessary
functions for computing surface density from rotation-curve parameters.
For M33 one can use the parameter values in Table 8, and for the Milky
Way Vm = 255 km/sec, Rm = 8.66 kpc, n = 3: these values represent the
Kwee, Muller, and Westerhout rotation curve scaled to the presently ac-
cepted value of R(D = 10 kpe (Shane and Smith 1966), and produce a solar-
neighborhood value of Kz which is in good agreement with the value cited
by Qort (1965). The surface density of our Galaxy at R = 17 kpc is
7.4 x.10-3 g/cmz, or 2.8 times the surface density of M33 at 12 kpc,

2.6 x.10—3 g/cm2. The magnitude of the tidal effect of M31 on M33 should
therefore be just about twice the tidal effect of the Magellanic Clouds
on the Milky Way. However, it has been shown (Burke 1957; Kerr 1957;
Avner and King 1967; Hunter and Toomre 1968) that the tidal effects of

the Magellanic Clcuds on the Milky Way are insufficient to account for
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the observed hatbrim unless they were at one time gignificantly closer
than at present. In order to understand the observed distortion of the
isovels in M33 as a tidally induced hatbrim, one would have to postulate
a close approach to M31.

If one interprets the anomalous radial velocities in the wings of
M33 as motion perpendicular to the plane rather than expansion, one finds
velocities with the magnitudes listed in the sixth line of Table 12. Cal-
culation of the surface density from the rotation curve, together with
the assumption that the galaxy is an infinite sheet with uniform surface
density, lead to the accelerations Kz listéd in the seventh line of the
table. If the matter in the wings of M33 is currently in the plane and
moving with the indicated velocity perpendicular to the plane, then it
will ultimately reach the heights listed in the last line of the table.
Since these heights are so large as to make the assumption of an infinite
sheet a poor approximation to the actual aspect of the galaxy, an al-
ternate calculation was made in which the galaxy was represented as a
point source of 2.3 x 10lo MC)’ the mass of M33 contained within a cylin-
der of 60' radius. The z component of the gravitational acceleration
computed in this fashion was always at least 307 smaller than that cal-
culated for the infinite sheet. Consequently, the listed heights can-
not be reduced by more than a third, even if one assumes that the cor-
rect value for the acceleration is the sum of the two accelerations
calculated.

The assumptions of increased space density or increased thickness
of the hydrogen.layer are in effect similar to each other, but different
from the assumption of a warped layer, in that they both imply a phy-

sical piling-up of the gas at certain position angles in the galaxy (like
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physical arms or density waves). While explaining the integrated H I
aspect of the wings, neither model explains the observed velocity anomalies
without additional assumptions. If one removes the restrictioen of having
the wings physically comnected to the plane of M33, one has a model of
two self-contained masses of neutral hydrogen: companions in arbitrary
orbits around the galaxy.

Two checks can be made on whether it is possible for the wings to
exist as stable entities. First is to calculate the tidal limit on their

size imposed by M33 itself. According to King (1962),

1/3 '
r, = RO/2M)Y (4.19)

For R we use the characteristic distances in Table 12, for M the masses of
the wings, and for Mg 2.3 x 1010 M(), the mass of M33 within a limiting
radius of 60'. These figures yield tidal limiting radii r, = 9:1 and

5.7, to be compared with observed radii r = 7' and 5!3 for the np and

2
sf wings, respectively. Second is to apply the virial theorem in-its

simplest form,
W = oy, (4.20)

An estimated half width of 30 km/sec for velocity profiles in the wings
ylelds an r.m.s. space velocity of 22 km/sec. With this velocity and
the masses and radii quoted above, the left side of the equation assumes

a value of 1 x 1054 ergs for the np wing and 5 x 1053 ergs for the sf

wing, while the right side assumes values of 6 x 1053 ergs and 2 x 1053
ergs, respectively. These results are consistent with the stability of

the wings, to the accuracy of the data.
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The preseﬁce of two neutral hydrogen companions relatively near to
the main body of M33 could produce distortions in the outer parts of
the galactic plane which might explain the smaller velocity anomalies at
other position angles in Figures 16 and 17. Unfortunately there are too

many unknown parameters to allow a quantitative evaluation of this model.



CHAPTER V: SUMMARY

Messier 33 is a particularly interesting object for study in the
21-cm spectral line of neutral atomic hydrogen. As the late-type spiral
galaxy of largest angular size, it is the prototype of the most numerous
class of external galaxies available for this type of study; In addition,
it provides together with M31 a pair of galaxies which are probably quite
similar to our own, and such that many parameters of our own galaxy may
be interpolated between their values for the corresponding parameters.

Table 13 summarizes the properties of M33. For comparison with
several of the quantities in the table, one may use the following mean
values derived for Scd systems (Roberts 1968b): <MHI/L0> = 0.48 (ten
systems), <MHI/Mt> = 0.10 (eight systems), and <Mt/LO> = 6.7 (eight sys-—
tems). Individual values for each of these ratios show a large scatter
about the mean. The distribution of neutral hydrogen is much larger than
the distributions of optical and radio continuum emission, luminous stars,
and H II regions. In addition, it is ring-shaped (i.e., with a central
minimum), while the other distributions are all centrally peaked. The
distribution of total mass, though centrally peaked, covers an even
larger area than the neutral hydrogen.

From the results of this study one can conclude that the first ap-
proximation to the galaxy of an axisymmetric thin disk in circular ro-
tation is a good one, although it fails in detail (and the more detail
one sees in a galaxy, the more departures from circular symmetry one can
find). The asymmetry found in the rotation curves for the two halves of
the major axis of M33 has its parallels in the rotation-curve asymmetries

in M31 (Roberts 1966) and the Milky Way (Kerr 1962).
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TABLE 13

SUMMARY OF THE PROPERTIES OF MESSIER 33

Position (Shapley and Ames 1932)
Distance (Sandage 1962)

Apparent distance moduli (Sandage 1962)
(de Vaucouleurs 1966)

Optical diameter (Holmberg 1950)
(0.1 of smeared peak)

H I diameter (0.l of peak)
Inclination
Systemic radial velocity, heliocentric

Structural type (van den Bergh 1960)
(de Vaucouleurs 1961a)

Parameters of H I distribution:
ring radius
ring width
disk radius
maximum relative surface density,
ring/disk

Maximum H I surface‘density, corrected
to face-on view

Mass of neutral atomic hydrogen

Mean rotation-curve parameters:
peak velocity, line of sight component
peak circular velocity
radius at peak
shape parameter
velocity dispersion

Total mass, extrapolated
within cylinder of radius 60’

Photographic luminosity corrected for
inclination and galactic extinction

Color index corrected for inclination
and galactic reddening

Fraction of mass as neutral atomic
hydrogen

Mass-to~-light ratio

g (1950)

(m-M)

D

m —
pg P&
8 2

1P 3™
+30° 24!

24,3 mag
720 kpc

24,68 mag
24,6 mag

83'x53'
50'x34'

93'x56'
55°
-180 km/sec

Sc II-IIT
SA(s)cd

18'
10’
35!
0.66

1.1x1021 cp~2
1.6x107 MO

84 km/sec
103 km/sec
30!
1.0
13 km/sec

4,9x1010 M ®
2.3x1010 M ®

4.7x10° L
0.29 mag
0.070

0.033

4.9 MO/L

10.4 /L
0.34 ME%/LE%
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Asymmetries are also found in the distribution of neutral hydrogen
(see Fig. 4). An interesting detail is the detection of an H I concen-
tration apparently associated with the giant H II region NGC 604. This
is analogous to the H I - H II complexes in the Large Magellanic Cloud
(McGee and Milton 1966), and to the Orion aggregation in our galaxy
(Gordon 1969). On a larger scale are the offsets of the centers of the
distributions of H I, H II regions, and O stars from the optical center
of the galaxy. The offsets (several minutes of arc or several hundred
parsecsrin size) are not accompanied by large velocity anomalies near the
center of M33--there is no evidence for an explosion, as in M82, or for
an analog of the 4-kpc expanding arm in our galaxy. The perturbation of
the distribution of extreme Population I objects with respect to the older
constituents of M33 seems, therefore, likely to be quiet and evolutionary
- rather than cataclysmic in origin.

The most striking departures from circular symmetry in both the
hydrogen distribution and velocity field of M33 are the wings (see Figs.
3 and 16). Similar distortions of the radial-velocity loci have been
found for NGC 300 (Shobbrook and Robinson 1967) and NGC 5236 (Lewis 1968).
In the former study, several models were proposed, but the resolution of
the data was insufficient to allow a choice among them. In the latter
study, no attempt was made to reconcile the resulting picture of the
kinematics with the optical appearance of the galaxy, and the fact that
the locus of the systemic velocity was aligned with the optical minor
axis rather than perpendicular to the line joining the velocity extrema
was interpreted as an indication of expansion in the main body of the
galaxy. In the case of M33, at least, it would be unwarranted fo ignore

the kinematical studies at optical wavelengths which are inconsistent
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with such a picture--particularly since there is good agreement between
these studies and the present data for the main body of the galaxy. How-
ever, attempts to explain the wings as distortions of the plane of M33
like the "hatbrim' of the Milky Way lead to extreme values of several
parameters, notably the maximum height of the wings above the galactic
plane. Since tidal forces are too weak to explain the "hatbrim'", they
fail by a larger factor to account for the wings. The present observa-
tions are consistent with a picture of the wings as stable, gaseous com-
panions of M33, containing ’\»108 M(D of neutral hydrogen, in orbits which
are noncircular and/or inclined to the galactic plane. Hydrogen com-
panions have previously been found for M31 (Burke, Turner, and Tuve 1964a)
and NGC 925 (Hdglund and Roberts 1965). It is also possible to interpret
the high-velocity clouds found during surveys of the hydrogen in our

galaxy (Hulsbosch and Raimond 1966) as similar companions of the Milky
Way (Kerr 1968).

A search was made along a line cohnéZting the centers of M3l and

M33 for a possible bridge of neutral atomic hydrogen linking the two
galaxies. The upper limit on the surface density of hydrogen in the re-

gion between the galaxies is N.. < 5 x 1014 atoms/cmz. This limit is

HI
1/4 the observed density in the bridge between NGC 4631 and NGC 4656
{(Roberts 1968a) and 1/6 the observed demsity between the Magellanic Clouds
(Hindman et al. 1963).

The model-fitting technique used in this study is a powerful tool
for studying the kinematics of galaxies. With a large galaxy like M33,

it yields a detailed picture. In addition, it can extract parameters

for galaxies which are not much larger than the half-power beamwidth of
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the telescope (Roberts 1968a; Gordon, Remage, and Roberts 1968). The
present study of M33 is the most detailed, overall, 2l-cm study of this
type of galaxy possible with presently available instruments. Other
galaxies which allow more detailed overall study are M31, because of its
greater size, and the Magellanic Clouds, because of their greater prox-
imity. Examples of furthef surveys of M33 which should be undertaken in
the near future are (l) surface photometry with an Ho interference filter
to provide a less biased view of the distribution of ionized hydrogen
than can be obtained from the present catalogs of emission regions, and
(2) extension of the star counts to fainter limiting magnitudes and to a
second color in order to yield a better picture of the upper end of the

luminosity function and stellar evolution.
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