Neutral Hydrogen in External Galaxies

" Arnold Rots
»iJuiy 9, 1976 -

For. a topic like this there are two possible approéches :
to consider ome galaxy in cé%iderable detail, or to comsider just .
global parametefs‘of many galaxies. Limited by resclution the‘seéond
‘a?proach haé,beenbthe prevailing one until recently. Now that de-
tailed studies of galaxiés other than Andromeda or the Magelénic
Clouds'are more or less available, it seems interesting to compare
 the'two approaches. In doing so; it is surprising how the same pa-
rameters and the saﬁe problems are popping up. It turns out that the
' two methods are highly complementary and hence such a comparison is
very clarlfylng and fruitful. ' ' T

I would like to start out with the integral propertles
‘statistics on a relatively large number of galaxies. An excellent
reference which I include in these notes to cover this Subject is
M. 8. Roberts.l1974, xutersteljar Hydrogen in Gdldees, Sc;ence 183
371.

Then I would like to discuss one galaxy in detail : M 81,
on the basis of Westerbork observations. This part is represented
~in these notes,bj a paper given at the CNRS symposiﬁm Dynamicé-of_
Spiral Galaxies (Paris 1974). Most of the figures of that paper are
siighﬁly outdated at present; This, however, does not affect the
©  argument. Figs.VBaeadd 8b have been added. They contain M/L,. B-V,
and r&lative'HI surface density as functions of radigsc“A”more
proper publication'of these data can be found in A & A 45, 25 and
43 (1975). ‘ o , )
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Emg’mteﬂar H;ydmgeﬁ in Galaxies

Radlo observatxons of neutral hydrogen yield valuable

mformatzon on the properties of galax1es

In the past 20 years radio spectral
line techniques have been used to study
the interstellar hydrogen content of the

nearer galaxies. These isolated systems .

of stars, gas, and dust typically have
masses in the range 104 to 10%% grams.

- They take second place on the mass

scale to the physical groupings and

« e glasters.of-galaxies-which-populate. and

define the universe. -

The period during which the galax-
ies themselves have been recognized as
separate entities rather than nebulous
patches located within our “Milky Way
univeise” dates back only to 1924,

‘whenv Hubble established that cepheid
_variable stars, a powerful astronomical
yardstick, were present in the spiral
nebula in Andromeda (/). He found
that the nebula lay well beyond the
confines of our own Milky Way sys-
“island universe” theory was
proved. An interesting and little-recog-
nized sidelight was the derivation of
a similarly large distance for the An-

dromeda galaxy by Opik a few years”

before Hubble’s discovery of the
cepheids (2). Opik emploved a method
commonly used today, that of assum-

ing a constant ratio of mass to luminos-"

ity for galaxies. This assumption, to-
gether with rotation and luminosity
information on Andromeda and a region
in our own galaxy, enabied Qpik to
estimate the distance.

 Developments of the following 30
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years- included recognition of different
types of galaxies, the “Hubble types.”
The discovery that the distant galaxies
are receding in a systematic manaer
proportional to their distance led to the

- velocity-distance correlation and. the

related Hubble constant, which gives
the rate of expansion of the universe

-as well as a measure of its age. Galaxy

counts were developed but unsuccess-
fully applied, to derive the geometry

of the universe. (Radio source counts

are being used in similar analyses today
with widely differing conclusions.)
The thrust of extragalactic research

was aimed at cosmology. Little was

known Of the galakies themselves. As
basic a parameter as total mass was
known for only a handful of galaxies.
The gaseous interstellar component was
only qualitatively described by the op-
tical emission lines. Qur umderstanding
of the properties of galaxies was de-
veloping slowly because the necessary

observational data were difficult {o
obtain: spectrographs were slow;
photographic emulsions were slow;

photoelectric techniques were in their
infancy; the number of telewcopes used
for extragalactic studies were few; and,
surprisingly, the number of astrono-
mers working in this field were com-

- paratively few.

The classification of galaxies by

‘structural appearance seemed to offer

important clues to our understanding
of thesc systems. Some felt that it re-
flected an evolutionary sequence. But
there was no agreement on which di-

rection the evoluuon took Fx gure ’
- summarizes in a series of sketches the

different galaxy types. Photographic
examples are given in (3-5). There.
are two basic sequences: the ellipticais

- —which show no structural features,

only different degrees of apparent flat-

. tening—and the spirals. The latter are

further subdivided into regular and
barred. In the regular systems the spiral

“arms come from the central nuclear

tegion; the barred galaxies have their
spiral structure starting from the ends
of a central bar. ’

As a matter of convenience, the
terms “early” and “late” are used to
refer to the two ends of the sequaence.

Thus, SO's are earlier than Sb’s, and

irregular galaxies are late type systems.
Hubble (6), in introducing this nomen-
clature, was careful to point out that
no evolutionary or chronological sxg~
nificance was intended.

The classification of galaxies is a
subjective procedure. The general fea-

.tures . of the different types are well

described, and one can quickly learn

.the classification scheme. But are there

afy physical parameters that can be
associated with this subjective scheme?
The color -and the related quantity, the
integrated spectral type, are usually
well correlated with structural -type.
Another correlation, that of the ratio
of totai mass to luminosity, was sug-
gested when relatively few galaxian
masses were available (7). It does not
appear to hold now, except for the
broad subdivision of ellipticals . and
spirals, the former having -a higher
ratio by about an order of rmagnitude.
No correlation among the varicus
classes of spirals is indicated by the
larger sample of mass determinations
now available (&8).

Hydrogen 21-Centimeter Emission

A sigriiﬁcantcorrelation of a physt-
cal parameter with structural type is

found in studies of the hvdrogen emis-
_sion at 21 cm. The fractional hydrogen

content and the ratio of hydrogen mass
to luminoesity both increase in a syste-
matic manner for later structural types

Copyright© 1974 by the American Association for the Advancement of Science
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Fig. 1. Schematic representation of normal galaxy types. This is a composite of classifi-
cation systems proposed by Hubble (3, 6) and de Vaucouleurs (4).

{8). The significance of this correlation
is not understood. When first found it
was thought to be the Roseita stone
which would aid in deciphering the
Hubble sequence; perhaps the clue to
an evolutionary sequence was at hand.
As will be discussed below, these hopes
have yet to be realized. But the corre-
lation of hydrogen content and galaxy

type must surely mark a significant

step in our description of galaxies.
Part of the importance of hydrogen
is that it is the most abundant, by far,
of ail the elements; it is nine times
moressahundant .in. number . of ..atoms
and twice as abundant in mass corm-
pared to second place helium. Together,

these two elements make up 99 percent

- of the chemical mass of the universe.
Within our own galaxy most of this
mass is in the form of stars. Interstellar
material, dust and gas, represents about
a twentieth of the total mass of the
galaxy. It is; however, an important
component for it is the stff from
which new stars are made.

Interstellar hydrogen occurs in both
atomic and molecular states and at
various levels of excitation. The first
discovered radio spectral line and the

only one known for 12 years arises

from a hyperfine transition of neutral,
atomic hydrogen (HI). The wave-
length corresponding to this transition
is 21 cm. It was predicted by van de
Hulst (9) in 1944 and detected from
galactic hydrogen radiation in 1951.
The first extragalactic detection of 21-

e¢m line radiation was made 2 years

later. The source was the Magellanic

Clouds, the .two galaxies nearest the

- Milky Way (10).

This ycar, the 20th anniversary
of such extragalactic cbservations, is
a convenient mark for the beginning
of a new era—one of high angular

resolution  studies of extragalactic hy-’

drogen through beam synthesis. The
first Magellanic Cloud observations
were made with an antenna 36 feet
(11 meters) in diameter, with a beam
width at 21 cm of 1.5 degrees. The
two largest filled-aperture telescopes cur-
. rently used for extragalactic line studies
have beam widths of 10 by 10 and
4 by =24 arc minutes. The first is
obtained with the 300-foot (21 m)
telescope at the Natiopal Radio As-
tronomy Qbservatory in Green Bank,
West Virginia. The other is for the
_tiltable-plane-standing .parabola antenna
of the. Paris Observatory Jlocated in
Nancay, France. The north-south beam
of this instrument is dependent on
declination: - at approximately 30° or
less the beam width is 24’, at more
than 60° it becomes larger than half
a degree. : ,

The beam areas of these telescopes
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Fig. 2. Interstellar atomic hydrogen con-

tent for spiral galaxics plotted against the

distance of the system. Note the rather

abrupt upper limit which applies regard-

less of structural type.

are about 10—2 time's_ that of the 36-

foot telescope. Beam synthesis will give |
an additional improvement of about -

10-3; The procedure involves using
an interferometer (or groups of inter-
ferometer pairs) at scveral spacings.
These, combined with the earth’s rota-

‘tion, give the equivalent of an antenna
"beam corresponding to the separation

of the interferometer elements. For
21-cm line work, spacings are generally
in the range of a few hundred meters
to over a kilometer. In this manner
resolutions of about 2’/ to 4’ have been

~achieved at the California Institute of

Technology, Pasadcna, and at Cam-
bridge, <England. The array of tele-
scopes at Westerbork in the Nether-
lands is synthesizing a beam of 25 arc
seconds at 21 cm. -

A Jarge body of information may
be derived from studies of the 21-cm -

hydrogen line radiation from galaxies.
This includes '

1) The total hydrogen content.

2) The distribution of hydrogen.

3) The systemic radial velocity; that .

is, the red shift of the galaxy.

4) The radial velocity field; that is,
a map of loci of constant radial veloc-
ity as seen on the projected image of
the galaxy.

5).An-estimate.of..the total mass of

‘the system from (i) its global velocity

profile or (ii) its rotation curve.
Assuming that 21-cm line radiation
is detected, then the determinations of
1,-3, and 5(i) are essentially inde-
pendent of the antenna beam size. The
ability to determine the other pa-
rameters, 2, 4, and 5(ii), is directly
related to the ratio of galaxy size (or,

more specifically, hydrogen cxtent) to

beam size. We would like this ratic,
the rclative resolution, to be as large
as possible. The new era of high angu-
lar resolution (small beam size) will
greatly increase and improve on the
rather small sample of galaxies for

- which good relative resolution is’ pres-

ently available.

The past 20 years have given us

extensive data on those parameters
derivable from the lower resclution
studies. It is primarily this material
which will be reviewed here.

Hydrogen Content

Two assumptions are generally made
in relating the observed brightness tem-
perature, Ty, to the column density
(projecied surface density) of neutral

T e

T T I AR

Fanats

oy

8PN 2,

LErm s

et T eO

T VB b S oatt e

e .



.

hydrogen: (i) that the hydrogen is
optically thin, and (ii) that there is no
*interaction with any . continuum radia-
tion. Under thesc cenditions the column .
density N(8,4), in atoms per square
centimetcr, at position 6.4 is given by

N(8,0) = 1.823 X 10® X

+ .
[ rsevoav.

- . .

" where the integration is over all radial
velocities (V,) expressed in kilometers
per second. Typical beam-averaged
values of ‘N lie in the range 10%0 to
1021 atoms per square centimeter.

. The total hydrogen mass in solar
units, M;;/Mq, is obtained by inte-
grating over the galaxy

| Mm/Mg = 1236 X 10° D* X
[f] Tete0,¥0) dodpav. (2)

where D. is the distance to the galaxy
in megaparsecs and the coordinates
are expressed in arc minutes. The
integration is over all radial velocities
‘(kilomcters per second) and the con-
volution of the main beam and the
_source, for example, the observed con-

tour diagram. Hydrogen masses are
typically 10" Mo.

A convenient form of Eq. 2, especi-
ally for estimating an upper limit, is

Muw/M@ = 1.5 X 10° D*T V 6, 6. (3)

where T is the peak brightness tempera-
ture, ¥V is the half-intensity width of
an assumed Gaussian velocity distribu-
tion, and 4, and 4, are the half-inten-

‘sity widths of the beam-averaged HI

spatial distribution (taken here as
Gaussian in shape). For an upper limit
#, and 6, refer to the beam size.
The neutral hydrogen content for
130 spiral and -irregular galaxies 1s
shown in Fig. 2, where the derived
hydrogen mass is displayed as a func-
tion of distance. (The distances aie
from a variety of sources; many are
from systemic velocities and a Hubble
constant (H) .of 100 km sec—!
Mpc—1.) The diagonal boundarv in
the lower right of this figure refiects
the observational constraint of the in-
verse square law. Of more interest is
the strikingly sharp boundary along the
top of the figure. To within: less than
a factor of 2, the upper boundary to
the ncutral hydrogen content of a
galaxy is 10" AM@. The upper bound-

ary cannot be explained as a selection
effect, for observational selection .gen-
erally favors galaxies having a high

hydrogen content. Rather it reflects a -

real boundary. Galaxics appear to have
a self-regulating - mechanism; given
more than 101" M@ of hydrogen they
will convert it to some other form.
Possibilities include ‘molecular hvdro-
gen, regions of high optical depth, or
stars. If galaxies with more than 1010
M@ of hydrogen exist, they have not
yet been recognized.

Three sources of error or uncertainty
are present in hydrogen mass determi-
nations. (i) Observational errors in-
clude poor signal-to-noise ratio, incom-
plete mapping of the source, calibration
uncertainties, and so forth. When the
results of various observers are inter-
compared and zero-point differences
are corrected, the typical scatter is 20
to 30 percent, although much larger
individual differences are found. (ii)
The distance to the galaxy is uncertain
(see Eq. 2). This is an all too common
problem in astronomy, especially in ex-

" tragalactic studies. For this reason

parameters which are independent of
distance are of particular interest. These
include hydrogen surface density and
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Fig. 5. Isometric projection of the integrated brightness-temperature contours for M 31,

" the Andromeda Nebula; the units are °K. X kilometers per second. These contours are
directionly proporticnal to the projected surface density of hydrogen with 1000°K km
sec? = 1.8 X 10® atoms per square centimeter. The beam size is 10'.

- the ratio of hydrogen mass to optical
luminosity. (iii) The validity of the
assumption of small optical depth is
uncertain. This assumption appears to
hold in general for our galaxy, aithough
. there are many regions of high optical
depth. Because of the assumption of

small optical depth, the hydrogen.con-

tent of a galaxy is underestimated. The
exact amount is not known but is most
likely less than a factor of 2. This un-
certainty may be described as intrinsic

" to the system and reflects local regions

of high density. Apother optical depth
effect enters through the inclination, i,
of the galaxy. The line of sight will be
longer through an edge-on system than
through a face-on one. Countering this
.is the greater radial velocity range in
the former case. By using suitably nor-
malized hydrogen masses for a large
‘number of galaxies, an inclination ef-
fect has been found. Galaxics with i
greater than 60° have a lower observed
HI mass. This may be allowed for
through a statistically derived correc-
tion (11).

" The fractional hydrogen mass con-
tent of a galaxy, M, /M, (T = total},
varies with structural type. It is about
1 percent in the earliest type spirals,
80, and reaches 18 percent for the
latest type spirals, the irregular sys:
tems. This variation is displayed in
Fig. 3. The systematic variation of this
ratio with type is one of the few cor-
relations of -a quantitative parameter
with structural type.

No elliptical type galaxies are in-
cluded in Figs. 2 and 3. Only one posi-
tive detection has been reported (72)
and this has been questioned by more
recent observations which set upper
limits of several times 108 Mo for the
mass of optically thin neutral hydro-

.gen-{I3). This .gives typical values of
My /My of less than 10-3. This very

low upper limit is puzzling, for we

believe that stars, as they evolve, return’
material to the interstellar matter and-

that detectable amounts (that is, well
above the observed limits) should soon
accumulate. There have been several
suggestions to explain this discrepancy
(13). These include sweeping out of the
gas by an intergalactic wind, or coliec-
tion of the material in the central
region. of the elliptical galaxy with a
resultant triggering of the formation of
either a star or a very massive object.

The helium content of the interstellar
medium for different regions within a
galaxy, as well as for different types of
galaxies, appears to be remarkably con-
stant (/4). The number ratio of helium
to hydrogen atoms is 0.11. Thus, the
fraction of the total mass in the
form of interstellar gas (HI and He)
for the average irregular t/pe galaxy is
one-fourth. In our own galaxy it.is
aboui one-twentieth, :

The hydrogen content of a galaxy
may also be compared to its optical
luminosity, L,. A convenient and com-
mon measure of the latter is the magni-

tude in the photographic or blue part

of the spectrum, ;appropriaterA cor-
rected for inclination and foreground
galactic extinction. The ratio My /L,

“in solar units is shown in Fig. 4 as a

function of structural type. It is inde-

‘pendent of distance since both the hydro-

gen radiation and the luminosity radia-
tion depend in the same manner on

~ distance. The steady increase in this

ratio with later type systems is evident

in the upper panel of Fig. 4. In the

lower panel the apparent drop for type
Sm may reflect uncertainty in the optical
depth—inclination correction mentioned
above. This correction is mostlikely de--
pendent on galaxy type, but there are
too few -data at present to make such
a subdivision. Most of the sample of
ten Sm’s are of high inclination and
the correction may have been underesti-
mated for this structural class.

The ratio of hydrogen mass to lu-
minosity is another physical parameter

_that is well correlated with structural

type. This ratio also implies a character-
istic time scale for galaxies in which
they may maintain their present Iu-
minosity L, by converting their hydro-
gen into stars (7). After applying vari-
ous corrections to allow for mass re-
turned to the interstellar medizm and
to obtain the bolometric magnitude of
the young stars within & galaxy (rather

-than, the total photographic magnitude),

one finds that all types of spirals may

‘maintain their present rate of star for-

mation for a few times 1019 years. This
argument may be inverfed to show that
an approximate doubling of the inter-
stellar mass will allow galaxies to have
maintained their present rate of star
formation for about a Hubble time
(1/H). Thus, the large amounts of gas
in late type systems (and more specif-
ically the sample of late type systems
represented by the data in Figs. 2, 3,
and 4) need not imply that they are
young. All spirals studied in this manner
may be of the same age. The variation
in hydrogen content may only reflect
the efficiency of converting interstellar
gas into stars, the irregulars being least
efficient and the carly type spirais most
efficient.

Hydrogen Distribution

Two criteria describe the ability to
map details.in another galaxy: (i) the
relative resolution given by the ratio of
source size to beam size, which we
want as large as possible, and (ii) the
linear scale of the beam at the distance
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of the source. As examples consider the
Andromeda galaxy at a distance of 0.69
Mpc and a member of the Virgo cluster

of galaxies at- 12 Mpec. In Virgo, the

larger spiral systems are about 10’ in
~ diameter. For the 10’ beam of the 300-
" foot telescope the relative resolutions
are about 30 and 1, respectively. The
linear scale is 10’ equals 2 kpc and 24
kpc for the two examples. These linear
scales refer to distances measured on
the plane of the sky; any nonzero in-

clination will have a foreshortening for.

positions off the major axis, the line
defined by the intersection of the plane
of the galaxy and the plane of the
sky.

For Andromeda there is a good coin-
“cidence between the optical features
which define the spiral arms and the
regions of high surface density of hy-

drogen (I15). This coincidence is most

meaningful along the major axis where
the linear resolution in the plane of the
galaxy is highest. Coincidence with 10/

beam radio observations are also found

off the major axis, but the foreshort-
ening ratio of more than a factor of 4
makes such comparison less meaningful.
Observations with higher resolution are
required.

" The highest linear resolution with a
filled aperture was obtained with the

.cembinationsof. the 210-foot (64-m).an- -

tenna at Parkes, Australia, and the
Mageilanic Clouds—the linear resolu-
tion is 0.25 kpc. At first sight both
clouds are irregular in nature, clearly
defined optical spiral features are not
present. A more careful study of the
Large Cloud shows that its luminous
features define a “one-armed” spiral
and it is a prototype of the Sm category
of spiral (16). Good coincidence in both
position and velocity is found between
the extensive small-scale clumps of neu-
tral hydrogen and ionized hydroocn
(K1) (17).

The foliowing picture is emerging
from the results obtained with both
filled-aperture and aperture synthesis
telescopes. All galaxies showing spiral
structure, including our own, show a
minimum in the projected surface den-
sity of hydrogen in the center of the

galaxy. This is evident in the integrated .

brightness temperature map for M 31
shown in Fig. 5. Synthesis results for
the galaxy M 33 (/8) which are in con-

flict with this conclusion appear to be -

in error (19, 20). The surface density
reaches a maximum at some distance
from the center. For Andromeda this
maximum occurs at about 10 kpc, for
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~sulted in the

43°

Fig. 6. Two contour
levels of integrated
brightness tempera-
ture  superimposed 420
on a photograph of
M 31. The inmer,
heavier contour is
for peak values. The
outer,  lighter con-
tour .is 200°K km
sec™! and is-one-sixth
tc one-cighth the
peak values. A hy-
drogen ~ concentra-
tion in the southwest
is outlined by a con- " 40°
tour of G600°K km
sec™*, The beam size
The year
1950 is the epoch or
date to ‘which the
coordinates are re-  39°
ferred. :

Declination {1950}
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our galaxy at about 12 kpc. The hydro-
gen distribution decreases from this

- maximum valve with increasing dis-

tance from the center. A gross over-
simplification of the distribution is to
describe it as a “ring.”

For the early type galaxies, the spirai

-arms:sare-embedded-in this ring~—in the

region of highest HI surface density.
For later type galaxies significant parts
of the prominent spiral arms are found
interior to the region of maximum Hi
surface density. Much confusion has
originated over this point because parts
of spiral arms and, at times, whole
arms—but of low surface brightness—
are found in the region of maximum
hydrogen density. There is as much
correlation as anticorrelation between

“many of the bright optical and HI con-

centrations in late type spirals. What is
of importance here is that so much of
the prominent arms is not located in
regions of greatest hydrogen distribu~

“tion. In the latest type systems—the ir-

regulars—the central minimum is gone,
replaced by a central maximum with
the prominent optical features distrib-
uted throughout this maximum.

The depth of the central minimum
varies, possibly with total mass of the
galaxy. It is the small contrast between
the central minimum and the maxi-
mum HI region in M 33 that has re-
conflicting . results men-
tioned above. )

No satisfactory explanation for this
HI distribution is available aithough

_square centimeter,

38m
Right ascensien (1950)

42m

several have been suggested (27). The
data are few (only ten galaxies) and a
subdivision by type makes each cate-
gory woefully small. Additional infor-
mation can only come from synthe<xs
telescope observations.

The decrease. in hydrogen cclumn

density: (and ‘hence~brightuess tempera-

ture) at large distances from the cen-
ter.of a galaxy places a severe signal-
to-noise limitation on the determination
of the extent of hydrogen. This is es-
pecially so for synthesis observations
unless unusually long integration times
are employed. Filled-aperture observa-
tions are more favorable, but the beam
size limitation restricts such studies to
galaxies of large angular size. Because
the signals are weak, special attention
must, be directed to the beam shape -
and to beam side-lobes. )

The 300-foot telescope has been
used to study all of the larger galaxies
and they all show hydrogen dimensions
significantly larger than optical dimen-
sions measured to a sky-limited surface
brightness. Such an effect was first de-
scribed by Dieter (22). At a radial dis-
tance of 28 kpc, Andromeda has a
column density of about 1020 atoms
per square centimeter (see Fig. 6). The
galaxy M 81 is surrounded by a hydro-
gen “envelope” which includes its com-
panion galaxies M 82 and NGC 3077
(I4). At 30 kpc the hydrogen column
density is alse about 10%° atonmis per
Generally this great-.
est extent in hydrogen is found near
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but not on the major axis. A prominent
example is M 33 where Gordon (20)
has mapped two “wings” of hydrogen
at about 40° from the major axis. His
results have been extended with later
measurements and the northern wing
has been mapped to 75/, or approxi-
mately 15 kpc; the optically measured
radius is about one-half this value. The
hydrogen along the major axis has an
extent of about 50’ or 10 kpc.

If the mean surface density of hy-
drogen is determincd by using optical-
ly derived dimensions a strong correla-

tion with type is found, in the sense.

that later type galaxies have higher |
surface densities (/1). In an extensive

study of modcrate-sized. galaxies (in

angular extent) Bottinelli (23) concluded .

that the ratio of hydrogen size to optical.

size varies with type, with the later
galaxies having larger ratios (23). The
surface density~type correlation is no
fonger present when hydrogen rather
than optical dimensions are employed.
Bottinelli’s conclusions are important

Red Shifts

The red shift, or the systemic radial
velocity, as measured by observations of

the 21l-cm emission, is available for.

well over 100 systems. The major frac-
tion of thesc come from Green- Bank
and Nauncay and there is excellent agree-

ment between values for galaxies in

common. Comparisons between 21-cm
and optical determinations give a pow-
erful test of the form of .the Doppler
expression over a wavelength ratio of
half a miliion. It is important to note

that optical and radio astronomers usc -

different conventions for computing the
velocities (V). In the optical case,
wavelengths are measured and the
quantity cAA/ A, = V¢ is employed (c
is the velocity of light, A the observed
wavelength, and A, the wavelength at
rest). In radio astronomy frequencies

- (v} are the measured quantity and veloc-

ities are given as ¢/ vy = V0 These
are not equal, rather

and warrant independent confirmation, CAN Do == cAv/v (5)
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Fig. 7. Comparison of red shifts of galaxies measured at 21 cm and at optical wave-
fengths. The inset shows the region of discrepancy (1200 to 2200 km sec?) which
occurs with optical measurements made in the blue part of the spectrum. Only values
derived from the red part of the spectrum are used in this velecity range in the main
body of the diagram. Filled circles are points of normal weight and open circles points
of low weight. The large plus signs are added for convenience in reading the co-

ordinates.

For small velocities, less than 1000 km

sec—1, the difference is 3 km sec—3,
but at 5000 km sec—! the difference
reaches 85 km sec—1. The importance
is that it represents a systematic effcct
and must be allowed for in comparing
optical and 21-cm determinations. Such
a comparison is made for 136 galaxies
in Fig. 7, where both axes are expressed
in the optical convention.

Over the range of about —400 to
5200 km sec—1 there is excellent agree-
ment. The two regression solutions for
these data agree to within the thickness
of the line drawn in Fig. 7. However,

there is a systematic difference of about

100 km sec—?! in the range of about

1200 to 2200 km sec—1!, as shown by'

the inset in Fig. 7. An analysis of the
various optical data shows that this
effect is present only when the optical
measurement was made {from blue-sen-
sitive spectra. Red spectra, where the
He line of hydrogen and the forbidden
[NI1] line of nitrogen are generally
measured, do not show the systematic
difference. The cause has not beén def-
initely cstablished, but it is most likely
contamination of the galaxian Fraun-
hofer H and K lines by similar absorp-
tion lines in the night sky. In the main
body of Fig. 7 only optical values mea-
sured in the red have beern used in the

“range of disagreement. The rest of the
. data. are based on any optical mea-
surements available (/4).

Velocities greater than those indi-
cated in Fig. 7 have rccently been
measured at 21 cm. Hydrogen has been
obscerved in emission at 6600 km sec—1
and in absorption at 8120 km sec—1.
In both cases (galaxies NGC 7319 and
NGC 1275, respectively) there is good
agreement with optically measured
values (24).

We may conclude that the form of

the Doppler expression holds over a
wavelength range of 5 X 10% and over
an equivalent velocity range of —400
to 8000 km- sec—1. Such mecasurements
serve as a test of the constancy, with

time, of the ratio of magnetic moments -

of the proton and the electron (25). The
equality of the 21-cm and optical veloc-
ities indicate, within large errors, a
constancy in this ratio over the range
of velocities available. (
A significantly larger 21-cm red shift
has been measured in absorption in the
spectrum of the quasar 3C 286 (26).
The line is shifted from 1420.4 to. 839.4
megahertz, corresponding to zyy g =
LA/ Ay = 0.692. The velocity profile is
shown in Fig. 8. The red shift of the
optical cmission line is Zz.y == 0.849.
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This difference between z,,, and Zen,
follows the usual pattern for optical
measurements  where,

row, corresponding to a half-width of

8.2 km sec—1! in the rest frame. Such
- a narrow line is difficult to measure .
. optically in a faint object (the visual

magnitude of 3C 286 is 17.25). How-
ever, if optical absorption lines are
eventually detected in 3C 286 and have

" red shifts corresponding to Zu1.ans then

a stringent test on the above constancy

_° comparisons becomes available. Such
" optical absorption lines together with

the 21-cm line will also yield informa-

- tion on the ionization state of the ab-
~sorbing gas.

Because of the narrowness of the

,lme and the difference between Zem and

Zo1,ape it scems likely that an intervening

~ galaxy along the line of sight to 3C
© 286 is responsible for the absorption

line (26).

- Radial Velecities and Dynamics-

The Doppler shift of the 21-cm

line reflects the systemic motion of a
galaxy as a whole as well as the radial
component of motions of the hydrogen
within the system. For galaxies signif-

~icantly ldrger -than- the telescope ‘beam

such data can be used to construct a

radial velocity map of the galaxy. Com-
parison with computer-generated models
yields such galaxian parameters as the
inclination of the plane, the position
angle of the major axis, the rotation
curve, and the systemic velocity. Ob-
servationally, the data are influenced
by the beam size, hydrogen distribution,
and velocity field, and the model must
include all of these parameters for a
realistic comparison with the observed

data. This approach has been employed

in varying degrees of complexity at
Green Bank, Nancay, and Pasadena.
Most of the galaxies studied so far
are comparable in size to the beam
width, and radial velocity maps cannot
be derived. Instead the basic observ-
able parameter is the -global velocity
profile, a display of signal strength
versus radial velocity. The area under
this curve yiclds the hydrogen content

of the galaxy (see Eq. 2). The midpoint

of the profile is a measure of the
systemic radial velocity. The width of
the profile may be used to derive an
estimate of the total mass of the galaxy.
This width is primarily determined by
the ordered motion within the galaxy,
that is, rotational and possible radial

nearly always,
Zivg < Zee The 21-cm line is quite nar-
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Fig. 8. Absorption profile in the direction
of the quasi-stellar object 3C 286. The 21-
cm hydrogen line has been shifted from
1420 to 840 Mbhz, correspondmg o z =

O 692.

streaming. The profile would have
sharp, vertical edges for the case of
no random motions and infinitely nar-
row filters. Random motions and finite
filter widths act to broaden and taper
the edges of the profile.. For a pure
rotational model, the haif-width of the
profile (after correction for random
motion and filter width) measures the
peak of the rotation curve. This parame-
ter, together with a statistically derived
value of the Jocation of the peak, in
terms of the optical dimensions of the
galaxy, yields a good estimate of the
total mass of a highly concentrated
mass model (Z1).

A distributed mass model may be ac-

«counted-for by an additional.parameter,

n, which is related to the shape of the
rotation curve (which, in turn, reflects
the mass distribution). At present, the
same value of n is used for all spiral
galaxies, regardless of structural type.
A systematic error as a function of
structural type will occur if n varies
with type. There is a suggestion that
this may be the case, as shown beclow.
A comparison between galaxies whose
masses have been determined by both
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Fig. 9. Observed rotation curves for three
spiral galaxies of different structural type.
rotation ‘curve for our galaxy is
shown as a dashed line. At distances
greater than 10 kpe the galactic curve is
based on an assumed mass distribution.

.cal boundarics . (see Fig. 6).

21-cm and optical methods shows no
dependence on type. In the mean, the
radio determinations yicld a total mass
estimate which is twice that of the
optical determinations (77). This is a
surprisingly good agreement considering
the uncertainty in both types of deter-
minations. Further, it is not clear which
approach is responsible for the “error.”
Most of the optical determinations are

lower limits because they refer to the

mass within the last measured point. In
comparing masses determined by both
methods an attempt is made to correct
for this underestimation, but little is
known of the form of the rotation curve
at large distances from the center.
This problem has been tackled by
21-cm techniques, where observations
at such large distances are more feasible
than they are for optical measurements.
Three rotation curves extending to large
distances have been derived so far, and
the available data from optical, aperture
synthesis, and single dish measurements
are combined and displayed in Fig. 9
(27). The sample, although small, is a
fortunate one, for three different types
or subtypes are represented: Sab, Sb,
and Scd. Although the total masses of
these systems are similar (approximately
1077 M@) their rotation curves and
hence the mass distribution within the

-systems. differ quite significantly. The

determination of specific values of the
mass distribution depends on the model
used since only three of the six neces-
sary phase space quantities are available
from observation. But it is simple to
show (and model calculations confirm)
that the mass distribution varies with
structural type for these three galaxies.
The earliest type is more centrally ‘con-
densed. This conclusion has geperally
been assumed to hold-—on the basis of
the distribution of luminosity within the
different types of galaxies—but it has
never, to my knowledge, been demon-
strated.

Another aspect of the rotation
curves in Fig. 9 is their great extent,
well beyond the usually adopted opti-
There
must be significant mass at these great
distances. It is not in the form of
neutral hydrogen. Thus, at 28 kpc in,
Andromeda (M 31) only about 3 per-
cent of the projected surface density
is in the form of hydrogen. Stars of
the most common type, M dwarfs,
could account for the necessary mass.
The total luminosity of these stars
would be about 1 pereent of the sky

_brightness in the blue and would thus

remain undetected in usual photomet-



N *ﬁc studics. If the mass is indeed in
late type dwarfs, observations in the

far-red or infrared should uncover '

them. .

Keeping in mind the various uncer-
taintics and assumptions involved in
deriving the total mass of a galaxy, we
will proceed to examine the available
data. Figure 10 shows “total” masses
for different types of spiral galaxies.
They have been derived from optical
and from 2l-cm studies. _

As a statistical sample they must.be

considered with extreme caution for

seripus  selection. effects are present
which favor intrinsically massive sys-
tems. This sample is not representative
of galaxies per unit volume of space.
Several conclusions may be drawn
from Fig. 10: (i) Among the most
massive spirals, the late type svstems
{(Sm and Ir) are, on the average, less
massive than earlier type ones. (ii)
There "is no clear-cut difference in
either the mean or the. maximum
mass for types SO to Sd. This conclu-
sion is affected by the uncertainty in
individual mass determinations and by
the small sample size for the very
earliest types. (iii) Intermediate and
carly type spirals with masses less than
1010 Mg are either exceedingly rare
or this group has been seriously un-
dersampled. (iv) There appears to be
ans upper-bound of about:1012;Mg to
the total mass of a spiral.

Summary

"Measurement of the 2l-cm line
radiation originating from the interstel-
lar neutral hydrogen in a galaxy yields
information on the total mass and
total hydrogen content of the galaxy.
The ratio of these two quantities is
correlated ‘with structural type:in the
sense that the later type galaxies con-
tain a higher fraction of their total
mass in the form of intersteliar hydro-

gen. This ratio is onc of the few physi-

cal parameters known to correlate with
structural type. It need not; however,
reflect an evolutionary sequence, such
as more hydrogzen implying a younger
- galaxy. Efficiency of conversion of hy-
drogen to stars can just as casily ex-
plain the correlation. '
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Fig: 10. Total masses of spiral galaxies of
different structural types. The data are
from both- optical and 21-cm determina-
tions. ' .

Except for the very latest systems,
the total mass of a spiral does not ap-
pear to be correlated with type.

Red shifts of galaxies measured at
optical wavelengths and at 21 cm are
in excellent agreement. The form of
the Doppler expression has been shown
to hold over a wavelength range of

5 X 105,

All spirals earlier than type Ir which
have been studied with adequate res-
olution show a central minimum in
their hydrogen distribution. The region
of maximum projected HI surface
density occurs at some distance from
the center. In the earlier type spirals
the optical arms are located in the
region of this maximum surface den-
sity. In the later type spirals the maxi-
mum HI density and prominent opti-
cal arms are less well correlated and,
at times, are anticorrelated.

Detailed studies of the HI distribu-
tion and motions within a galaxy re-
quire the high relative resolution ‘of
beam synthesis arrays. We may ex-
pect significant new information from
such studies, which are now in prog-
ress.  Filled-aperture . telescopes  will
supply the nccessary observations at
zero spacing and vital statistical in-
formation on large numbers of galax-

© o w»n-

ies, peculiar systems and groups and
clusters of galaxies. The two types of

" telescope systems will complement one

another. In the near future we should
have a much better description of spiral
galaxies and, we hope, a better under-
standing of these systems.
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DISTRIBUTION AND KINEMATICS OF NEUTRAL HYDROGEN IN M81

Arnold H. Rots
Kapteyn Astronomical Institute
University of Groningen, The Netherlands

Messier 81 is a large, early-type (Sab) spiral galaxy in Ursa Major. I
shall assume it to be at the same distance as NGC 2403 which has been reckoned
by Tammann and Sandage (1968) to be 3.25 (+0.20) Mpc distant.

This contribution reports on neutral hydrogen line observations of M81
obtained with the Westerbork Synthesis Radio Telescope as a joint project of
Leiden Observatory and of the Kapteyn Institute at Groningen. The work in Lei-
den has been directed by Dr. W.W. Shane. The present data are in a sense still
incomplete, since probably the large spatial components of the HI distribution
are lacking. From the previously published observations it is not clear how
much HI there really is in and around M8I.

However, here I shall confine myself to those aspects which are sup-
posed to be the least affected by this incompleteness, namely the spatial dis-
tribution of HI and its kinematics. I shall not attempt to compare the present
data with previously obtained results (e.g. Roberts, 1972; Gottesman and
Weliachew, 1975). For a more thorough discussion I may refer to Rots (1974).

Observations

The observations were carried out with the Westerbork Synthesis Radio
Telescope employing its 80 channel filter spectrometer. The halfwidth of the
filters is 27 km/s. The angular resolution is 23.9" x 25.6"; this corresponds
to 380 x 400 pc at the distance of 3.25 Mpc, or 400 x 800 pc in the plane of
the galaxy.

Distribution of neutral hydrogen

Fig. 1 shows the distribution of HI in the form of a "radiograph". It
shows the spiral structure of the HI distribution very clearly. These spiral
arms line up very well with the optical arms.

In the central regions there is a distinct deficiency of HI. In the
very outer regions of the galaxy, at the eastern side two large hydrogen com-
plexes are present; concentration I at o = gh54m  § = 69°18', and concentration
II at o = 9053m, § = 69°933', These concentrations line up very well with a
third concentration just south of M82, as revealed by a preliminary inspection
of HI data in that area. Fig. 2 is an overlay of the hydrogen distribution over
a 48-inch Schmidt photograph. Concentration I is close to, but not coincident
with the irregular dwarf galaxy DDO 66/Ho IX.

In Fig. 3 the surface density distribution of neutral hydrogen as seen
from a face-on position is simulated. The scale along the minor axis has been
expanded such that the linear scales along the major and minor axes in the
plane of the galaxy are equal. The column densities have been multiplied by cos
59°, This figure clearly shows the symmetry of the spiral pattern which can be
approximated (as indicated in the figure) by a logarithmic spiral with a pitch
angle of 15°. The spiral arms persist from 3 to 13 kpc distance from the centre
of the galaxy, although they are most prominent between radii of 3 and 10 kpc.
Beyond 10 kpc two outer spiral arms develop close to the line of nodes. '
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Fig. 1. Radiograph of the density distribution of HI in M81. The half
power beam width (FWHP) is shown in the lower right hand corner which contains
also an indication of the linear scale in the plane of the galaxy; 64'" corres-
ponds to 1 kpc. The coordinates are right ascension and declination (1959.0).
The thin features which look like pieces of large circles in the north-eastern
quadrant of the figure are due to uncancelled parts of grating rings related
to M82, and are thus spurious. The crosses indicate star positions and the cen-
ter of M81. (Photo by University of Princeton Observatory).
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Fig. 2. A contour map of the density distribution of HI superimposed on
a 48-inch Schmidt photograph. The dashed, full, and thick contours correspond
to column densities of 5, 10 and 20 x 1020 atom/cmz, respectively. (Photo by
Hale Observatories).

. ¢/ >/ . o
\ Sv oS
N . 5 e
B / Y : 5
IS .
i s N > : SR

Fig. 3. Contour map of approximate surface density of HI (= observed
column density times cos 59°) deprojected to a face-on orientation of the plane
of M81. Note that this figure does not display the true surface density in the
plane of the galaxy, since there is no information on the HI distribution along
the line of sight. The contour interval is 1.6 Me/pcz; different shading begins
at 3.2, 4.8 and 6.4 Me/pcz. Superimposed is a two armed logarithmic spiral with
a pitch angle of 15°. The dashed circles have radii of 2.6 and 10.1 kpc. The
line of nodes has the same orientation as in Figs. | and 2.
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Fig. 4. HI surface density as a function of spiral phase (with respect
to the eastern spiral arm). The surface density has been averaged over (loga-
rithmic) spiral sectors 2° wide in spiral phase and stretching over 2 kpc in
radius. The three panels show different radius ranges.
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Fig.. 5. B-V color as a function of spiral phase. The color index has
been averaged over sectors 4° wide in spiral phase and extending from 4 to 6
kpc radius. It can be directly compared with the upper panel in Fig. 4.
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Fig. 6. Lines of equal line-of-sight velocity superimposed on a 200-
inch photograph. The contours are labeled by their heliocentric velocities (km/
s). The coordinates are right ascension and declination (1950.0). Dashed lincs
connect the contours over areas where the signal-to-noise ratio is pcor. (Pho-
to by Hale Observatories).
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The spiral structure of the HI is displayed more quantitatively in
Fig. 4 which shows the surface density of neutral hydrogen (= approximated
column density along a perpendicular to the plane of the galaxy) averaged over
spiral sectors, as a function of the azimuthal displacement of these spiral
sectors in the plane of the galaxy with respect to the eastern spiral arm.
The sectors extend over 2 kpc in radius and the average surface density is
shown for three such ranges in radius. The peak around spiral phase = 0° cor-
responds to the eastern arm, the peak around 180° to the western arm.

Fig. 5 shows the same for the color index B-V as obtained from the ob-
servations by Brandt et al. (1972). The spiral arms show up as blue dips in
this figure. There is a time lag between the regions with the bluest color and
with the highest HI surface density. Assuming a pattern speed of 20 km/s/kpc
this lag is of the order of 10 million years, according to the rotation curve.

Dynamics

The velocity field within a radius of 10 kpc as obtained from the HI
observations is displayed in Fig. 6. The lines of equal line-of-sight velocity
have been dashed in regions where the signal-to-noise ratio was poor. In the '
northern half apparently anomalous velocities occur in the region of the nor-
thern outer arm.

From this velocity field I derived values for the position angle of
the receding half of the major axis (332°+3), for the inclination angle between
the plane of the galaxy and the plane of ‘the sky (59012), and for the (helio-
centric) systemic velocity (-40 km/s+5). ’

The resulting rotation curve is shown in Fig. 7. Within 3 kpc there is
not enough HI to determine the curve reliably..Between 3 kpc and 10 kpc there
"is general agreement between the northern and southern halves of the galaxy.
Outside 10 kpc the two halves deviate from each other. This discrepancy is con-
nected with the anomalous velocities in the northern outer arm region and might
be caused by tidal effects due to M82. One would then also expect non-circular
motions in the corresponding region in the southern half. At present, however,
it is not yet possible to clarify the influence of tidal effects; this requires
a study of M81 and all its companions which will be done in the near future.

For fitting a mass model I decided to extend the rotation curve beyond
10 kpc with points from the southern half, rather than from the northern half
or the mean of the two halves, because it produces the simplest mass model. The
model I fitted is of the type described by Shu et al. (1971), consisting of
flattened inhomogeneous spheroids and a thin disk component. The rotation cur-
ve produced by this model is also shown in Fig. 7.

Fig. 8 shows the mass surface density from this model, together with
the blue and yellow surface luminosities. These luminosities were derived from
the observations by Brandt et al. (1972), corrected for galactic and internal
extinction, and averaged in circular rings, 250 pc wide in the plane of the
galaxy. The mass—to-luminosity ratio remains between 2.5 and 6, except perhaps
for the central regions where the mass model and the internal absorption are
much less well known. :

Linear density-wave theory . .

T attempted to fit a model velocity field based on linear density-wave
theory, as described by Lin et al. (1969), and according to the formulae given
by Burton (1971) and Rogstad (1971), to the residual velocity field. This resi-
dual field was obtained by subtracting the circular motions according to the
mass model from the observed line-of-sight velocities.
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Fig. 7. Rotation curve derived for M81. Within 3.5 kpc there is not
enough HI to define the curve reliably. Between 3 and 10 kpc the northern and
southern halves agree reasonably well. The full curve corresponds to the mass
model in Fig. 8.
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Fig. 8. Surface densities of matter, and of blue and yellow luminosi-
ties (Brandt et al., 1972) as functions of radius in the galaxy.
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Fig. 9. Observed residual velocities (dots) and line-of-sight compo-
nents of theoretical density-wave motions (drawn in full). a) Along the minor
axis. b) Along the major axis. The data have been averaged over both halves of
"the axes (allowing for the sign reversal), since in both cases there is close
agreement between the two halves. The signs of the velocities shown in this
figure are correct for the western and northern halves of the axes. The abcis-
sa is R, the distance to the center in the plane of the galaxy.
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For this fit T used the rotation curve and the epiclyctic frequencies
as derived from the mass model. Because the HI spiral arms are unperturbed be-
tween 3 and 10 kpc, I assumed a pattern speed of 20 km/s/kpc which puts the
inner Lindblad resonance at 2.6 kpc and corotation at 10.1 kpc. For the densi-
ty contrast (the amplitude of the density perturbation in the gas) I assumed
0.75. A good fit could be obtained using a 1o§arithmic spiral with a pitch
angle of 15°, and invoking a phaseshift of 20° between the maximum of the HI
surface density and the potential minimum.

Fig. 92 shows the "observed" residual velocities along the minor axis,
averaged over its western and eastern halves (allowing for the sign reversal)
as dots. The full drawn curve represents the linear density-wave model, i.e.
the line-of-sight component of the radial motions. Fig. 9~ shows the same for
the major axis and the tangential motions. :

The agreement between the theoretical and observed velocities is good
for the radial component of the density-wave streaming. For the tangential com-
ponent it is much less pronounced. This may be caused, however, by the assumed
rotation curve, since it is difficult to separate circular motions and non-cir-
cular tangential motions, whereas the separation of circular and radial motions
(along the minor axis) is trivial and beyond question.

Non-linear effects and the phase shift which had to be invoked, as
well as the conditions around the resonances should be considered in a more
detailed study. We may conclude that density-wave theory is consistent with the
present observations if the phase shift can be explained. '

The Westerbork Radio Obsefvatory is operated by the Netherlands Foun-
dation for Radio Astronomy with financial support from the Netherlands Organi-
zation for the Advancement of Pure Research (Z.W.0.).
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DISCUSSION

SHU : Do I interpret correctly your comments concerning the confusion of the
azimuthal velocities to mean that they can be rephrased in the following way ?
The observationally-derived departures of the azimuthal velocities from pure
circular rotation do not average to zero along the major axis. If one feadjusts
the zero, then do the comparison between the observed variations with the theo-
retically-computed ones become better ? o

Bgig : That is correct, if one uses a smooth curve (as a correction to the rota-
tion curve) for the readjusted zero. | o
KALNAJS : What is the direction of the phase shift between the potential'and
density ? Put in other words : Is the density pulled in the direction of the ro-
tation, or is it held back ? o
ROTS : The density is held back with respect to the potential minimum.

ROBERTS : From yoﬁr plots of HI density and B-V color versus Spiral phase about
the disk of M81, the B-V trough, and consequently the bluest color, seems to
occur outsidé and "downstream" of the HI peak. Do you'interpret this time lag
between the HI peak and the B-V trough to be an indicatioﬁ of the time lag need-
ed for young stars to form, evolve, and become luminous after their births-in
passage thrbugh the HI peak ? |

ROTS : Yes, and if this interpretation is correct, it provides an order-of-mag-

nitude estimate for the time lag. _

DEKKER : It is interesting to calculate the grévitational potential nécessary
to create the observed surface-density distribution of the gas and compare it
to the gravitational potential generated by it.

KING : Are there ﬁroblems in the interpretation of M8l that are now éuffering
for lack of good enough optical observations in the céntral region ?

ROTS : Not as far as kinematical information in the central 1 kpc is concerned,
thanks to Dr. Good's work. It would be nice, but rather hopeless I fear, to
have more kinematical information further out. For the M/L-ratio in the central

regions a determination of the internal absorption would be most useful.
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